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1. Introduction scalability, high measurement sensitivity, improved high-
frequency performance, low energy consumption, small
Micro-Electro-Mechanical Systems (MEMS), micro dimensions, and the possibility of integration in small

systems light, have low power consumption and short
start-up times [1]. It also offers the possibility of im-
proving efficiency in applications such as solar cells,
while the main disadvantage is the high cost in the
manufacturing and commissioning phase [2]. Experi-
ences gained from recent applications of MEMS have
enabled this technology to operate in new fields such as

technologies or microelectromechanical systems, are
a combination of mechanical components, mechanical
arms, sensors electronic components. These very small
micrometer structures are based on electronic chip tech-
nology. The first structures of MEMS were simple
accelerometers and temperature and pressure sensors.
MEMS technology has significant advantages such as
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BioMEMS, wireless information transmission, including
optical communication systems [4].

With respect to the large spectrum of applications,
MEMS enjoy a rich variety [5]. RF MEMS switches
commonly use mechanical movement to exhibit a short
circuit or open circuit in the RF transmission line Or
MEMS acoustic sensor [6].

So far, various structures have been introduced and
used as solar cells [7, 8]. Therefore, MEMS technology
has also considered the construction of solar cells to use
solar energy [9]. This technology tries to use as much
of the energy received by the sun as possible by using
different methods [10, 11]. So far, different structures
have been proposed as high-efficiency solar cells. The
different types of common solar cells that have been
introduced to generate electricity can be classified into
different groups based on their functional mechanism the
same as Perovskite-Silicon solar cell [12]. One of these
structures is a solar cell based on MEMS technology.
MEMS technology has started to introduce structures
called MEMS solar cells with the aim of providing a sim-
pler, smaller structure with lower manufacturing costs
and, what is essential in this regard, more energy extrac-
tion from solar energy. The MEMS solar cells presented
so far do not have the same functional mechanism; so
how each cell works is different [13].

Some materials and crystals can convert mechanical
energy into electrical and vice versa, this ability is called
piezoelectric effect, which maybe in direct or inverse di-
rection. Due to the direct piezoelectric effect, stretching
and bending in the material creates an electric charge on
the surface of the crystal cell and establishes an electrical
potential difference [14]. The reverse piezoelectric ef-
fect, the application of an electric field to a piezoelectric
crystal causes mechanical vibrations in its structure. The
piezoelectric interpretive equations are defined as:

D; = &) +d;;T; (1)

S,‘ = dijEj + Sg'Tj (2)

where D and E are the electric displacement and electric
field, respectively, & is the dielectric permittivity of
the material and S the elastic function of the material.
The superscripts 7 and E indicate that the values of
the coefficients in the constant voltage and electric field
are calculated, respectively. The d;; constant in the
above equations represents the piezoelectric charge/strain
constant [15].

Reference [16] uses MEMS technology to convert
solar radiation into solar energy. Conventional solar
cells, on the other hand, use solid-state PN junctions. In
this work, it uses a Nano-scale vacuum gap, or Nano-gap,
to generate an electric charge in response to solar radia-
tion which prevents the electron from recombining with
the hole and reduces electron loss and thus increases
efficiency. Reference [17] presents a solar energy picker
that is a reliable solution for designing self-powered
microsystems. This invention intended to have high
operating frequency, small size, and controllable capaci-
tive properties. This unit combines conventional energy
harvesting with RF MEMS to achieve adjustable output
power and scalability. This structure consists of an RF
MEMS switch and a photoactive layer responsible for
generating the load.

The Details of a new design of a MEMS-based solar
cell are presented in Fig. 1 [3]. Based on Fig. 1, the main
parts of the structure are:

(1) Bilayer Micro Cantilever (Semiconductor-metal),
(2) Piezoelectric thin layer attached to BMC,

(3) Movable panel with apertures,

(4) Fixed panel with apertures,

(5) Two charged electrodes, one connected to the BMC
and the other connected to the moving panel,

(6) Focusing lenses collect the most power from incom-
ing sunlight [3].

Solar Radiation

Figure 1. Solar cell structure presented in [3].
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This structure works in such a way that when the BMC
is exposed to sunlight, it absorbs some of the incoming
solar energy. Part of the energy absorbed in the layers is
converted to heat, which leads to heat stress in each of
the two metal and semiconductor layers. Since the two
layers have different coefficients of thermal expansion,
the amount of stress created will be different. The other
part of the absorbed energy produces free charge carriers
in the semiconductor layer, which causes electronic stress.
Due to the difference in surface stress in each bilayer,
the BMC will deviate to a certain extent, which depends
on the input power and dimensions of the BMC.

During BMC deflection, the moving plate shifts be-
tween the two electrodes due to repulsive force. This
displacement as shown in Fig. 2, causes a mismatch
between the apertures of the moving panel and the fixed
panel. As a result, the amount of solar power reaching
the BMC level is reduced. When BMC returns to its
original position, the moving panel returns to its orig-
inal position. The input power to the BMC level then
increases again, causing it to deviate. This process will
constantly be repeated. The BMC response to changes
in input power is a mechanical oscillation that is easily
converted to electrical energy by a thin piezoelectric
layer. In the proposed design, ALN nanowire for high
efficiency are placed in the solar cell to increase the
piezoelectric effect efficiency. The simulation results for
the proposed design, which has an area of about 0.004
mm?, show an efficiency of 46.11% and an open circuit
voltage of 1.15 V. The main novelties of the presented
work are enumerated, as follows:

e In the proposed plan of this research, which is a
combination of MEMS solar cells and piezoelectric
devices in series, the anode of the solar cell is

connected to the piezoelectric cathode, and the
output electrodes of the assembly are considered as
the cathode of the solar cell and the piezoelectric
anode.

e Placement of a large number of nanowires with tiny
space.

¢ In the proposed design of this research, the piezo-
electric length is up to 60 pm and higher efficiency,
provided that the upper part of the piezoelectric
device is also considered fixed like the fixed end of
the beam.

e Toincrease the tension. In the piezoelectric part, the
proposed structure is implemented in a triangular
shape so that its tension value is minimized in the
place (the free end of the beam) where the voltage
is not needed.

This paper is divided to four sections, in the second
section the proposed solar cell design is introduced
and the third section is dedicated to the simulation
results of the proposed improved design. Finally, in the
fourth section, a general comparison of the results of the
proposed design with several similar tasks is presented
and discussed.

2. The proposed design

This study aims to increase the efficiency of solar cells
with new technologies (MEMS) since it is not possible
to achieve the level of efficiency of MEMS solar cells
with a conventional solar cell alone. For this reason,
the proposed design of this study is a combination of
conventional and piezoelectric solar cells (hybrid solar
cells). Nanowires acquire unique electronic and optical

Figure 2. The solar cell proposed in [3] during deflection
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properties. Because of the significant potential energy
conversion efficiency and optical advantages, nanowires
are beneficial for the fabrication of photovoltaic (PV)
devices.

The proposed structure in this paper, based on piezo-
electric nanowires, is designed to remove the piezoelec-
tric layer used in [18] and instead use several vertical
nanowires to conduct electrical current better. Also, to
increase the stress in the part related to piezoelectric
nanowires, the end part of the beam is selected as a trian-
gle to create less stress in the end part and the majority
of stress is transferred to the fixed part. Therefore, the
proposed design can be seen in Figs. 3 and 4. In these
figures, the two structures are shown as triangular and
rectangular, the part that is kept fixed in them is specified.

The proposed solar cell, based on piezoelectric
nanowires, consists of a number of nanowires stacked
vertically between very thin piezoelectric layers. By
doing this, each nanowire acts as an electron transfer
channel, and the generated electron is created by the
temperature difference between the two sides of the de-
sired piece, which is actually due to the change in the
density of the penetrating carriers of electrical materials
created by heat radiation. It should be noted that due
to the presence of nanowires vertically, increasing the
temperature and creating stress and bending in the lower
cantilevers, to create a sinusoidal voltage, A sinusoidal
heat flux of 1000 W/m? with a frequency of 80 Hz is
applied [16, 18, 19]. It should also be noted that because
the end of the beam and the end of the part based on
nanowire and piezoelectric is kept fixed, the cooling
and heating time of nanowires to pass current will be
different. And in fact, it is not possible to extract the net
sine voltage from this structure, but due to the presence
of nanowires, the current flowing in this part is somehow

Fixed part

Fixed part

Aluminum layer

directed and there are no losses due to the current flowing
out of the direct path and the efficiency easily increases.

The next step after determining the structure is to
determine the constituents of the proposed cell, which
according to the nature of the structures based on the
cantilever and according to [20], the materials that have
the highest difference in coefficient of thermal expansion
are used. For this reason, in this research, two materials,
aluminum (Al) and copper (Cu), are used for the upper
layer, and silicon dioxide (SiO;) for the lower layer.
By changing the temperature of the proposed cell and
since one side of the beam is free, the difference in the
coeflicient of thermal expansion of the materials used
causes the deformation of the cell. This deformation,
which is the up-and-down of the free end of the cantilever,
causes stress in the structure. One effective method to
convert mechanical stress into electrical energy is by
employing piezoelectric structures [21]. In this study, the
piezoelectric structure is modeled as nanotubes arranged
perpendicularly to the cantilever, positioned between
two thin piezoelectric layers, the stress created generates
a field, and due to that, the current flows between the
piezoelectric layer. More information is provided in
[20].

To achieve better control of the current and maximize
the output, nanotubes are placed instead of a continuous
piezoelectric panel. Since the current moves in different
directions on a panel, the required maximum gain cannot
be reached, and by placing tubes, the flow direction can
be controlled and the maximum current can be received
from the cell.

Of course, it should be noted that to achieve this goal
it is necessary to form the most stress in the piezoelectric
section, and therefore, the triangular structure is used.
The triangular structure has less stress at the end due

Free

Silicon layer

Figure 3. The proposed solar cell structure: triangular structure.

Piezoelectric layer

Aluminum layer

Silicon layer

Figure 4. The proposed solar cell structure: rectangular structure.
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to the reduction of the surface at the free end of the
cantilever and creates more stress at the fixed part of
the cantilever than the rectangular cantilever. In the
proposed structure for receiving electricity, the heat flux
or heat entering the cell is considered sinusoidally in the
simulations. However, at times, it may not be possible to
apply these inputs to the structure, when the cell does not
receive any temperature and cools completely. In this
case, Newton’s law of cooling is applied to calculate the
temperature reduction and layer displacement, as shown
in (3) [22].

dr

7 - K (T -Ty) 3)
With the input flux being sinusoidal, the cell continues
to heat and cool, generating voltage in the nanowire-
based piezoelectric structure. By applying heat to the
two-layer cantilever and increasing its temperature, as
described earlier, different stresses are created in the
cantilever layers, and the cantilever deflects towards the
layer with a lower coeflicient of thermal expansion. In
order to calculate the displacement of the free end of the
cantilever, a structure as illustrated in Fig. 5 is considered.
In this figure, L is the length of the cantilever, b; and
b, are the widths of the layers, and #; and t, are the
thicknesses of the first and second layers, respectively.

Figure 5. View of a two-layer cantilever with different materials and
dimensions for each layer [23, 24].

It is assumed that the temperature distribution is uni-
form along the length of the cantilever. Fig. 6 shows the
cross-section of a part of the proposed cell in the case of
temperature rise.

P represents the result of internal forces, M/ repre-
sents the torque created in the first layer, P, represents
the result of internal forces and M, the torque created
in the second layer. Because the layers are paired with
each other, the internal forces at each cross section must
be equal:

P, =P, 4)
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Figure 6. Forces and torques in a cross section of a two-layer cantilever
[23].

which P can be calculated using the following equation:

P(t1 + 1)

2 :M1+M2 (5)

According to the theory of beams, the equation; torque-
related equation is [23].

M=— (6)
r

In (6), r is the radius of curvature of the beam, E is
the Young’s modulusof the material and / is the moment
of inertia.

Finally, by arranging the equation if the width of the
layers is considered equal to the radius and the amount
of displacement of the free end of the cantilever, it is
calculated for the change in temperature AT according
to equations (7) [24].

_L? 3(a) — a2)ATL?(t) + 1)
T2 2 t t Ej /t E» (t
B 4+6(1) +4(1)2+ F(1)3 + 2 (2

N

Another factor is the slope of the free end of the
two-layer cantilever, which must be taken into account.
Considering the usual assumptions of simple beam theory
and applying the equilibrium and equations governing
the system, the internal forces and bending moments are
calculated [24] for example:

E 13 (Aa)(AT)

My = ) 32 (1+22)+(1442) (1+223) ®)
AL (1+¢)
o 6(Aa)(AT)L o)
P 322 (1+2)2+(1+22) (1+A23)
! A2 (1+7)?

In the above equations

A = E|/E; is the Young’s modulus ratio.

{ =t /1, is the thickness ratio.

Aa is the difference between the coeflicients of thermal
expansion of the material.

When the bilayer cantilever is subjected to a uniform
temperature difference, the free end deviates, and a slope
is created in the structure. The temperature difference
is relative to the ambient temperature. This slope is
obtained as
From (9), it is shown that The free end slope of a bilayer
thermal cantilever depends only on the materials used
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(values of E and «) and the thickness ratio for a given
temperature difference. Therefore, 6 optimization is
more effective concerning the thickness ratio for a given
material pair. This implies that for a given Aa and a
constant dimension ratio (8 = L/t) under a constant
temperature difference AT, the denominator of (9) is
minimized to achieve maximum efficiency. The deflec-
tion slope is optimized because the higher the beam
deflection, the greater the tensile stress in the piezoelec-
tric layer. To optimize normalized slope (6,,) is defined
as follows:

0 Ao
On = 6(AT)E 3+ Zg (10)
L
p== (11)
1+ +a8)
VI o (12

In order to maximize 6 for a given Ae, the denominator
of (12) must be fixed for 4 > 0, and { > 0 should
be minimized. The optimal thickness ratio is obtained
derivation equal to (13).

1
é’opt = ﬁ (13)

By optimizing (13), The primary factor affecting the
free end slope is the material properties of the layers
selected. Therefore, by selecting the appropriate ma-
terials, the slope of the free end and the stress in the
piezoelectric layer can be greatly increased [25]. As
mentioned before, two substances Al and Cu are used
for the upper layer and a single material SiO, is used
for the lower layer. In this way, the results of Al and Cu
are compared to determine the effect of the difference in
thermal expansion coefficient on cell efficiency. The co-
efficients of thermal expansion of the material according
to the [26] for Al, Cu and SiO; are equal to 23.1, 16.4
and 0.5 x 107 (1/K), respectively.

3. Implementations and simulation results

In this paper, eight different designs of MEMS solar cells
are presented and the results are compared with [18]
and [27]. The proposed solar cell in [18] is as shown
in Fig. 4, and a piezoelectric layer is used instead of the
nanowires. However, in [27], a piezoelectric layer is
implemented as nanowires, as shown in Fig. 4 in which
the distance between the nanowires is less than 0.1 nm,
and the solar cell of this reference is defined as NEMS.
The close distance between the nanowires creates a field
and jamming currents between the rods, and as a result,
when the number of nanowires increases, the output
current deviates from a sinusoidal waveform, and the cell
efficiency decreases. Thus, the area of the piezoelectric
section cannot be enlarged to solve this problem the
nanowires in Fig. 4 are placed with larger dimensions
and longer distances, which reduces the current and noise
fields, and the solar cell in question is out of NEMS
mode and designed as MEMS cell. The piezoelectric

¢ https://dx.doi.org/10.57647/mjee.2026.2001.07

area can also be increased finally, to increase the stress
and thus improve the efficiency of the MEMS solar cell,
the structural shape of the cell has been changed from a
rectangular to a triangular shape.

In fact, the disadvantages of previous structures can
be summarized in the following four sections:
a) Excessive proximity of nanowires: According to
[27], the number of nanowires is high, and the distance
between them is inevitably small. This causes jamming
currents and different fields between the nanowires and
affects the output current. Placing many nanowires at a
very short distance (NEMS) is a kind of approach to the
reference [18], and the piezoelectric device becomes a
single layer.
b) Smaller area of the piezo device: Due to large currents
and noise fields caused by the very short spacing of the
nanowires, the area of the piezoelectric device cannot
be enlarged. The parasitic currents and electric field
interactions reduce the output current and the efficiency
of the proposed cell, as reported in [18].

The best piezoelectric length of 5 pym is obtained
However, in the proposed design of this research, the
piezoelectric length up to 60 pm has also provided a
favorable answer because by increasing the number of
nanowires, higher current can be obtained (with less
parasitic currents due to increasing distance between
nanowires) and more efficiency can be achieved. Accord-
ing to Fig. 7, the upper part of the piezoelectric device
should be considered as fixed as the fixed end of the
beams.

In Fig. 7, the upper part of the piezoelectric is also
fixed, which results in a smoother voltage output. How-
ever, due to the increase in piezoelectric length (with
fixed beam length), the amount of stress in this section
is decreased, and the efficiency is reduced but a more
sinusoidal and smoother output is obtained.

c) Low stress and consequently low efficiency: In the
proposed designs so far, the proposed structure of so-
lar cells is rectangular and easy to implement. In the
proposed plan to increase the stress in the piezoelectric
section, the proposed design is implemented in a triangle
to minimize the value where the stress is not required.
d) Lack of presentation of results extensively: Another
disadvantage of the presented articles especially [18]
and [27] is the lack of results of the proposed design
with different dimensions and materials. In the proposed
design, eight designs are simulated separately, and the
results have the necessary scope to prove the ability of
the proposed design.

In this paper, the simulations were performed using
COMSOL Multiphysics 5.4 software in 3D mode. Ta-
ble 1 and 2 present the dimensions of 8§ different proposed
designs according to Figs. 3 and 4. The second column
of the Table 2 delineates the geometry of the cantilever
structure, distinguishing between triangular and rectan-
gular configurations. The fourth column is dedicated
to specifying the constituent materials of the lower and
upper layers of the cantilever beam. Furthermore, the di-
mensions of the cantilever beam are provided in the fifth
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Fixed cell
section

Fixed cell section

Figure 7. Proposed hybrid solar cell with the most considerable piezoelectric length.

column, while the sixth column details the dimensions
of the piezoelectric separator. Finally, the last column
quantifies the number of nanowires incorporated within
the piezoelectric separator. Specifically, the upper layers
of the cantilever beam are made of aluminum and copper,
while the lower layer is made of SiO;.

The nanowires are placed so that the rods are placed
between two panels of the rods themselves, because
they cannot be released freely. This panel also acts as
a terminal for extracting the voltage and current of the
solar cell. As shown in Fig. 8, the solar cell current
is extracted using an electrical circuit consisting of a

resistor and a 1 V DC source.

According to Fig. 9, since one side of the beams is
fixed and the other side is free, due to the difference in
coeflicient of expansion and heat, the maximum stress
will be created in the fixed part where the piezo part
is located with the nanowires. Due to the maximum
stress at the fixed end of the solar cells, the piezo section
in the designs should be much shorter than the size of
the beams. For this reason, the size of this section is
much smaller and its length is selected according to
Accordingly, the lengths of this section are selected as 10
pm and 20 pm, corresponding to 5% and 10% of the beam

Table 1. Design parameters of proposed MEMS solar cell.

Parameter Recommended Value/Range  Unit
Electron Mobility 100-200 cm?/V-s
Hole Mobility 10-50 cm?/V-s
Nanowire Spacing (Pitch) 100-300 nm
Relative Permittivity (&) 8.5-9.5

Young’s Modulus (E) ZnO 208 GPa

Young’s Modulus (E) AIN 340 GPa

Young’s Modulus (E) Cu 110 GPa

Young’s Modulus (E) Al 70 GPa

Nanowire Spacing (Pitch) 10-30 nm
Absorption Coefficient 103-10% cm™!
Piezoelectric Coefficient (d33) ZnO 12.3 pC/N
Piezoelectric Coefficient (d33) AIN 5.3 pC/N
Thermal Expansion Coefficient (¢) ZnO  4.31 X 10°K!

Thermal Expansion Coefficient (o) AIN 4.2 x 1070 K~!

Thermal Expansion Coefficient (o) Al ~23.1x 1070 K~!

Thermal Expansion Coefficient (o) Cu ~16.5x 1070 K"!

Thermal Expansion Coefficient (@) SiO; 0.5 x 107 K~!

Curie Temperature (T.) ZnO 300 k

Curie Temperature (T.) AIN 1150 °C
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Table 2. Dimensions and Design parameters of the projected MEMS solar cell.

Proposed . . - Piezoelectric  Nanowires
design Type Layers Material Dimension* (um) dimension picces
Lower layer SiO, 200x10x2
1 10x10x1 9
upper layer Al 200x10x2
) - Lower layer SiO, 200x10x4 20x10x1 18
<
E" upper layer Cu 200x10x4 60x20x2
g Lower layer SiO, 200x10x2
3 g 10x10x1 9
upper layer Al 200x10x2
4 Lower layer Si0, 200x10x4 20x10x1 P
upper layer Cu 200x10x4 60x20x2
Lower layer SiO, 200x10x2
1 10x10x1 9
upper layer Al 200x10x2
5 Lower layer SiO, 200x10x4 20x10x1 18
b
?D upper layer Cu 200x10x4 60x20x2
& Lowerlayer  SiO» 200x10x2
3 = 10x10x1 9
upper layer Al 200x10x2
4 Lower layer SiO, 200x10x4 20x10x1 18
upper layer Cu 200x10x4 60x20x2

length, respectively (see Table 1). It should be noted
that in this paper, the number of nanowires is considered
to be different so that there are other output results.
Figure 9 shows the proposed piezoelectric structure with
18 nanowires and fixed parts.

Figure 9 shows the proposed structure containing 18
nanowires arranged in six rows. Each has a diameter
of 2 um and a length of 1 pm. The layers holding the
nanowires are thin and made of piezoelectric material
(ZnO) with a thickness of 0.05 pym. According to the
values of different layers The structure of the solar cell
is subjected to a sinusoidal heat flux given by 1000
X sin(80¢).

Figure 10 shows applying heat to the upper surface of

R

Figure 8. Electrical circuit to extract current from a solar cell.

“hitps://dx.doi.org/10.57647/mjee.2026.2001.07

the proposed piezoelectric structure.

The amount of stress distribution is shown in Fig. 11
and indicates that, this amount was higher at the fixed
end of the cantilever (lighter color) and proves the claim
that the piezoelectric should be in this position. The
maximum stress value in the proposed structure is 4.5 X
10° N/m?. Figure 12 shows the effect of stress on
nanowires, which results in changes in nanowires and
voltage.

According to Fig. 12, it is understood that the stress
created did not cause the same and one-sided changes
in the nanowires. The reason for this is that the end
of the beam and the currents and fields between the
nanowires are fixed which in the [27], this is much more
than the proposed design in this study, and that is why
the output current has not been extracted sinusoidally.
In this research, an attempt has been made to improve
the results of [27].

The results related to temperature changes in the struc-
ture are given in Fig. 13. In this figure, the temperature
change compared to the initial temperature of the struc-
ture is presented. At the free end of the cantilever, there
are many temperature changes. Since the bottom layer
(S8i0») has a lower CTE than the top layer (aluminum),
the bilayer structure deflects along the z axis. When it
reaches its maximum deviation, it returns to its original
state as the temperature decreases. Also, the results
related to temperature change over time presented in
Fig. 14. Figure 14 shows the cantilever surface tempera-
ture at# = 2 s and r = 10 s. According to the figure, at
early times, the surface temperature is higher. over time,
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Fixed

Fixed
Fixed

Figure 9. Fixed parts of the beam in the simulations with 18 nanowires in 6 rows.
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Figure 10. Applying heat to the upper surface of the proposed piezoelectric structure.
Time=0s Surface: von Mises stress (N/m?)
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Figure 11. The amount of stress distribution in different layers.
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Time=1s Surface: von Mises stress (N/m

Figure 12. Impact of stress created at the fixed end of a structure with 18 nanowires.
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Figure 13. Temperature change in the proposed structure compared to the initial temperature.
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Figure 14. Temperature change during time in the proposed structure.
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this temperature became more balanced and because it
is entered sinusoidally, it will change over time.

Figure 15 shows that the maximum displacement for
the rectangular state is about 4 pm and for the triangular
state is about 6 nm at the free end of the solar cell, which
is due to the heat difference between the two materials
(Si and Al) and the fixed part is prepared to generate
electricity by piezoelectric effect.

To measure the voltage of the proposed design the
structure is placed in series with a linear 1 kQ resistor
as shown in Fig. 8 and the voltage is measured on it,
which is equal to the voltage of the proposed solar cell.
The following are the results of the output voltage and
current of structures with 9 and 18 nanowires with Al
and SiO; substrates in Figs. 16 to 23.

Regarding Figs. 16 to 23, the essential results are
expressed below:
a) The smaller the structure width and the number of
nanowires, the better the current passes through the
nanowires and the lower the loss rate compared to the
case where the number of nanowires and the structure
width are higher. These results are well seen in Figs. 16-
19 that the generated voltage is very close to 1 volt and
the net current between the nanowires also performs
better.
b) In Figs. 20-23, with increasing area of the piezoelec-
tric device and width of the structure, the net voltage
slightly decreases compared to the previous configura-
tion, while the net current through the nanowires remains
acceptable.However, they have lower performance than
the last mode.
c) Triangular structures generate a higher voltage than
rectangular structures due to higher stress at the fixed
ends of the beams.

4. Comparing efficiency with similar
structures

Similar structures that have been designed and imple-
mented in line with this paper, as well as the proposed
design, use two different layers in addition to the piezo-
electric material. The innovation presented in this paper
is completely different from other similar designs. This
innovation is the use of triangular structures and vertical
nanowires in micro size (MEMS) as piezoelectric in the
structure of the solar cell to reduce current and noise
fields, which in the [26], this field and additional currents
have caused an undesirable output current. There are
several methods to obtain solar cell efficiency, one of
which is to use (14):

Pout _ Vinlm _ FF XV, X I

Py, Py, Iilumination X Area

(14)

where FF is Fill factor, V,,, and I,,, are the voltage
and current at the maximum output power of the solar,
IMlumination is the amount of heat flux applied Area the
surface area on which the heat flux enters is similar to
[28]. Using (14), the efficiency of the MEMS solar cell
(in different dimensions) can be obtained according to
(14), the surface area on which the heat flux is applied
is first calculated. This area equal to the total area seen
from the top of the cell. Considering that the length of
the cell is equal to 200 pm and its width is selected at 20
pm/ 10 pm, the total area will be 4000 1m? /2000 pm?.
The amount of heat flux is applied is also 1000 W/m?.

The FF coefficient is also calculated using equation(15).
Vindm
FF=—— (15)
VOC X ISC

The value of this parameter never reaches one but ap-
proaches unity. By substituting equation(15) into (14),

x107

Time=3s Surface: Total displacement (pm)
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Figure 15. The amount of displacement of the free end of the cantilever.
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Figure 16. Current generated in a rectangular solar cell with 9 nanowires in 3 rows with a structure size of 200 X 10 X 2 pm.
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Figure 17. Voltage generated in a rectangular solar cell with 9 nanowires in 3 rows with a structure size of 200 X 10 X 2 pm.
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Figure 18. Current generated in a triangular solar cell with 9 nanowires in 3 rows with a structure size of 200 X 10 X 2 pm.

“hitps://dx.doi.org/10.57647/mjee.2026.2001.07


https://dx.doi.org/10.57647/mjee.2026.2001.07

108 Saljooghi et al., Majlesi J. Electr. Eng., 2026, 20(1)

Solar cell volatage(v)

| |

Voltage (V)

EARRAREAR

0 0.5 d 1.5 2 2.5 3
Time (s)

Figure 19. Voltage generated in a triangular solar cell with 9 nanowires in 3 rows with a structure size of 200 X 10 X 2 pm.
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Figure 20. Current generated in a rectangular solar cell with 18 nanowires in 6 rows with a structure size of 200 x 20 X 2 pm.

Solar cell volatage(v)

(]

0.5 &

0.4t g
03} .
0.2+ e

0.1 ~

-0.1 1+ -

Voltage (V)
o
T
1

-0.2 - ~
-0.3 <)
-0.4 - =]

-0.5 =1

S AARRRARRARRRARE

9] 0.5 d 1.5 2, 2.5 3
Time (s)

Figure 21. Voltage generated in a rectangular solar cell with 18 nanowires in 6 rows with a structure size of 200 x 20 X 2 pm.
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Figure 22. Current generated in a triangular solar cell with 18 nanowires in 6 rows with a structure size of 200 x 20 X 2 pm.
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Figure 23. Voltage generated in a triangular solar cell with 18 nanowires in 6 rows with a structure size of 200 X 20 X 2 pm.

the efficiency is obtained as:

Vinlm

= T Ao (16)
Itiiumination X Area

To calculate the efficiency of the proposed hybrid solar
cell according to (13), at the voltage and current output of
each structure the maximum value of voltage and current
in the relevant diagram is calculated and placed in the
equation. For example, in Fig. 19, the maximum current
where each period sees its output (actually the minimum
value of the peaks) is 2.23 1A, and the maximum voltage
in this figure is equal to 0.86 V.

Table 3 presents the results of the efficiency and FF
for each structure with Al as the upper layer material.

This paper aimed to design a solar cell with a MEMS
structure that can receive more energy from solar ra-
diation and also generate high electrical voltage. The
MEMS solar cell structures presented in Table 4 have
largely failed to provide the expected results of a solar
cell.

¢ https://dx.doi.org/10.57647/mjee.2026.2001.07

Therefore, the proposed structure is compared with
the results of photovoltaic solar cells. On the other hand,
because in this paper we have only worked on the output
voltage of the cell. Therefore, the proposed structure is
compared only in terms of output voltage and surface
area of the solar energy receiver.

According to Table 4, the proposed design has different
operating rules compared to photovoltaic solar cells and
.it is capable of generating almost the same voltage but
the energy receiving surface of this structure is much
smaller. Also, in this design we have been able to create
a variable electrical voltage by using a certain number
of nanowires made of piezoelectric material. This itself
is an advantage because while the such a structure can
be used directly without the need for a converter.

This study is a theoretical analysis and forms the basis
for doing practical and detailed work in the future, and
the results are obtained in a simulation environment with-
out getting the consideration of some practical details.
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Table 3. Efficiency and FF coefficient of different proposed structures.

Nanowires pieces

Efficiency FF

rectangular =
B

9 pieces with a width of 10
9 pieces with a width of 20
18 pieces with a width of 10

18 pieces with a width of 10

9 pieces with a width of 10

triangular

9 pieces with a width of 20
10 pieces with a width of 18

18 pieces with a width of 20

42.45%  0.90
43.72%  0.87
439%  0.87
4134%  0.85
46.11% 091
4561%  0.90
4437%  0.87
4391%  0.88

Table 4. Comparison of the proposed design with previous researches.

Ref. Open circuit voltage (V) ~ Area (mm?) Efficiency FF
[18] 0.75 0.004 - -
[27] 0.90 0.004 40% -
[29] 0.63 6 - -
[30] 0.94 0.004 24.2% 0.82
[31] 0.55 110 11.8% 0.75
Proposed design 1.15 0.004 46.11% 0.91

surely, considering the practical limitations of the real
implementation, the efficiency will be lower, however,
the results obtained from the simulation are promising.
It shows an improvement in efficiency compared to pre-
vious similar works, although the degree of practical
improvement is lower than the theoretical result obtained
in the paper.

5. Conclusion

In this paper, the process of designing and simulating a
MEMS solar cell is thoroughly analyzed. To implement
the proposed structure, new solar cells, and piezoelectric
devices have been implemented separately with the
help of some of piezoelectric nanowires (PZT or (Lead
Zirconate Titanate (PZT-5H)) with COMSOL software.
Finally, the solar cell was fabricated using piezoelectric
nanowires and two-layer beams made of silicon and
aluminum. The bottom layer is made of silicon with a
length of 200 pm, a width of 10 pm or 20 pm, and a
thickness of 2 pm. The top layer is made of aluminum
and similar to the bottom layer has a length of 200
pm, a width of 20 pm and a thickness of 2 pym. The
piezoelectric structure consists of several nanowires that
include 18 and 9 nanowires used in the simulation. After
determining the dimensions and material of the layers,
this structure was implemented in COMSOL software
and the results related to stress, displacement and voltage
of different parts of the structure were stated. After
comparing with similar researches in Table 4, it was
shown that the proposed structure has a better function
compared to similar researches.
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