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Abstract: In this paper, the solar absorption level of PEDOT:PSS/Ge organic and inorganic hybrid
solar cells (HSCs) with different parameters of cruciform microstructure (CM) is studied, using the
finite-difference time domain (FDTD) method. The light absorption in HSCs with CM is above 90% in
the range of 300 nm to 1300 nm. Under the AM1.5 solar spectrum, the average absorptivity of solar
energy is also at a very high level. At the same time, we use DEVICE software to calculate the
electrical properties, such as the open-circuit voltage (Voc), short-circuit current density (Js.), and
maximum power density (Pyayx). The electrical simulation results show that the Py, of HSCs with
CM improves to 72.16% from the planar HSCs. Besides, in order to study the mechanism of solar
energy absorption in HSCs containing CM, the logarithmic plots of electric field intensity of HSCs
with CM and planar HSCs, are analyzed at different wavelengths. The work shows that the CM
shows an excellent light-trapping effect, which reduces the surface reflectivity of HSCs, and greatly
improves the photoelectric conversion efficiency of Ge solar cells.

Keywords: hybrid solar cells; PEDOT:PSS/Ge; electrical characteristics; solar spectrum capture;
finite-difference time domain

1. Introduction

Currently, with the consumption of fossil fuels, and environment pollution, energy
and the environment have become the focus of society. It is estimated that the global
energy consumption will reach 32 terawatts (TW) by 2050 [1]. To solve the energy and
environmental crises, improve human living conditions and the quality of human life, and
consider the long-term plan of human development, the related research in the field of
clean and renewable energy, such as geothermal energy, wind energy, tidal energy, nuclear
power, and so on, has gradually attracted a lot of attention [2-6]. Compared to wind
energy, hydropower, tidal energy, and geothermal energy as they are currently developed,
solar energy is not affected by its geographical location and environment. Thus, solar
cells are considered to be the best choice to solve problems such as energy exhaustion and
environmental pollution [7-9]. Therefore, researchers have invested a lot of research into
photovoltaic devices that directly convert solar energy into electricity [10], and people have
been pursuing the design of photovoltaic materials and technologies with subwavelength
nanostructures [11]. According to current research and development, solar cells are the
most widely used technology for solar power generation, which is proved by the strong
growth in the number of photovoltaic modules installed. Photovoltaic power generation
is expected to account for more than 20% of the world’s primary energy by 2050 [12]. At
this stage, it is very necessary to invest a lot of research into solar cells. As we all know, the
more light is absorbed, the more electron-hole pairs are created [13]. To date, researchers
have used a variety of novel structures and methods, such as using various microstructure
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to improve solar energy absorption [14]. Among them, low-cost organic hybrid solar cells
have shown great potential. Organic solar cells have become a research hotspot because
of their light weight, low cost, simple preparation process, good flexibility, and large area
preparation [15]. Recently, an efficiency of up to 16% has been reported for the monolayer
organic solar cells using non-fullerene receptors [16]. Organic hybrid solar cells have
shown great research value and development potential, due to their high efficiency and
low cost. A conductive polymer of high conductivity and transparency is needed as the
charge transport layer in the study of organic hybrid solar cells. Among many organic
materials, poly (3-ethylenedioxythiophene): poly (styrene sulfonic acid) (PEDOT:PSS)
has good transparency, adjustable conductivity, and excellent thermal stability, so it is
considered to be an ideal organic compound for photovoltaic materials [17]. This material
has been used in the research of solar cells [18,19]. The different structures of organic solar
cells have a different influence on its performance. The absorption of light, the generation
and separation of excitons in the cell, and the transmission of holes and electrons are
affected by the different structures of organic solar cells. Therefore, the optimization of
the structure can widely enhance the optical performance of organic solar cells. With
the development of micro-nano-manufacturing technology, the structure design on the
micro-nano scale provides a feasible measure to improve the optoelectronic performance
of solar cells [20-22]. Surface microstructures can effectively reduce optical loss on the
surface of solar cells. Thus, the efficiency of the cells can be improved, which can achieve
the purpose of improving the efficiency of solar cells, under the conditions of reducing
the use of materials, and reducing production costs [23]. Since the development of related
research, a variety of nano-structures have been reported, such as nanopores, nanowires,
nanopyramids, and so on [24-27].

Recently, researchers have conducted a great deal of research on organic solar
cells [28,29]. Through various studies, a further understanding has been developed about
the relationship between the shape and structure, and the function, of the materials. A lot
of research has been conducted on the active layer, to improve the efficiency of organic
solar cells. Besides, the absorption distribution and the energy level of the active layer can
be adjusted by introducing additional components [30]. Recently, people have improved
the efficiency by using a thick active layer containing small molecular donors of liquid
crystals, and adjusting the shape of the active layer through hydrogen bonds [31]. However,
in order to improve economic competitiveness in the research process, we need to use
a thinner active layer, to reduce costs, and to achieve a higher conversion efficiency in
the solar cells [32]. Among many materials, Ge is considered to be a very efficient pho-
tovoltaic material [33]. Compared with common photovoltaic materials such as silicon
and gallium arsenide, the band gap of germanium at room temperature is 0.66 eV, which
is significantly smaller than the band gap of the former two at room temperature, which
results in the low open-circuit voltage of germanium-based solar cells. The SQ limit of
germanium-based solar cells is about 22% [34]. In addition, Ge, a semiconductor material,
has a nonlinear absorption coefficient that is inversely proportional to the bandgap energy.
Therefore, the absorption coefficient of Ge is higher, and it can increase photoionization
in smaller bandgap materials, meaning that Ge is an excellent material as the substrate of
solar cells [35].

In this study, the active layer material of the HSCs is germanium (Ge) due to the high
absorption coefficient of Ge. PEDOT:PSS as a hole-transport layer has been used in various
solar cells. PEDOT:PSS is a kind of aqueous solution of high-molecular polymer, which has
a high electrical conductivity. According to different formulations, an aqueous solution
with a different electrical conductivity can be obtained. PEDOT:PSS is the most-used high-
temperature superconducting material in some solar cells; it can better transport holes to
the anode and block electrons, which constitutes a better hole transport layer. PEDOT:PSS
can easily form ohmic contact with many common polymers. The absorption coefficient
can be further improved by combining Ge with the PEDOT:PSS organic compound. As
a result, a higher efficiency can be obtained in the case of using less materials. We use the
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cruciform microstructure to increase the solar-energy absorption ability. What is more,
we study its different geometric parameters in detail. The solar energy absorption curves
of the HSCs with CM, and the planar HSCs, are plotted, respectively. Furthermore, the
light absorption among different heights and widths of CM are obtained. At the same
time, the electrical properties are calculated using DEVICE software under the condition of
different geometric parameters of CM, and we get different Js;, Vo, and P,y of the HSCs.
In addition, the logarithmic plots of electric field intensity of the HSCs with CM, and the
planar HSCs, are also investigated at different wavelengths. Through further exploration
in the future, it is believed that this work could have a good role to play in promoting
improvement in the performance of Ge HSCs.

2. Structure and Method

In the process of this research, we use FDTD and DEVICE software (version) for
modeling and simulation. Within current research and development, there are many
methods for the calculation and analysis of electromagnetic fields, such as the finite element
method, equivalent source method, moment method, and so on [36-39]. Our use of the
FDTD method is based on the vector three-dimensional Maxwell equation, using FDTD
to optimize the spatial grid, and obtain the corresponding results from the time-domain
signal. This method for analyzing the electromagnetic field of solar cells is the most
widely used and effective method. FDTD can directly discretize the time-domain wave
equation, and its difference scheme contains the parameters of the medium, as long as the
corresponding parameters are given to each grid, so that various complex structures can
be simulated [40-42].

Figure la is a 3D view of the overall structure of the HSCs. At the bottom is the
aluminum (Al) layer, which acts as an electrode. The Ge overlaps above the Al layer,
and is the main active layer of the HSCs. The cruciform microstructure of Ge is located
in the central position of a periodic simulation unit. The CM microstructure proposed
in this paper is mainly completed through template lithography, development, etching,
cleaning, and other steps. The exposure time mainly depends on the thickness of the
photoresist, and the etching time is mainly determined by the etching depth. The presence
of the CM microstructure increases the scattering and multiple reflection probability of
incident light, increasing the optical path of incident light propagation in the photoactive
layer, and reducing the reflectivity of incident light, thereby increasing the photoelectric
conversion efficiency of the HSCs. The photoelectric conversion performance of the HS5Cs
can be effectively improved due to the light-capturing characteristics of the cruciform
microstructure. The conformal coating above the CM is P-type PEDOT:PSS, which plays
the role of the hole-transport layer and electron-block layer. Above the organic layer
is the transparent conductive film (ITO), which plays a role as a photogenerated hole-
collection electrode. In addition, we place an optical flat quartz substrate, with good
light transmittance, on the top of the whole structure, to focus incident sunlight [43-46].
Figure 1b,c show the top view and section view of the entire structure, respectively. We
set the optimal geometric parameters of each part of the structure through simulation. In
Figure 1b, P and W represent the period of a simulation unit of, and the width of, the
cruciform microstructure, respectively. As shown in Figure 1c, the optimal thickness of the
glass, ITO, PEDOT:PSS, Ge, and Al is a = 100 nm, b = 80 nm, ¢ = 500 nm, d = 900 nm, and
e =200 nm, from top to bottom. The length of the cruciform microstructure is represented
by L = 200 nm, and the height of the cruciform microstructure is represented by h. All
the above parameters are optimized based on the FDTD software. As shown in Figure 2,
n-type Ge and p-type PEDOT:PSS combine to form a PN junction and a unified Fermi level
(Eg). At the same time, the built-in electric field (E;;,) is formed, and the direction of electric
field is from N-type germanium to P-type PEDOT:PSS. Therefore, electrons are blocked by
PEDOT:PSS, and transported to the Al electrode. Holes are effectively transported through
PEDOT: PPS, and collected through the ITO.
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Figure 1. Schematic diagram of PEDOT:PSS / Ge HSCs: (a) 3D structure, (b) top view, and
(c) section view.
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Figure 2. The p—n junction energy-band diagram of the HSCs.

Here, we use plane waves, with wavelengths in the range of 300 nm to 1500 nm, to
incident to the surface of the HSCs, along the negative direction of the Z-axis. In the X-axis
and Y-axis directions, we use periodic boundary conditions. In the Z-axis direction, we use
the perfectly matched layer (PML) boundary condition, to avoid parasitic reflection and
electromagnetic absorption. FDTD can calculate the light power absorbed per unit volume
that can be expressed in the following formula [47]:

Pabs = —0.5w|E[*Im{e} 1)

where w is the frequency of the electromagnetic wave, E is the electric field,  is the dielectric
constant, and Im{e} is the imaginary part of the dielectric constant. Under the condition of
the AM1.5 solar spectrum, the important parameter used to describe the solar cells, namely
the short-circuit current density, under the assumption that each photon absorbed by the
active layer will produce a photogenerated electron-hole pair, the ideal Js. value can be
calculated using the following formula [48]:

Jsc

1500 nm
/ AQE(A)IansAdy )

~ 27thc J300 nm
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where g is the charge of the electron, A is the wavelength possessed by the light source, c
is the propagation speed of light in vacuum, the quantum efficiency of the solar cells is
the Qr(A) in the formula, and the irradiance of sunlight under the AM1.5 solar spectrum
is expressed by I4pr1.5. The following formula can express the number of photogenerated
carriers per unit volume [49]:

_ Pabs _ 0.5Im{e}

C= T = Z ©)

where 71 is the reduced Planck constant, and the corresponding frequency of the energy
of a photon is 2 m w. The total luminous yield is the integral of G in the whole range,
which is related to frequency and space. Based on the relevant physical theory expressed
by formulas (1)-(3), we can calculate the light production rate using the FDTD software,
and then input it into the DEVICE software for electrical simulation. With the support
of semiconductor physics theory, we can obtain the Jsc, Ve, Prx, and other photovoltaic
parameters of the HSCs under different geometric parameters.

3. Simulation Results and Discussion

We have fully studied the optical properties of the HSCs with the CM, and the planar
HSCs. We calculated the reflection (R) and absorption (A) spectra of these two different
structures. In Figure 3a, the light absorption rate in the HSCs with CM is basically higher
than 90% in the light wavelength range of 300 nm to 1300 nm. The dynamic dielectric
constant of the germanium from 400 nm to 700 nm determines its high reflectivity in this
range, while solar cells with CM adjust the distribution of the dielectric constant, due to
the presence of microstructures, thereby adjusting the absorption performance of the solar
cells. With the changing of the wavelength, the absorption curve of the HSCs with CM only
fluctuates within a small range, while the absorption in the planar HSCs fluctuates over
a large range at a level below 90%. In Figure 3b, it can be seen that the convex surface of
the CM has a significant effect on suppressing the reflection. Comparing the two figures,
we can find that a very key factor affecting light absorption is reflection. For example, at
the light wavelength of 500 nm, the light absorption in the planar HSCs is relatively small,
because the reflection level of the planar HSCs at 500 nm is higher.
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Figure 3. (a,b) represent the absorption and reflectance spectrum of the HSCs with and without CM
(the height, length, and width of the CM are consistent with Figure 1).

We further study the response of the HSCs under the AM1.5 solar spectrum, to
simulate the optical absorption performance under sunlight. The responses of the HSCs
with the CM, and the planar H5Cs, under the AM1.5 solar spectrum, were compared. The
comparison results for the light absorption efficiency are shown in Figure 4. In Figure 4a, the
average absorption rate of the planar HSCs is not very high in the entire wavelength range
(300-1500 nm), especially in the wavelength range of 500-900 nm, in which the absorption



Coatings 2023, 13,1123

6 of 14

performance is relatively poor. As shown in Figure 4b, in the entire wavelength range
(300-1500 nm), the average absorption rate of the HSCs with CM is very high. Obviously,
compared with the planar HSCs, the absorption performance of the HSCs with CM has
been greatly improved.

(a) (b)
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Figure 4. (a) is the absorption spectrum of the planar HSCs under the AM 1.5 spectrum. (b) is the
absorption spectrum of the HSCs with CM under the AM 1.5 spectrum.

In order to achieve a more detailed description of the relationship between light
absorption and various incident angles [50-53], we studied the relationship between the
different incident angles of planar light (0°, 20°, 40°, and 60°), and light absorption in
the HSCs with CM. As shown in Figure 5a, it can be observed that the incident angle is
negatively correlated with the light absorption. As the angle increases, the light absorption
rate shows a decline trend, but the overall absorption level has basically remained above
70%. It can be seen that the influence of light from different directions on light absorption
in the HSCs with CM is not very significant, and the small angle change has a very small
effect on the light absorption. This indicates that the HSCs with CM have a very good light
absorption performance under actual sunlight. Besides, it can be seen that, except for the
black curve (60°) with the relatively different trend, the trends of the curves corresponding
to three different angles (0°, 20°, and 40°) are basically the same from 600 nm to 900 nm. In
Figure 5b, the relationship between the angle, and the electric field intensity and the light
absorption, can be seen more intuitively. It is found that around 170 nm, around 420 nm,
between 700 nm and 800 nm, and between 1020 nm and 1150 nm, the light absorption
declines with the increase in the angle. On the whole, as the angle changes, we see that the
larger the angle, the smaller the light absorption.
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Figure 5. (a,b) show the absorption spectra and electric field intensity of the HSCs with CM, at
different incident angles.
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We use the DEVICE software to simulate several different geometric parameters,
selected from the optical simulation, to better show the optimal characteristics of the geo-
metric parameters of the HSCs. In Figure 6a, the V. of the planar HSCs achieves 0.33 V, and
the Jsc is about 24.41 mA /cm?. The V. and the Ji. of the HSCs with CM are approximately
0.35 V and 39.39 mA /cm?, respectively. The presence of the CM microstructure regulates
the distribution of the dielectric constant, and increases the multiple reflection probability
of incident light, increasing the optical path of incident light propagation in the photoactive
layer, and reducing the reflection of incident light, thereby increasing the short-circuit
current density, and the power density of the cells. The results of this study show that the
Ve and Jsc of the HSCs have been improved to a certain extent after adopting the CM. The
maximum power density (Ppqx) of the planar HSCs, and the maximum power density of
the HSCs with CM, are shown in Figure 6b, which are 5.97 mW/ cm? and 10.27 mW/cm?,
respectively. The Py of the HSCs with CM is more than 1.7 times that of the planar

HSCs. The results show that the CM has greatly improved the P,y of the HSCs, due to the
improvement of the V. and the J.
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Figure 6. (a) is the J-V relationship of the HSCs with and without the CM, (b) is the P-V relationship
of the HSCs with and without CM (the height, length and width of CM are consistent with Figure 1).

We compare and analyze the logarithmic figure of the HSCs with CM, and the planar
HSCs with different wavelengths. Figure 7a—f, respectively, show the distribution of the
electric field intensity of the planar HSCs and the HSCs with CM under three different wave-
length conditions of 350 nm, 600 nm, and 1200 nm, respectively. As shown in Figure 7a,d,
when the wavelength is 350 nm, the PEDOT:PSS layer limits most of the electric field of
the planar HSCs, then the interference of the electric field intensity distribution occurs in
the PEDOT:PSS layer [54,55]. The maximum energy of shortwave can be seen from the
absence of high electric field in the Ge substrate; that it is confined to the PEDOT:PSS layer.
For the HSCs with CM, the diffraction distribution of the electric field still occurs, and the
high electric field is also distributed on both sides of the CM. The electric field intensity
of the Ge cruciform microstructure is slightly higher than that of the Ge substrate. We
can see from Figure 7b,e, when A = 600 nm, the electric field distribution of the planar
HSCs is similar to that in Figure 7a, but the width of the interference fringes becomes
wider. In addition, the intensity of the electric field located at the top of the Ge substrate
is also enhanced. For the HSCs with CM, the higher electric field intensity is uniformly
distributed in the region above the cruciform microstructure. The highest electric field
intensity is distributed on both sides of the cruciform microstructure. Comparing Figure 7e
with Figure 7d, the electric field intensity distribution in the area above the cruciform
microstructure of Figure 7e becomes more uniform. In addition, the electric field intensity
further diffuses into the interior of the cruciform microstructure. This is consistent with
the high absorption result at 600 nm in Figure 7a. The absorption ability of solar energy,
and the number of electron-hole pairs, may be increased due to optical coupling under the



Coatings 2023, 13,1123

8 of 14

Z (nm)

16001

2.=350 nm

condition of a high electric field [56-58]. As shown in Figure 7c f, when A = 1200 nm, the
width of the interference fringes of the planar HSCs is further broadened as the wavelength
increases. Moreover, the phenomenon of additional interference patterns also occurs in the
Ge substrate. The results show that the long-wave energy diffuses down to the Ge substrate.
For the HSCs with CM, it can be observed that the electric field begins to shift gradually to
the bottom of the cruciform microstructure with the redshift in the wavelength. The electric
field intensity distribution above the cruciform microstructure is more uniform than that in
Figure 7e, and the electric field intensity is slightly increased, and additional interference
fringes also appear in the entire Ge substrate. In short, the cruciform microstructure plays
a good role in regulating the light coupling, and performs very well light-trapping, in the
absorption of solar energy.
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Figure 7. (a—c) show the electric field intensity of the HSCs without CM at the wavelengths of 350 nm,
600 nm, and 1200 nm. (d—f) show the electric field intensity of the HSCs with CM at the wavelengths
of 350 nm, 600 nm, and 1200 nm (the height, length and width of CM are consistent with Figure 1).

Figure 8a shows the light absorption curve corresponding to each wavelength when
the thicknesses of Ge are 400 nm, 500 nm, 600 nm, 700 nm, 800 nm, 900 nm and 1000 nm
respectively. The results show that in the wavelength range of 300-750 nm, except for the
black curve, the other curves almost overlap. There are some continuous fluctuations from
750 nm to 1500 nm, but the trend of each curve is basically the same, indicating that the
effect of the Ge thickness on optical absorption is not very significant in this wavelength
range. The overall absorption level from 300 nm to 1200 nm is basically more than 80%,
maintaining a relatively stable trend as a whole. In the long-band range of 1200~1500 nm,
because the reflection in this region increases with the wavelength, the absorption level
of solar energy decreases gradually with the increase in wavelength, but the lowest level
is maintained at about 60%. The curves crisscross and overlap, and the change in the
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thickness of Ge has no obvious effect on the optical absorption when the wavelength is
greater than 400 nm. Figure 8b shows the ]-V curve of the Ge thicknesses at 400 nm, 500 nm,
600 nm, 700 nm, 800 nm, 900 nm, and 1000 nm, respectively. From the figure, we can see
that the light absorption among the different active layer thicknesses is not significantly
different. However, the thinner their thickness, the higher the recombination rate of their
charge carriers. Therefore, through electrical simulation, we chose the optimal thickness of
900 nm. The results show that as the thickness increases, | gradually decreases. However,
after about 0.27 V, cross-changes begin to appear between the curves. The corresponding
Ve between each curve is between 0.34 V and 0.36 V. The thickness of the Ge has little
effect on the short-circuit current density and open-circuit voltage of the HSCs. Figure 8c
shows the P-V curves of the Ge thicknesses at 400 nm, 500 nm, 600 nm, 700 nm, 800 nm,
900 nm, and 1000 nm, respectively. As can be seen from the figure, the difference between
the curves is very small, and basically consistent. On the whole, with the increase in the
thickness of the Ge, the maximum power density increases slightly.
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Figure 8. (a) shows the absorption spectra of the different thicknesses of the Ge substrate. (b,c) show
the J-V and P-V curve with the different thicknesses of the Ge substrate, respectively.

Figure 9a shows the absorption curves for the different heights of the CM. It can be
seen from this figure that the trend in the three curves from 1050 nm to 1500 nm is basically
the same, and the absorption decreases gradually with the increase in wavelength. The
height of the CM has no significant effect on the absorption, but the peak value of the
wave shifts slightly to the left with the increase in the height of the CM [59,60]. The black
curve fluctuates greatly from 300 nm to 1050 nm, the blue and red curves are relatively
stable and compact, and the absorption is more than 85%. Figure 9b shows J-V curves
of different heights. It can be seen from this figure that when the height of the CM is
100 nm, the Ji is 39.39 mA /cm?. The lowest Ji. is obtained when the height of the CM is
300 nm, which is 23.75 mA/cm?. The height of the CM has a very obvious effect on the
short-circuit current density of the HSCs. With the increase in CM height, the short-circuit
current density of the HSCs decreases significantly. Similarly, we can also see that the V.
of HSCs is slightly higher than that of 100 nm when the height is 200 nm. With the increase
in height, the V. of each curve decreases gradually. This shows that there is an inverse
relationship between the V. of HSCs, and the height of CM. Figure 9c shows the P-V curve
of the CM at different heights. It can be seen from this figure that it corresponds to the
result of the ]-V curve. When the height of the HSCs is 100 nm, the P4y is 10.27 mW/ cm?.
When the height is 300 nm, P,y is the lowest at 5.97 mW/ cm?. The higher the height
of the CM, the lower the Puy.
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Figure 9. (a) shows the absorption spectra of the CM with different heights, (b,c) show the J-V curve
and P-V curve with different heights of CM, respectively.

Figure 10a shows the absorption curves of the different widths of CM. It can be seen
from the figure that from 900 nm to 1500 nm, except for the black curve, the trends in the
other three curves are basically the same, and from 1050 nm to 1500 nm, the three curves
almost overlap. From 300 nm to 900 nm, the black curve fluctuates greatly, and the other
three curves are relatively stable, and the absorption rate is above 80%. In the wavelength
range of 300~1200 nm, the curve fluctuates continuously, and with the decrease in the
width of the cruciform microstructure, the peak shifts slightly to the right. In Figure 10b,
the J-V curve is shown at the different widths of CM. It can be seen from this figure that the
Jsc of the different heights is between 37.5 mA/cm? and 40 mA /cm?. The corresponding
Voc between each curve is between 0.34 V to 0.36 V; the difference is very small. The width
of the CM has little effect on the J;. and V. of the HSCs. The P-V curves of different widths
are shown in Figure 10c. It can be seen from this figure that it corresponds to the result
of the J-V curve. The P,y corresponding to each width is between 9.63 mW/ cm? and
10.15 mW /cm?. The change in the width of the CM is not an important factor affecting
Pjyax. From Table 1, we can see that our work has significantly improved efficiency, while
reducing the thickness of the solar active layer, compared to previous works.
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Figure 10. (a) shows the absorption spectra of CM with different widths. (b,c) show the J-V curve
and P-V curve with different widths of CM, respectively.
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Table 1. Comparison between our work and previous work.

Active Layer Jsc (mA/cm?) Voe (V) Efficiency (%) Thickness (um)
Ge(a-5i:H/c-Ge HSCs) [61] 46.0 0.207 5.29 ~50
Ge(uc-Si:H/a-Si:H/c-Ge HSCs) [62] 46.6 0.248 7.2 ~300
Ge(a-5i:-H/c-Ge HSCs) [63] 45.7 0.27 7.61 ~175
This work (PEDOT:PSS/ c-Ge HSCs) 39.39 0.35 10.27 ~1

4. Conclusions

We use the FDTD software to simulate the HSCs that we design, and theoretically
analyze the optical and electrical characteristics of the HSCs with or without CM. The
absorption of sunlight is the crux of solar cells, and the basis of the energy conversion of
solar cells. The results show that absorption in the HSCs with CM is more than 90% in the
range of 300~1300 nm. The electric field intensity analysis shows that the light-capturing
ability of the HSCs with CM becomes stronger. Moreover, the maximum Js. of the HSCs
with CM, calculated by the DEVICE software, is 39.39 mA/ cm?, which is much higher than
the s of the planar HSCs. In addition, we also compare the results of optical absorption, Js,
Ve, and Ppy under the condition of different heights and widths of CM. We believe that
our research has some theoretical significance to the design of HSCs. Our research could
further promote the research and development of hybrid solar cells, and further improve
the conversion efficiency of Ge HSCs.
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