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ARTICLE INFO ABSTRACT

In this paper, we have utilized finite difference time domain (FDTD) method to investigate the solar energy
absorption of hybrid solar cells (HSCs) with trapezoid-pyramidal structure (TPs) based PEDOT:PSS/c-Ge. We
have changed some parameters of TPs (different heights and different ratios of top to bottom) to study its effects
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PEDO”lj;iPSS on the solar energy absorption for HSCs. The optimization of geometric parameters is based on the maximum
E%fra];m solar energy absorption efficiency. The optical absorption of the HSCs with TPs is basically above 90% from

~300 nm to ~1300 nm and the average solar energy absorption is 93.8% under AM 1.5 solar spectrum (from
300 nm to 1500 nm). Simultaneously, we have calculated the short-circuit current density (Js.), open-circuit
voltage (V,,), fill factor (FF), maximum power (P,.x) and photoelectric conversion efficiency (PCE) respectively
through DEVICE software. The results of electrical simulation reveal that the maximum Jj. is 43.47 mA/cm? it is
45.73% higher than planar PEDOT:PSS/c-Ge HSCs. Moreover, to further explain the mechanism of solar energy
absorption of HSCs with TPs, the logarithmic figures of electric field intensity for trapezoid-pyramidal
PEDOT:PSS/c-Ge HSCs and planar PEDOT:PSS/c-Ge HSCs at different wavelengths are analyzed. The result
shows that TPs array has shown excellent light-trapping effect. This work reveals the huge potential of c-Ge HSCs
in solar absorption, and at the same time has certain guiding significance for the structural design of Ge SCs. It is

believed that through further exploration, the conversion efficiency of c-Ge HSCs will be further improved.

1. Introduction

In recent years, with the development of society, energy and en-
vironmental issues have attracted much more attention. People pay
more and more attention to research clean and renewable energy, such
as wind energy, geothermal energy, tidal energy, etc. (Orrego et al.,
2017; Sun et al., 2018; Zhang et al., 2020). However, due to the infinite
energy provided by the sun, the photovoltaic devices which can directly
convert solar energy into electricity have caused extensive research (Yi
etal., 2019; Wu et al., 2020; Gao et al., 2019). As we know, researchers
have been working to improve the efficiency of solar cells (SCs) (Li
et al., 2019; Iman et al., 2020; Van der Heide et al., 2009). The pho-
toactive layer realizes the conversion from light energy to electricity by
absorbing photons to excite electrons from the valence band to the
conduction band, and then separates the generated electron-hole pairs
through a PN junction to form photocurrent. The more light energy is
absorbed, the more electron-hole pairs are generated, the larger the

photocurrent is generated, and the efficiency of the SCs will be im-
proved accordingly (Li et al., 2019). In order to improve the light ab-
sorption efficiency, various microstructures are fabricated on the active
layer to improve the solar energy absorption (Liu et al., 2017). In recent
years, various plasmon and diffractive structures have been reported,
such as nanoholes, nanocones, nanopyramids, nanowires, nanorods,
nanopillars, etc. (Yan et al., 2017; Qin et al., 2020; Li et al., 2020a,
2020b; Liu et al., 2019, 2018, 2020a, 2020b; Hao et al., 2019; Pan
et al., 2020; Cheng and Du, 2019; Qin et al., 2020; Yu et al., 2019).
Compared with nanowires and nanopores, nanopyramids are con-
sidered to be more suitable for photovoltaic applications due to its
smaller surface recombination, which greatly improves the photo-
current and the photoelectric conversion efficiency of SCs (Shi et al.,
2014; Liu et al., 2020c; Cheng et al., 2018). In addition, the nanopyr-
amids exhibits excellent optical coupling and anti-reflection effects due
to the gradient effect of refractive index from the top to the bottom of
the pyramids (Liu et al., 2020b). Currently, crystalline silicon (c-Si) is
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the main candidate for second-generation thin-film solar cells. Due to
the low absorption coefficient of crystalline silicon, the optical ab-
sorption of a SCs can only be increased by increasing the thickness of
the crystalline silicon layer, but the material consumption and pro-
duction cost of thin film SCs will be increased (Liu et al., 2020b). Si-
multaneously, the traditional PN junction process is accompanied by a
series of high-temperature processes, such as thermal diffusion and
thermal annealing after ion implantation, which greatly increases en-
ergy consumption (Wei et al., 2013). However, the combination of
organic materials and crystalline silicon is conducive to breaking this
process limitation (Ikeda et al., 2016). The Si/organic hybrid SCs have
many merits, such as excellent mechanical properties, simple manu-
facturing processes, low temperature processing and low cost (Zhang
et al., 2016). Recently, a high performance organic-nanostructured si-
licon HSC has been reported with an efficiency as high as 14.08% (Duan
et al., 2018). Besides, different nanostructures have been reported
based on organic-inorganic HSCs (Ren et al., 2016; Huang et al., 2019).
The simulation of perovskite/c-Ge SCs have also been reported (Kim
etal., 2019; Wang et al., 2019). The low-cost organic HSCs have shown
great potential. Poly (3,4-ethylenedioxythiophene):poly  (styr-
enesulfonate) (PEDOT:PSS) is an ideal organic compound for photo-
voltaic application due to its good ductility and high transparency.
Besides, it can effectively transport the holes to electrode and easy to
prepare.

At present, the active layer of HSCs is made of crystalline silicon,
GaAs, perovskite and organics, germanium, etc. (Dikshit et al., 2019; He
et al., 2020; Yang et al., 2015; Wang et al., 2020a; Zhang et al., 2018).
In multi-junction SCs, because of the narrow band gap (0.67 eV) of Ge
materials, Ge is mainly used as a substrate and bottom cell to widen the
absorption band (Baran et al., 2020). Moreover, it is imperative to
achieve higher conversion efficiency of SCs and thinner active layers to
improve the economic competitiveness (Taguchi et al., 2013). Due to
the high absorption coefficient of germanium, simultaneously, the
combination with organics like PEDOT:PSS help to further improve the
absorption coefficient. So we can use less material to achieve higher
conversion efficiency (Liu et al., 2020b). And the heterojunction of Ge
helps to improve the shortcomings of single junction Ge SCs (Jia et al.,
2017) Therefore, Ge is regarded as an efficient photovoltaic semi-
conductor material (Alcaniz et al., 2019). It has been reported that the
conversion efficiency of the heterojunction Ge SCs under the AM 1.5
spectrum is 7.61% (Nakano and Shiratani, 2019). But, the c-Ge hybrid
SCs with different geometric patterns are rarely studied. To this end, we
have took the pyramid-like pattern (trapezoidal pyramids) on the active
layer to improve solar energy absorption efficiency and carefully in-
vestigated the effect of different geometric parameters for trapezoid-
pyramidal PEDOT:PSS/c-Ge HSCs.

In our research work, we chose crystalline germanium (c-Ge) as the
active layer and designed a hybrid SCs with a trapezoidal pyramids
structure based PEDOT:PSS/c-Ge. We have utilized finite difference
time domain (FDTD) method to perform the optical simulation for
HSCs. The optical absorption curves of trapezoid-pyramidal
PEDOT:PSS/c-Ge HSCs and planar PEDOT:PSS/c-Ge HSCs were plotted
respectively. And the optical absorption curves of HSCs with TPs at
different heights and different ratios of top to bottom were further
gained. Simultaneously, the electrical simulation under different geo-
metric parameters of TPs was performed by DEVICE software. And the
Jses Voes FF, Prax and PCE of HSCs with different geometric parameters
were obtained. Besides, the figures of electric field intensity for trape-
zoid-pyramidal PEDOT:PSS/c-Ge HSCs and planar PEDOT:PSS/c-Ge
HSCs at different wavelengths are characterized.

2. Structure and methods
There are many numerical methods to calculate and analyze the

characteristics of the electromagnetic field, such as finite element
boundary integration method and frequency-domain integral equation
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method (Liu et al., 2018; Lv et al., 2020; Qi et al., 2020). However,
FDTD method is the most extensively used and efficient method of
electromagnetic field analysis for SCs (Przybylski and Patela, 2019).
FDTD method discretizes the Maxwell's equations in time and space
domain. FDTD utilizes leapfrog algorithm to alternately calculate the
electric field and magnetic fields in space domain, and the variation of
electromagnetic field is imitated by the update in time domain to
achieve the goal of compute. At the condition of without free charge
and conducting current, for non-magnetic materials, Maxwell's equa-
tions can be expressed in the following form:

BB -

E =VXH (1)
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where H s E) , and B are the magnetic, electric, and displacement fields
respectively, while ¢(w) is the complex relative dielectric constant (e,
(w) = n? where n is the refractive index), ¢, is vacuum dielectric
constant, y, is the vacuum permeability, o is the frequency of the
electromagnetic wave. Before the optical simulation, we need to define
the type of material in a specific geometric area. The purpose is to
import the relationship between the complex refractive index and the
frequency of the material. The simulation area is divided into many
“small volumes”, when the electromagnetic wave passes, the distribu-
tion of electromagnetic field and complex Poynting vector inside the
model can be calculated. The software will automatically normalize the
results to the situation under the AM 1.5 spectral condition, and the
electromagnetic field data obtained through the monitor can calculate
the transmission and reflection of the solar cell, so that the absorption
spectrum can be calculated by the script. The optical power absorbed
per unit volume can be expressed as:

w =
Bys = —— |E PIm{e
abs 2 { } (4)
where Im{e¢} is the imaginary part of the permittivity, the P is easy to
calculate in FDTD simulation. The number of photons absorbed in a
unit volume can be expressed as:

()

where 7 is reduced Planck constant, 27hw represents the single photon
energy at the corresponding frequency. The integral of G in the whole
range is the total light generation rate, it is a function related to space
and frequency. The generation rate data will be imported into the
DEVICE for electrical simulation later. Assuming that an absorbed
photon generates an electron-hole pair, the electron-hole pair will be
generated at the position where the photon is absorbed. Electrical si-
mulation uses Poisson's equation and drift-diffusion equation to simu-
late the carrier collection by the electrode in the semiconductor. The
DEVICE software can read the short-circuit current data on the elec-
trode. By adding a scan voltage with a fixed step within a certain range
to the electrode, and using a script, you can obtain a J-V curve and a P-
V curve to calculate the efficiency of the solar cell. When the coverage
of surface electrodes and various recombination effects are taken into
account, the simulation results of the solar cells will be closer to the true
value. The recombination types considered in this simulation of the
proposed solar cell are Trap-assisted recombination, Auger re-
combination, Radiative recombination and Surface recombination.
The structure of HSCs we used is shown in Fig. 1(a). The bottom is a
silver layer which acts as an electrode. The Ge substrate is overlaped on
the silver layer to acts as the major active layer. The trapezoid-pyr-
amidal array of Ge is on the Ge substrate and serves as a major region of
solar energy absorption, which effectively improves the photoelectric
conversion ability of the HSCs. The organic layer (PEDOT:PSS) that a P-
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Fig. 1. The schematic of the PEDOT:PSS/c-Ge HSCs: (a) three-dimensional structure and (b) sectional view (The coordinate axis represents the direction of the

sectional view).
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Fig. 2. Energy band diagram of carrier transport under light.

type organic material transport layer is conformally overlaped on the
trapezoid-pyramidal array which is beneficial for holes to transport and
can effectively prevent the electrons from passing through. Therefore,
the organic layer (PEDOT:PSS) plays an important role as a hole
transport layer (HTL). The transparent conductive film (ITO) is on the
organic layer, which is beneficial for holes to transport and collect.
Besides, we placed glass (SiO-) on the top to gather the solar spectrum.
The cross-sectional view is shown in Fig. 1(b), From top to bottom, a, b,
c and d represent the thickness of ITO, PEDOT:PSS, Ge and Ag re-
spectively, the parameters are set as: a 80 nm, b 500 nm,
¢ = 600 nm, d = 200 nm. The h represents the height of the TPs, the T
represents the length of the top side of the TPs, the B represents the
length of the bottom side of the TPs, the P represents the period of TPs.
The parameters of h, T, B and P are set as: h = 300 nm, T = 20 nm,
B = 80 nm, P = 80 nm. Above geometric parameters are based on the
optimization of FDTD software. Energy band diagram of carrier trans-
port under light is shown in Fig. 2, Ge substrate is N-type doped in
electrical simulation, So the Fermi level of Ge is near the bottom of the
conduction band. n-type Ge and p-type PEDOT:PSS combine to form a
PN junction. Therefore, the electrons are blocked by PEDOT:PSS and
transmitted to the silver electrode. Because PEDOT:PSS is a good hole
transport layer, So The holes are effectively transmitted through PED-
OT:PSS and collected by ITO.

At the stage of the optical simulation, we have used a plane wave
source with the wavelength ranged from 300 nm to 1500 nm. The HSCs

is illuminated from the top and along the negative direction of the Z-
axis. we used the periodic boundary condition along the direction of the
X-axis and Y-axis. Along the Z-axis direction, we used the Perfectly
Matched Layer (PLM) boundary conditions to avoid parasitic reflection
and absorption (Niu et al., 2018). Frequency domain power monitors
are used to collect the data of reflectance(R) and transmission(T) which
related to the wavelength. The absorption(A) is calculated by the ex-
pression: A = 1-R-T (Wang et al., 2020b, 2020c; Huan et al., 2020; Li
et al., 2020c¢). Js is an important parameter to describe the solar energy
absorption of the SCs. It was calculated under the AM 1.5 solar spec-
trum condition (Wu et al., 2020). Assuming one absorbed photon
generate one electron-hole pair; We can calculate the ideal short-circuit
current density by the following formula:

1500nm

= S 2AQe ) Iamns(A)dA
27hC 300nm

e
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where e is the charge on an electron, c is the speed of light, A is the
wavelength of optical source, Qg(A) is the quantum efficiency of SCs
and the I,y 5(A) is irradiance of optical source under the AM 1.5 solar
spectral condition. The optical generation rate is calculated by the
FDTD software and then input into the DEVICE software to calculate the
electrical characteristics of the HSCs, such as V., Js¢, FF, Phax and PCE.
However, because the energy band of the crystalline semiconductors is
different from the organic semiconductors. And the charge solver in
DEVICE cannot calculate the electrical transport characteristics of the
organic transport layer. So, the PEDOT:PSS is removed from electrical
simulation. To reduce the losses and other recombination of carrier at
the interface of electrode, the region which contact the electrode are
highly doped. The script used in our simulation can refer to the lume-
rical knowledge base (Lumerical Support, n.d.).

3. Simulation result and discussion

In this study, we have investigated the optical characteristic of
planar and trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs. We have
computed the reflection (R), transmission (T) and absorption (A)
spectrum of two structure. The relationship between them is char-
acterized by the expression: A = 1-R-T. We labeled the two structures
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Fig. 3. (a) Absorption (b) reflectance (c) transmission spectrum of the HSCs with and without the TPs (The height of the TPs is fixed 300 nm, the length of top and

bottom side are fixed 20 nm and 80 nm respectively.).

as “planar” and “TP” in Fig. 3. From Fig. 3(a), we can see that the
optical absorption of the “TP” is basically above 90% from 300 nm to
1300 nm while the optical absorption of “planar” is basically below
90%, and the absorption of “TP” looks steadier than the “planar”. The
tapered surface of TPs drastically suppresses the reflectance due to the
graded refractivity from PEDOT:PSS to c-Ge as shown in Fig. 3(b).
Because the value of transmission is very small due to the reflect of Ag,
the transmission has hardly any effect on the absorption. In contrast, we
can find that the reflectance is a more critical parameter for optical
absorption from Fig. 3(c). For example, the optical absorption of planar
is relatively small at about 500 nm because of the reflectance is kind of
high at 500 nm.

To further study the response of this optimized HSCs in sunlight, the
absorption efficiency of trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs
and planar PEDOT:PSS/c-Ge HSCs are compared under the AM 1.5 solar
spectrum, the results are shown in Fig. 4. As we can see from Fig. 4(a),
the average absorption of planar can reach 79.44% within the whole
region (300-1500 nm). The absorption performance is relatively good
from 300 nm to 500 nm, while the absorption performance is degen-
erate a lot compared to the solar spectrum at AM 1.5. As shown in
Fig. 4(b), the average absorption of trapezoid-pyramidal PEDOT:PSS/c-
Ge HSCs has even reached 93.8% within the whole region
(300-1500 nm). The absorption is basically coincident to the solar
spectrum at AM 1.5 except the wavelength ranged from ~900 nm to
~1100 nm. Obviously, the solar energy absorption has a great im-
provement from trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs to planar
PEDOT:PSS/c-Ge HSCs.

Firstly, to further clarify the relationship between optical absorption
and different geometric parameters of TPs. We have investigated the
different ratios of top to bottom of the TPs. The length of bottom side
and height of TPs are fixed 80 nm and 300 nm (only change the value of
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the length of the top side), the T2/B? represents the ratios of top to
bottom of the TPs (T?>/B> = 1/16, 1/4, 9/16 and 1/1 respectively). As
shown in Fig. 5(a), it is obvious to find that the smaller the ratio of area,
the smaller the maximum optical absorption. The optical coupling is
enhanced by the tapered structure due to the variation of optical den-
sity. Besides, the trend of the four curves are basically coincident except
the some region of black curve at about 1430 nm. There are some
continuous fluctuation from the 750 nm to 1350 nm, and with the
decrease of top area, the amplitude of fluctuation is compressed and the
peak of wave just move right slightly except the black curve due to the
difference of geometry. Moreover, the optical absorption of four curve
are relatively small at about 400 nm because of the high reflectance in
this region (as shown in Fig. 3(b)). In addition, we have also studied the
optical absorption of HSCs with different heights of TPs. The length of
bottom and top side of TPs are fixed 80 nm and 20 nm respectively
(only changed the value of the height). The heights of TPs are set as
100 nm, 200 nm, and 300 nm respectively. As shown in Fig. 5(b), we
can find that the blue curve and the red curve are almost coincident at
the whole wave range, the red curve is slightly higher than the blue
curve from 825 nm to 1350 nm. Besides, the black curve has similar
trend to the other curve from 800 nm to 1500 nm. However, it is kind of
different from 375 nm to 825 nm and its amplitude of fluctuation is
larger than the other two. Moreover, the three curves show almost
coincident in short-wave band (300 nm-380 nm). In general, the height
of the trapezoidal pyramids has not big effect on the light absorption of
HSCs.

We have plotted the logarithmic figure of trapezoid-pyramidal
PEDOT:PSS/c-Ge HSCs and planar PEDOT:PSS/c-Ge HSCs at different
wavelength. (a)-(f) in Fig. 6 show the electric field intensity distribu-
tion of trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs and planar PED-
OT:PSS/c-Ge HSCs at the wavelengths of 320 nm, 600 nm and 1300 nm
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Fig. 4. (a) and (b) is the absorption spectrum of the planar PEDOT:PSS/c-Ge HSCs and trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs respectively under the solar

spectrum at AM 1.5.
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Fig. 5. (a) The spectral absorption for HSCs with different ratios of top to bottom (T?/B?) of the TPs (The length of bottom side and height of TPs are fixed 80 nm and
300 nm). (b) The spectral absorption of HSCs with different heights of TPs (The length of top and bottom side of TPs are fixed 20 nm and 80 nm respectively.).

respectively. As shown in Fig. 6(a, d), A = 320 nm, for the planar
PEDOT:PSS/c-Ge HSCs, the most of electric field is restricted in the
organic layer and the diffraction distribution of electric field are oc-
curred (Zhang et al., 2020; Liu et al., 2019; Wu et al., 2020). The high
electric field is not exist in the Ge substrate, it is demonstrate that the
most energy of short-wave is restricted in organic layer. For the tra-
pezoid-pyramidal PEDOT:PSS/c-Ge HSCs, the higher electric field dis-
tribute uniformly in the area above the top of the TPs. The highest
electric field distribute on double side of the trapezoid-pyramidal tips.
In the middle region between two TPs, the electric field is decreasing
gradually. It is indicated that the energy of short-wave has still not
spread to the bottom between two TPs. As shown in Fig. 6(b, e),
A = 600 nm, for the planar PEDOT:PSS/c-Ge HSCs, the circumstance is
similar to Fig. 6(a) while the diffractive stripes width is widened. Be-
sides, the electric field is strengthened at the top area of Ge substrate.
For the trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs, the high electric
field extensively distributes on the double side area of TPs. Compare
Fig. 6(e) with (d), the electric field intensity of Fig. 6(e) is enhanced a
lot and the area of high electric field is widened a lot too. Besides, the
electric field is spread into the inside of TPs. It is consistent to the result
of high absorption in Fig. 2(a) at 600 nm. The high electric field can
result in the increase of optical absorption and electron-hole pairs due
to the photo-coupling (Abdelraouf and Allam, 2016; Zhou et al., 2020).
As shown in Fig. 6(c, f), A = 1300 nm, for the planar PEDOT:PSS/c-Ge

(a) A=320 nm

(b) A=600 nm

HSCs, with the increase of wavelength, the stripes width of diffraction is
further widened on the basis of Fig. 6(b), and the additional stripes of
diffraction has occurred in partial Ge substrate. It is indicated that the
energy of long-wave is spread down to the Ge substrate, but not cover
the whole region of Ge. For the trapezoid-pyramidal PEDOT:PSS/c-Ge
HSCs, it is observed that with the red shift of the wavelength, the high
electric field moves towards the bottom of the TPs, and the additional
stripes of diffraction has also occurred throughout the Ge substrate. In a
word, the trapezoidal pyramids structure shows a regulatory effect on
optical coupling and a very good light-trapping effect to gathering the
solar energy.

In order to better demonstrate the performance characteristics of
the HSCs, we have selected the different geometric parameter from
optical simulation and then performed electrical simulation by DEVICE
software. As shown in Fig. 7(a), the V, of the “Planar” is 0.12 V and the
Jee is 23.59 mA/cm? The “TP” exhibit a V. of 0.26 V and a Jg of
43.47 mA/cm?. It’s demonstrated that both V.. and J,. has been greatly
improved with the TPs. In Fig. 7(b), the figure shows that the maximum
power of the “Planar” is 1.42 mW/cm? and the maximum power of the
“TP” is 7.56 mW/cm?2. The P,,., of “TP” has been increased more than
five fold than “Planar”. The ideal short-circuit current density we cal-
culated with Eq. (6) is 50.4 mA/cm?. However, the calculation takes
into account the effect of the front surface electrode coverage and
various recombination. Under non-ideal conditions, the maximum
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Fig. 6. The electric field intensity of HSCs without TPs at the wavelengths of 320 nm, 600 nm and 1300 nm (a—c). The Electric field intensity of HSCs with TPs at the
wavelengths of 320 nm, 600 nm and 1300 nm (d-f). (The height of TPs is fixed 300 nm, the length of top and bottom side are fixed 20 nm and 80 nm respectively.)
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Fig. 7. (a) The J-V relationship of the HSCs with and without the TPs. (b) The P-V relationship of the HSCs with and without the TPs. (The height of TPs is fixed
300 nm, the length of top and bottom side are fixed 20 nm and 80 nm respectively.)

short-circuit current is 43.47 mA/cm?. The open circuit voltage is the
maximum voltage that a solar cell can obtain. The open circuit voltage
can determine by the following expression (Onyegam et al., 2013):

Voo = k—Tln(% + 1)

q o 7)

where k is Boltzmann constant, T is the simulation temperature
(T = 300 K), Jy is the reverse saturation current density, it is de-
termined by the following expression:

E,
= Aexp(—%)

(8
where A is the proportionality coefficient (A = 1.5 x 10® mA/cm?
(Zhou et al., 2020), Eg is the band gap of Ge at 300 K (E; = 0.66 eV).
Through Eq. (8), we can calculate the value of Jj, is 1.25 X 102 mA/
cm?. Then, through the Eq. (7) (J;. = 43.47 mA/cm?), we can calculate
the value of V, is 0.27 V, which is slightly higher than the value of
electrical simulation.

Fig. 8(a) is the J,. of the trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs
with different pyramidal heights. It shows that the maximum Jg. is
43.47 mA/cm? at a height of 300 nm and the minimum Jy. is 32.46 mA/
cm? at a height of 100 nm. It’s indicated that the J,. can be increased
with the height of TPs. It’s mainly caused by the difference capability of
optical capture with different geometric parameters. Fig. 8(b) is the J.
of the trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs with different ratio

(@)
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of area (T?/B2). We can see that when the ratio of area is 1/16, the
maximum value of J,. is 42.47 mA/cm?, and the minimum J. is
29.49 mA/cm? at the ratio of 1/1. The figure shows that the J,. is in-
creasing with the decrease of the ratio.

Fig. 9(a) shows the J-V curve at the height of 300 nm, 200 nm and
100 nm respectively. It shows that the maximum J,. is 43.47 mA/cm? at
the height of 300 nm. The J, is 42.15 mA/cm? with a height of 200 nm.
The J;. is 40.73 mA/cm? with a height of 100 nm. However, the voltage
of the TPs with a height of 200 nm is slightly greater than voltage of the
TPs with a height of 300 nm after about 0.21 V. Besides, the three
heights show almost equivalent V. Fig. 9(b) shows the P-V curve at the
height of 300 nm, 200 nm and 100 nm respectively. From the figure, we
can see that the power curve at the height of 300 nm is almost coin-
cident to the height of 200 nm. And the power curve at the height of
100 nm is obviously lower than the others. The detailed photovoltaic
parameters of different heights calculated by DEVICE are listed in
Table 1.

We list the electrical performance parameters of trapezoid-pyr-
amidal PEDOT:PSS/c-Ge HSCs with different heights above The max-
imum value of each parameter of the SCs has been bolded. We can see
that the electrical performance is better with trapezoidal pyramids than
without trapezoidal pyramids. The table shows that almost all the
photovoltaic parameters have the highest value at the height of 300 nm
except FF. For the Jg, the highest value is 43.47 mA/cm?. And the
height of 300 nm has the maximum efficiency of 7.9%. The efficiency of
HSCs is calculated by following formula (Singh and Ravindra, 2012):

(b)
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Fig. 8. (a) The J,. of a trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs with different pyramidal heights (h = 100 nm, 200 nm and 300 nm respectively, T>/B* = 1/16).
Fig. 7(b) The J,. of a trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs with different ratios of the length of the top and bottom side (T?/B* = 1/16, 1/4, 9/16 and 1/1, the

height of TPs is 300 nm).
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Fig. 9. (a) and (b) is the J-V and P-V curve with different heights of TPs (T/B* = 1/16).

Photovoltaic parameters of different heights calculated by DEVICE software
(h = 0 represents planar PEDOT:PSS/c-Ge HSCs).

Table 2
Photovoltaic parameters of different ratios calculated by DEVICE software.

Ratio (%) Jge (mA/cm?) Ve (V) FF (%) n (%)
1/4 43.47 0.26 69.3 7.90
1/2 43.40 0.25 68.9 7.70
3/4 40.31 0.25 68.6 7.11
1/1 30.27 0.25 68.9 5.29

Height (nm) Jse (mA/cm?) Voe (V) FF (%) 1 (%)
0 23.59 0.12 52.5 1.49
100 40.37 0.25 69.0 7.28
200 42.15 0.25 70.1 7.86
300 43.47 0.26 69.3 7.90

F,

7 = —"% % 100%
AM1.5 9

where the P, is the maximum power, the Syp;. 5 is the incident power
from the AM 1.5 solar model and the value of Sap1.5 is 100 mW/cm?, so
the value of P, is equal to  in Table 1. Green proposed a highly

accurate expression for calculating the maximum fill factor
(Application Gallery, n.d.):
FF = M x 100%

Yo + 1 (10)

where v, = qV,./kT, through the Eq. (10) (V,. = 0.27 V), we can
calculate the value of FF is 70.2%, this means that the fill factor should
be less than 70.2%. In the electrical simulation, we did not consider the
series and parallel resistance, so our fill factor is normal.

Fig. 10(a) is the J-V curve of different ratio of area, from this figure,
we can see that the J,. is 43.47 mA/cm? when the ratio of area is 1/16
while the ratio of area is 1/1 has the lowest Js. of 30.27 mA/cm?. It

shows that the J. of this HSCs is inversely proportional to the ratio of
area. Fig. 10(b) is the P-V curve of different ratio of area. From this
figure, we can see that it’s corresponding to the results of J-V curves.
The P,,.x of a HSCs with a ratio of 1/16 is 7.90 mW/cm?. The ratio of 1/
1 has the lowest P of 5.29 mW/cm?. The detailed photovoltaic
parameters of different ratios calculated by DEVICE are listed in
Table 2.

We list the electrical performance parameters of trapezoid-pyr-
amidal PEDOT:PSS/c-Ge HSCs with different ratios above. The max-
imum value of each parameter of the SCs has been bolded. The value of
Poax is equal to n in Table 2. The table shows that all the photovoltaic
parameters at the ratio of 1/4 have the highest value (the length of top
side is 20 nm, the length of bottom side is 80 nm). It’s indicated that the
HSCs has more excellent photovoltaic characteristics with sharper TPs.

After changing the geometric parameters of the pyramids, it has a
greater impact on the absorption of solar cell, so the short-circuit cur-
rent changes greatly, but the impact on the open circuit voltage and fill
factor is relatively small. By comparing the theoretical calculation with
our calculated value, we can see that our calculated value is in
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Fig. 10. (a) The J-V curve of trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs with different ratios of the length of the top and bottom side. (b) The P-V curve of trapezoid-
pyramidal PEDOT:PSS/c-Ge HSCs with different ratios of the length of the top and bottom side (T?/B* = 1/16, 1/4, 9/16 and 1/1 respectively, the height of TPs is

300 nm).
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Table 3

Comparison of solar parameters of different Ge SCs and trapezoid-pyramidal PEDOT:PSS/c-Ge HSCs.
Active layer Thickness (um) FF (%) n (%)
Ge (a-Si:H/c-Ge heterojunction SCs) (Nakano and Shiratani, 2019) ~175 61.7 7.61
Ge (a-Si:H/c-Ge heterojunction SCs) (Onyegam et al., 2013) ~50 58.1 5.28
Ge (a-Si:H/c-Ge heterojunction SCs) (Nakano et al., 2012) ~500 55.4 5.29
Ge (uc-Si:H/a-Si:H/c-Ge heterojunction SCs) (Hekmatshoar et al., 2012) ~300 62.1 7.2
Proposed (Ge (PEDOT:PSS/c-Ge HSCs)) ~0.9 69.3 7.90

accordance with the theoretical calculated value. In Table 3, we com-
pared some experiment result related to Ge solar cells studied in the
past (Nakano and Shiratani, 2019; Onyegam et al., 2013; Nakano et al.,
2012; Hekmatshoar et al., 2012). It can be seen from the table that our
proposed solar cell is thin and efficient. Besides, due to the combination
of Ge and organic PEDOT:PSS, the fill factor of SCs is effectively im-
proved. In this table, compared with other different types of Ge solar
cells, the energy conversion efficiency of our proposed solar cells is
increased to 7.9%, and its fill factor is increased to 69.3%.

4. Conclusions

In conclusion, we have analyzed the optical absorption, electric field
density and electrical characteristics with and without TPs. We con-
clude that the optical absorption of trapezoid-pyramidal PEDOT:PSS/c-
Ge HSCs is basically above 90% from 300 nm to 1300 nm due to the
excellent characteristic of anti-reflection. The trapezoidal pyramids
structure greatly improves the absorption of solar energy by c-Ge hy-
brid SCs. The analysis of electric field intensity demonstrate that the
great light-trapping effect because of TPs which corresponding to the
result of optical absorption. The maximum J. of trapezoid-pyramidal
PEDOT:PSS/c-Ge HSCs is 43.47 mA/cm? calculated by the DEVICE
software, it is 45.73% higher than the planar PEDOT:PSS/c-Ge HSCs. In
addition, the optical absorption, Jg, Vo, FF, Pax and PCE of trapezoid-
pyramidal PEDOT:PSS/c-Ge HSCs with different heights and different
ratios of top to bottom are compared. By theoretical calculation, HSCs
composed of c-Ge and PEDOT:PSS can improve the fill factor, a HSCs
with only 600 nm active layer achieves 7.9% efficiency (considering the
pyramid array, the total thickness is 900 nm.).
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