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Organic-Inorganic Hybrid Silicon Solar

Yingfeng Li, Younan Luo, and Meicheng Li

Abstract The real challenge of solar cells can be summarized to reduce the cost
while increasing the conversion efficiencies. Organic—inorganic hybrid silicon solar
cell is a newly developed type of solar cells which is expected to realize above
requirement. It can inherit the high efficiency and reliability of the silicon material
and the flexibility, light weight, and affordability of the organic materials. In this
new type of devices, an organic layer is generally spread on the silicon to form the
heterojunction, where the silicon wafer is adopted as the optical absorber. To reduce
cost, ultrathin silicon wafer should be the best choice if only it can absorb enough
sunlight to support the high efficiency. Therefore, light-trapping nanostructures,
like silicon pyramid, nanowire, nanocone, and silver nanoparticle, have been
widely utilized to improve the light absorption. As a consequence, the preparation
of ultrathin silicon wafer and various silicon nanostructures is an important funda-
mental for the organic—inorganic hybrid silicon solar cells. In addition to form
heterojunction with silicon, the other function of the polymer layer is to transport
holes. So, the hole-transporting ability is one of the main criteria for choosing the
polymer. In these days, PEDOT:PSS is most widely used and thought to be the best
choice. Because silicon is inorganic, it is a challenge to form a perfect interface
contact with the PEDOT:PSS; thus, there always exists abundance of defect
structures and defect states on the organic—inorganic interface. These interface
defects are another limitation for the efficiency of the organic—inorganic hybrid
silicon solar cells. So, fabrication technology is another very important aspect to
ensure the high efficiency of such type of hybrid solar cells. It includes modifying
the surface wettability of silicon to improve the junction quality and importing
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effective passivation for the organic—inorganic interface to reduce the recombina-
tion centers. Considering these factors, in this chapter, firstly, some recent works on
the preparation of crystal silicon membrane and several silicon nanostructures have
been summarized by us; then, the basic process, especially the passivation technol-
ogies, in fabricating the heterojunction is given. We hope this summary is helpful
for the future development of organic—inorganic hybrid silicon solar cells.

1 Introduction

The real challenge of solar cells can be summarized to reduce the cost while
increasing the conversion efficiencies. Within current types of solar cells, silicon-
based devices dominate the market with over 80% share due to high efficiency,
reliability, and nontoxic Earth-abundant resources. However, the purification and
fabrication processes of solar-grade silicon are costly, which make for approximate
75% of the total cost. Additionally, the purification process of silicon is very energy
consumed and therefore caused deleterious environmental consequences. Despite
the thin-wafer or thin-film technologies used recently in the photovoltaic industry,
actually, they can’t solve the problem significantly.

The organic solar cell is another potential kind of photon-electric conversion
devices. They have several advantages, including mechanical flexibility, light-
weight, and simple production process under low-temperature; can be produced
in arbitrary colors; etc. The most crucial problem for this kind of photovoltaic
device is the low carrier mobility and conductance of organic materials. These
cause abundant carrier recombination thus low device efficiencies even for labora-
tory cells. Besides, stability is another problem that can’t be neglected for the
organic solar cells.

Organic—inorganic hybrid silicon solar cell offers a practical means to reduce
fabrication cost while getting considerable power conversion efficiencies. The
device structure of organic-inorganic hybrid silicon solar cells is rather straightfor-
ward. Conjugated polymers are spread on a silicon surface with low-temperature
and soluble processes; thus, a heterojunction can be formed. Therefore, the power
conversion efficiency of such type of photovoltaic devices is fundamentally deter-
mined by three main factors: (1) the optical absorption in the silicon absorber [1],
(2) the hole transport in the organic layer [1], and (3) the carrier recombination on
the silicon—organic interface [2].

Crystalline silicon thin membranes are generally adopted as the optical absorber
in organic—inorganic hybrid silicon solar cells, in order to reduce cost; and for
photon trapping, silicon nanostructures including silicon pyramids, silicon
nanowires, and silicon nanocones have to be fabricated on the thin membrane
[3, 4]. It has been demonstrated that the hole mobility in PEDOT:PSS is much
higher than that of most other polymers [4]; so, PEDOT:PSS is the mostly used
organic material in the organic—inorganic hybrid silicon solar cells, and actually,
the thickness of the PEDOT:PSS layer is generally limited to about 100 nm to
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reduce the transport distance of hole in it as far as possible. The carrier recombi-
nation on the silicon—organic interface is a key scientific problem [2]; therefore, the
passivation for this interface attracts increasing attentions [2, 5, 6]. Some passiv-
ation technologies, like natural oxidation, methylation, and amorphous silicon
layer, have been proposed.

In this chapter, the preparation of crystalline silicon membrane and several
silicon nanostructures, which are of great importance for the fabrication of flexible,
low-cost, and high-efficiency organic—inorganic hybrid silicon solar cells, will be
first introduced. Then, the basic fabrication process of organic—inorganic hybrid
silicon solar cells will be given, especially the passivation technologies for the
silicon—organic interface. For organic—inorganic hybrid silicon solar cell, the pas-
sivation technologies are the bottleneck to boost the efficiency.

2 Fabrication of Silicon Membrane and Silicon
Nanostructures

2.1 Ultrathin Silicon Wafer

The ultrathin silicon wafer is the basis for the fabrication of low-cost organic—
inorganic hybrid silicon solar cell. Till now on, the available fabrication technol-
ogies for ultrathin silicon wafer can be generally divided into two classes: mechan-
ical cutting + grinding method and chemical etching method. However, using the
former technology, it is difficult to obtain silicon wafers with a thickness less than
100 pm; and it will import damage layer 0.2-2.0 pm, as shown in Fig. 1 [7].

The chemical etching method is the most advanced method to fabricate ultrathin
silicon wafer till now. It is a simple, low-cost, and low-damage method. Using this
method, the silicon wafer can be reduced to be several micrometers, and the
thickness can be easily controlled by just adjusting the etching conditions and/or

Surface #325

100

Fig. 1 TEM image of monocrystalline silicon surface defects ground by traditional grinding
method [7]. (a) Ground by 325 mesh powder; (b) ground by 2000 mesh powder
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etching time. According to the composition of the etchant, the chemical etching
method can be classified into acid etching and alkaline etching methods.

For acid etching, the etching solution contains HF, AgNO3, H,O, and H,O. The
actual etching is a metal-assisted chemical etching (MACE) process [8]. When the
silicon wafer is immersed into the etching solution, the Ag* ions can seize electrons
from the valence band of silicon and thus form Ag nucleation which gradually
grows into Ag nanoparticles. After that, the formed Ag particles will act as the
catalyst: the Ag particles will seize electrons from the regions of silicon wafer
contacting with or around them; the seized electrons will reduce the H' at the
surface of Ag, and the holes will be consumed by the oxidation of silicon. The
reaction equations can be summarized as follows [8]:

Reaction at metal (cathode)

H,0, + 2H* — 2H,0 + 2h*and 2H* 4+ 2¢~ — H, | (1)

Reaction of Si etching (anode)

Si 4 4h* + 4HF — SiF, + 4H"and SiF, + 2HF — H,SiF, (2)

From these equations, it can be seen that H,O, can increase hole injection rate
thus leading to high etching rate. Another important feature in the MACE of silicon
is that the reaction rate shows great crystal orientation selectivity [9, 10]. This is
because the bond density along the different directions of silicon is quite different.
It has been demonstrated that the anisotropy in MACE of silicon can be effectively
regulated by the etchant concentration [11, 12].

Through adjusting the ratio of the HF, AgNO; and H,0,, Bai et al. [13] have
realized the fabrication of ultrathin silicon wafer using the MACE method. They
have obtained ultrathin silicon wafer with a thickness about 30 pm, as shown in
Fig. 2. However, since the intrinsic anisotropic etching feature, the surface quality
of the obtained ultrathin silicon wafer is not very well. The average roughness is
about 13 nm. Besides, some Ag nanoparticles will be left on the surface of the
ultrathin silicon wafer after etching, which will affect the performance of solar cells
fabricated.

Alkaline etching is a more simple method compared with the acid etching
method [14-17]. In this method, the standard silicon wafer simply needs to be
immersed in an alkaline solution for sometimes to fabricate the ultrathin silicon
wafers. The reaction mechanism in alkaline etching process can be briefly summa-
rized as [18]

KOH + H,0—K* +20H + H* (3)
Si 4+ 20H™ + 4H,0—Si(OH),>~ +2H; | (4)
When we put the silicon wafer into the solution, the silicon atoms on the surface

of the wafer will react with the OH™ forming the complex Si(OH)s>". Such
complex is easy to be dissolved into water. What are given in Fig. 3 are the ultrathin
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Thin silicon wafer

Original silicon wafer

Fig. 2 Cross-sectional SEM image of the contrast on the thicknesses of the original silicon wafer
and the acid thinned ultrathin silicon wafer

Ultrathin silicon wafer

Fig. 3 Contrast on the thicknesses of the silicon wafers before and after the alkaline solution
thinning process and the physical properties of the ultrathin silicon wafer. (a) Cross-sectional SEM
image of the silicon wafers before and after thinning; (b) 4-inch ultrathin silicon wafer; (c)
flexibility of the ultrathin silicon wafer without substrate; (d) flexibility of the ultrathin silicon
wafer with the substrate; (e) ultrathin silicon wafer’s cutting

silicon wafers fabricated using the alkaline etching method with a thickness about
10 pm. It can be seen that the silicon wafer of this thickness can transmit orange
light, and it shows very good mechanical flexibility. Its radius of curvature reaches
about 2 mm. This indicates the organic—inorganic hybrid silicon solar cells based on
such ultrathin silicon wafer can also have good mechanical flexibility.

Besides, using alkaline etching method, the ultrathin silicon wafer can be
reduced to about 2 pm, and the thickness can simply be controlled by adjusting
the concentration of the solution, the reaction temperature, and the time. Figure 4
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Fig. 4 Corresponding relationship between the colors of the lights getting through the ultrathin
silicon wafers and their thicknesses

shows silicon wafers with several thicknesses from 1.9 pm to 11.2 pm and their
corresponding light transmission properties. The light transmission properties
reflect the light absorption ability of the silicon wafers. This means that how
much solar light can be effectively absorbed in the organic—inorganic hybrid silicon
solar cells based on the ultrathin silicon wafer can be estimated according to these
figures.

Additionally, the surface quality of ultrathin silicon wafer fabricated by alkaline
etching method is much better than that fabricated by the acid method. As shown in
Fig. 5, the average roughness of the sample obtained by the alkaline etching method
is about 0.15 nm, which is quite smaller than that by the acid etching method,
13.8 nm.

The better surface quality of the ultrathin silicon wafer fabricated by alkaline
etching method can be mainly attributed to two reasons. The first one is that,
although the alkaline etching is anisotropic determined by the fact that the number
of Si—Si bonds along different crystalline directions are different, the reaction is a
homogeneous process. This is because there are no metal particles acting as the
reaction centers during the etching process due to that the alkaline solution is only
composed of potassium hydroxide and DI water. The second one is that the etching
rate of alkaline etching is much lower than that of acid etching. For the acid etching,
at a low temperature about 40 °C, the etching rate can also reach about 48 pm/min.
However, for the alkaline etching, even at a high temperature about 90 °C, the
etching rate is only about 1.3 pm/min.

It has demonstrated that adding isopropyl alcohol or n-butyl alcohol into the
alkaline etching solution as protectant is also helpful for obtaining samples of high
surface quality [14—17]. However, we have not found the similar results. The
samples fabricated with no protectant, with isopropyl alcohol added and n-butyl
alcohol added, are given in Fig. 6. The results show that the ultrathin silicon wafer
with no protectant owns the best surface quality.
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Sq=13.8nm

o 3 Sq=0.148nm

Fig. 5 Optical micrograph and AFM image of ultrathin silicon wafer fabricated by the (a) acid
etching and (b) alkaline etching method, respectively. The amplification factor of the optical
micrographs is 200 times. Sq means the surface root mean square roughness

2.2 Silicon Nanostructures

Fabrication of silicon nanostructures is another basic process for organic—inorganic
hybrid silicon solar cells, which undertake the responsibility to improve light
absorption. Silicon pyramid, silicon nanowire, and silicon nanocone are the three
most popular silicon nanostructures for light absorption enhancement. Therefore,
the recent progress on the fabrication of them will be summarized next.

2.2.1 Silicon Pyramid

Silicon pyramid is the anti-reflectance structure used currently in industrial crystal
silicon solar cells. After the silicon pyramid being fabricated, the reflectance of the
crystal silicon surface can be reduced to about 11% from 40% (polished silicon)
[19]. Such an anti-reflectance effect is not very good, but there are many advantages
for the silicon pyramid structure.

The main merit of silicon pyramid is that the fabrication process is very simple
and cheap. It can be fabricated by immersing the crystalline wafer into alkaline
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200 nm 200 nm

Je Sq=0.148nm 5q=3.79nm Sq=6.48nm

e

Fig. 6 SEM (upper) and AFM images for ultrathin silicon wafers thinned without a protective
agent and with different protective agents in alkaline solution. (a) and (d) without a protective
agent; (b) and (e) with isopropyl alcohol; (¢) and (f) with butyl alcohol

solutions with solutes NaOH, KOH, NaHCO3;, NaCQOs5, and NaSiOs. The details can
be found everywhere. The formation of a pyramid structure occurs because the bond
density on (100) crystal surface is much lower than that on (111) crystalline surface.
Therefore, during the etching process, the silicon atoms on (100) surface easily tend
to be removed but the ones on (111) surface tend to remain. Figure 7a shows the
SEM image of silicon pyramid structure fabricated using the KOH solution. We also
found that hierarchical silicon pyramid structure can be fabricated through control-
ling the concentration of KOH and the etching time, as given in Fig. 7b [20].

Another advantage of silicon pyramid utilized in organic—inorganic hybrid
silicon solar cells is its better surface quality compared as other silicon
nanostructures will be introduced below. This is attributed to the low height (the
general height of the silicon pyramids is about 5 pm) and large tilt angle (the tilt
angle is fixed to 30.3°). These features ensure that all the small facets of the pyramid
are exposed and there is no sharp valley on the silicon surface. High surface quality
is very helpful to obtain high conversion efficiency in photovoltaic devices.

Besides, the low height and large tilt angle can also contribute to fabricate high-
quality organic—inorganic contact interface directly on the silicon pyramid surface.
That is, an organic layer can be directly spun-coated on the silicon pyramid surface
to fabricate the heterojunction. This is of great significance since the good filling of
organic materials into silicon nanostructures is one of the biggest challenges for
fabricating organic—inorganic hybrid silicon solar cells with high efficiency. In this
point of view, the hierarchical silicon pyramid we fabricated should be of the
promising application as the hierarchical structure can catch the organic materials
more tightly.
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Fig. 7 SEM images of (a) silicon pyramid and (b) hierarchical silicon pyramid structures etched
in KOH solution

2.2.2 Silicon Nanowire

Silicon nanowire exhibits much better light-trapping efficiency than silicon pyra-
mid structures. It can reduce the reflectance of the silicon surface to 2% even lower
[20-23]. Such an excellent anti-reflectance function of silicon nanowire is obvi-
ously very important for solar cells, thus attracting great attentions.

For the fabrication of silicon nanowire, generally, there are two types of
methods, the bottom-up and top-down ones. The ‘“vapor—liquid—solid” (VLS)
growth is a representative method of the bottom-up scheme [24-29]. Using this
method, relatively high-quality silicon nanowires with controllable length and
diameter can be fabricated. The top-down scheme can then be divided into dry
and wet etching approaches. The inductively coupled plasma (ICP) etching is the
most commonly used dry etching approach [30, 31], and using any of them, the
density and size of silicon nanowires can be strictly controlled. However, no matter
the VLS or the ICP methods require large facility and high energy consumption.
Therefore, they are both not suitable for large-scale applications in preparing
materials for the organic—inorganic hybrid silicon solar cells. The MACE method
is a typical wet etching approach with special advantages for industrial applications
[32—40]. It only requires very simple equipment, the reaction temperature is lower
than 100 °C, and meanwhile the shape, size, and surface quality of the samples are
controlled. As a consequence, the MACE technique is thriving day-by-day advanc-
ing to a level where silicon nanowire of the desired shape, size, and surface quality
can be readily fabricated.

When using silicon nanowire for light trapping in solar cells, there are several
factors that need to be considered. The surface density is the first important factor as
silicon nanowire has excellent light concentration ability. According to our numer-
ical simulations [41], a single silicon nanowire can collect light in the area more
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Fig. 8 (a) Anillustration of the template method in MACE using PS spheres as the mask [42] and
silicon nanowire arrays of (b) high [43] and (c) low surface densities [44]

than 300 times of its geometrical cross-sectional area due to leaky mode excitation.
This means the silicon nanowire array with fill fraction <5% can achieve near-unity
broadband absorption. Therefore, it is unnecessary to fabricate compact silicon
nanowire array to trap light for the organic—inorganic hybrid silicon solar cells,
which will conversely hinder the filling of PEDOT:PSS in it, and bring in a large
number of defects.

The surface density of silicon nanowires can be effectively controlled by the
so-called template method in MACE, where PS sphere is the most popular used as
the mask [42]. An overall process is illustrated in Fig. 8a, where (I) the PS spheres
are firstly assembled on the silicon surface, (II) then an RIE process is carried out to
form the spacing, (III) after that an Ag thin film is deposited and the PS spheres are
removed, and (IV) finally the silicon nanowire array is obtained by MACE. In such
template method, the surface density of the silicon nanowires can be controlled by
the diameter of the PS spheres and the RIE time. Silicon nanowire arrays of high
and low surface densities obtained by this method are shown in Fig. 8b, c [43, 44].

Diameter is another important parameter for the light-trapping effect of silicon
nanowire array. Our simulation results demonstrated that silicon nanowire with
diameter ~80 nm owns the best light-trapping ability [45]. As reflected in Fig. 9, the
resonant wavelength (peak position) for silicon nanowire of diameter 80 nm cor-
responds to the maximum irradiance in the AMI1.5G spectrum; and silicon
nanowire with 80 nm diameter puts up the best light-concentration ability at the
resonant wavelength (peak intensity).

Diameter can be also perfectly controlled by the above template method by
adjusting the RIE time. However, it is unnecessary to use a so complex method to
control the diameter of silicon nanowire. In MACE of silicon using no template, the
diameter of the obtained nanowire can be generally controlled by adjusting
the deposition process in fabricating the catalyst (silver film, usually fabricated
by the magnetron sputtering). In our experiments and Leonard et al. report [46], the
diameter of the silicon nanowires can be controlled to a range 50-100 nm
[47]. Recently, through the more specific process, Um et al. [48] have controlled
the diameter of the silicon nanowires to a range 60-90 nm.
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Length is also a very important parameter since it dramatically determines the
amount of light being absorbed in the silicon nanowires themselves. For photovol-
taic devices with a p—n junction in the bulk part of the silicon substrate, a balance
between the light-trapping ability of the silicon nanowires and the amount of light
being absorbed themselves must be considered. For solar cells with the radial
junction, there will be a specific length of the silicon nanowire to achieve the
optimized light absorption efficiency. The simulation results indicate that the
silicon nanowire with length 3 pm owns the optimal light absorption efficiency
[49]. By comparing the photovoltaic output characteristics of radial p—n junction
solar cells fabricated on silicon nanowires with different lengths, Yang et al.
demonstrated that the enhanced light absorption in silicon nanowires with length
ranging from 2 to 5 pm can dominate over surface carrier recombination [50]. In our
MACE, we found that the length of silicon nanowire is nearly linear with the
reaction time even under different temperatures, as shown in Fig. 10. Therefore,
the length of silicon nanowire can be simply controlled by the etching time.

Due to the excellent light-trapping ability, a silicon nanowire is of great promise
to be used for conquering the inadequate light absorption in organic—inorganic
hybrid silicon solar cells. Besides, the numerical simulation results have demon-
strated that the collected light by silicon nanowire shows up very significant skin
effect [21]. That is to say, most of the collected light will be localized near the
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surface of the nanowire, which means silicon nanowire structure is very suitable to
be used in radial junction photovoltaic devices. The PCE of organic—inorganic
hybrid silicon solar cells with such radial junction architecture has reached to
13.6% [51]. However, since the inevitable metal residual and defects in silicon
nanowire fabricated by MACE and the difficulty in filling organics in the nanowire
structure, the fabrication of radial organic—inorganic hybrid silicon solar cells with
higher efficiency is still a great challenge.

2.2.3 Silicon Nanocone

Silicon nanocone is another nanostructure of excellent light-trapping ability, which
can be fabricated with the similar process as silicon nanowire. Besides, its shape is
similar as silicon nanowire with great aspect ratio; thus, it is also called as tapered
silicon nanowire elsewhere. The light-trapping effect of silicon nanocone is even
better than nanowire [52, 53]; therefore, its fabrication and application attract great
attentions.

Lin et al. [54] have developed a process to fabricate silicon nanocone with
uniform shape and regular arrangement, as shown in Fig. 11a, b. However, this
process is quite complex which needs a Ti/Au mesh film as the mask and several
repeated processes of depositing catalysts and etching. As an improvement, Bai
et al. [55] have developed a one-step template-free method to fabricate silicon
nanocone. The only thing to do is to immerse the silicon wafer with deposited silver
film in the HF/H,O, solution. In their report, silicon nanocone array with length
~400 nm and continuously various diameters from 5-10 nm to 80—107 nm (tapering
degree about 12.7) are obtained, as shown in Fig. 11c, d. The main mechanism of
the tapering etching is the in situ oxidative dissolution of the silver network, which
means the silver network sinks and dissolves gradually during the etching process.
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Fig. 11 SEM images of the silicon nanocone fabricated by (a and b are reproduced from Ref. [54]
with permission from The Royal Society of Chemistry) Lin et al. and (c) Bai et al. (d) TEM image
of one individual silicon nanocone in (¢) (Image ¢ and d are reproduced from Ref. [55] with
permission from The Royal Society of Chemistry)

Besides, Jung et al. [74-76] have demonstrated that silicon nanocone can be also
fabricated by etching the silicon nanowire in KOH solution for about 60 s. This
should be also a promising method as the processes for fabricating silicon nanowire
are mature now.

According to our simulations, due to the continuous diameter variation and
resonant wavelengths excited in nanocone, silicon nanocone shows better light-
trapping ability than silicon nanowire [53]. Meanwhile, we have found that the
average reflectance of a silicon nanocone array with length 1.47 pm in the
waveband 300—1000 nm can reach about 1.7%. Taking into account that the tapered
feature of silicon nanocone is beneficial for the filling of organics in the interval,
silicon nanocone should be also of great application prospect in organic—inorganic
hybrid silicon solar cells.
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3 Device Fabrication and Passivation

As mentioned in the introduction, fabrication technology is very important to
ensure the efficiency of such type of organic—inorganic hybrid solar cells. Follow-
ing, the basic fabrication process of such hybrid device and point out, the key
factors improving the quality of the organic—inorganic hetero junction will be
given; and the passivation technologies of the organic—inorganic interface from
the recent reports in the device also will be summarized, which is necessary to
reduce the carrier recombination.

3.1 Fabrication Process of the Organic-Inorganic Hybrid
Silicon Solar Cells

The whole fabrication process can be generally divided into four main steps:
cleaning the substrate, modifying the wettability of the silicon surface and
PEDOT:PSS solution to improve the quality of heterojunction, fabricating the
organic—inorganic heterojunction, and preparing the front and back electrodes.

3.1.1 Substrate Cleaning

Substrate cleaning is the first and very important process in fabricating the organic—
inorganic hybrid silicon solar cells. In this step, the physical and chemical adsorbed
impurities on the wafer will be removed. The impurities can not only affect the film
quality of the organic layer but also bring in abundant carrier recombination. This
will dramatically reduce the conversion efficiency and even affect the lifetime or
stability of the fabricated organic—inorganic hybrid silicon solar cells. Therefore, a
rigid cleaning scheme for the silicon substrate is quite necessary. What’s given in
Fig. 12 is a mature cleaning procedure technology we used to ensure the formation
of the good organic—inorganic interface.

The silicon wafers (N (100), resistivity of 2—4 Q.cm) are firstly cleaned by
acetone (5 min), anhydrous ethanol (5 min), and DI water (10 min) under ultrasonic
conditions step-by-step at room temperature. This step aims to remove the organic
impurities.

After that, a standard RCA cleaning process is executed [56]. It contains four
steps: (a) APM solution (H,S04:30% H,0, = 1:3) is used to clean the surface for
10-15 min, which can remove the organic particles; (b) SPM solution with
(NH4,OH:H,0,:H,0) ranging from (1:1:5) to (1:2:7) is used to clean the surface
for 10-15 min, which can reduce metal atom pollution; (c) soak the silicon wafer
with DHF(HF:H,0) = 1:(2~10) solution for 5 min to remove the Al, Fe, Zn, Ni, etc.
metal particles; and (d) HPM solution with (HCl:H,0,:H,0) ranging from (1:1:6)
to (1:2:8) is used to clean the surface for 10~15 min, to remove the AI’*, Fe**, Mg,
Zn2+, etc. Besides, in the middle of each cleaning step, the silicon wafer must be
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Fig. 12 The cleaning . .
procedure for the silicon Ultrasonic treatment in acetone at 25°C

wafer {}

Ultrasonic treatment in ethanol at 25°C
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L

APM solution treatment at 65~80°C

L

SPM solution treatment at 100~130°C

L

DHF solution treatment at 20~25°C

L

HPM solution treatment at 65~80°C

rinsed clearly with super pure water (DI water). This rigid cleaning process can
ensure the cleanliness of the silicon wafer reaching a very high degree, which lays a
solid foundation for the next experiments. It should be noted that, if such cleaned
silicon wafers have been stored for a long time, they are better to be treated by
hydrofluoric acid again to remove the oxide layer.

3.1.2 Improve Quality of the Heterojunction

After being cleaned, the surface of the silicon wafer is hydrophobic. So, to form a
good heterojunction contact with the hydrophilic PEDOT:PSS, it is required to
modify the wettability of the silicon surface. Besides, as the PEDOT:PSS should be
dissolved in DI water and then be spin-coated on the surface of the silicon wafer to
form heterojunction with silicon, it is also possible to improve the quality of
heterojunction by modifying the surface tension of the water solution of PEDOT:
PSS.

The hydrophobicity of cleaned silicon surface can be directly reflected by the
fact that water dip on the silicon surface exhibits almost spherical: the measured
contact angle reaches about 70° [57]. This indicates that it is hard to form flat and
homogeneous PEDOT:PSS film through spin coating PEDOT:PSS aqueous solu-
tion on untreated silicon. After being oxidized under natural circumstances for
12-24 h, the surface of the silicon wafer changes to be well hydrophilic: a water dip
can be spread almost evenly on the silicon surface. This implies the PEDOT:PSS



220 Y. Lietal

Imin ‘imm
Imin Smin

_:’_7_

Fig. 13 Influence of Zonyl FSH on the surface tension of PEDOT:PSS solution. (a) Before Zonyl
FSH addition; (b) after Zonyl FSH addition

aqueous solution can be also spun-coated homogeneously on the silicon wafer, to
form good heterojunction contact. Besides natural oxidation, the silicon wafer can
be modified by the ultraviolet/ozone treatment technology. The ozone atmosphere
can increase the oxidized rate dramatically and thus can obtain more uniform oxide
layer. Such uniform oxide layer can not only improve the hydrophily of the silicon
wafer but also is more effective in reducing the density of surface defects.

Modification on the surface tension of PEDOT:PSS aqueous solution is the other
effective method to improve the quality of the heterojunction. According to the
reports of Liu et al. [58], added Zonyl FSH (a kind of fluorocarbon surface-active
agents) to the PEDOT:PSS solution with 0.1% mass fraction can effectively reduce
the surface tension of the PEDOT:PSS solution. As shown in Fig. 13, the spread-
ability of the PEDOT:PSS aqueous solution can be obviously enhanced after the
Zonyl FSH is added. As a result, the surface wetting, leveling, and adhesion of the
PEDOT:PSS on the silicon surface are improved. This indicates that the quality of
formed heterojunction will be improved after adding appropriate surface-active
agents to the PEDOT:PSS water solution.

3.1.3 Fabrication of the Organic-Inorganic Heterojunction

The organic—inorganic heterojunction is generally fabricated by spin coating the
PEDOT:PSS aqueous solution on the silicon surface. In this fabrication process, it
is very important to control the thickness of the PEDOT:PSS layer. Since the only
function of the PEDOT:PSS film is to form a heterojunction with the silicon
substrate, the PEDOT:PSS layer should be deposited as thin as possible to reduce
the carrier transport distance and to reduce the light absorption loss, so long as no
leakage current. Depending on recent researches, the optimal thickness of the
PEDOT:PSS layer is about 100 nm.

The thickness of the PEDOT:PSS layer fabricated by the spin-coat process can
be controlled by the concentration of the solution and the spin rate, according to the
following equation [59]:
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hy = KC3/\w, (5)

where ¢ refers to the thickness of the obtained PEDOT:PSS layer, C, is the mass
concentration of the solution, and o is the spin rate. For the PEDOT:PSS aqueous
solution with concentration of 1.4% (bought from Heraeus, PH1000), a PEDOT:
PSS layer of thickness about 100 nm can be obtained under spin rate 3000 rev/min
for 1 min according to our experience. A tip is that fabricating PEDOT:PSS layer in
the N, atmosphere can enhance the performance of the organic—inorganic hybrid
silicon solar cells (by about 71.3%) [60]. A reasonable explanation for this enhance-
ment is that the N, atmosphere can protect the PEDOT:PSS layer from being
polluted.

After the PEDOT:PSS being spin-coated on the silicon wafer, a subsequent
annealing process is needed to remove the residual water vapor in the film. Notably,
the water vapor has great influence on the performance of the devices. So, in this
annealing process, we must ensure the water vapor in the PEDOT:PSS film is
completely removed, but avoid the architecture of the organic layer being damaged.
Therefore, a balance between eliminating the water vapor and maintaining the
structure of PEDOT:PSS must be struck. The usually adopted process is annealing
the samples under an N, atmosphere at 140-150 °C for about 15 min [61].

Under the same consideration, the annealed organic—inorganic heterojunction
(and the final device) should be stored in conditions isolated from water vapor, as
PEDOT:PSS has good hydrophilicity. From Fig. 14 it can be seen that the conver-
sion efficiency of the organic—inorganic hybrid silicon solar cells reduces signifi-
cantly with time when the devices are placed in the natural environment (wet
circumstance). After 3 h, the efficiency of device preserved in wet circumstance
decreases about 70.8% (from 4.32% to 1.26%). In contrary, the efficiency of device
preserved in dry circumstance only decreases about 35.8% (from 4.32% to 2.77%).
This comparison proves the great affection of storage environment on the perfor-
mance of the solar cells.

Doping some functional materials in the PEDOT:PSS should be another effec-
tive way to improve the performance of the organic—inorganic hybrid silicon solar
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Fig. 14 Comparison between the organic—inorganic hybrid silicon solar cells preserved in (a) wet
and (b) dry circumstance for 3 h



Fig. 15 AFM images of the PEDOT:PSS film. (a) Without and (b) with DMSO doped

cell. For instance, dimethyl sulfoxide (DMSO) is widely used to dope in the
PEDOT:PSS solution. It can make the PEDOT:PSS solution particles more clus-
tered, thus improving the compactness of the organic film. This can be reflected by
the average roughness of the film surface as shown in Fig. 15, where the surface
quality of the PEDOT:PSS film doped with DMSO has been greatly improved. A
compact PEDOT:PSS film is a benefit to forming tight contact with the silicon
surface, thus improving the quality of the heterojunction.

The ability to conduct hole is a key property of PEDOT:PSS, which limits the
efficiency of the organic—inorganic hybrid solar cells. It has been found that to dope
some functional materials can dramatically improve the conductivity of PEDOT:
PSS. As reported by Chou et al. [62], the conductivity of PEDOT:PSS can be
increased by two orders of magnitude by doping the volume fraction of 5% of
DMSO in the PEDOT:PSS solution. Meng et al. [63] have found that adding ZnP in
PEDOT:PSS can also improve its ability in guiding hole. They reported that the V,,.
of the organic—inorganic hybrid silicon solar cell can be remarkably increased from
0.37 to 0.48 V after the PEDOT:PSS is doped with ZnP; meanwhile, the J,. can be
increased from 1.94 to 3.81 mA/cm?. Consequently, the conversion efficiency can
be increased by more than two times. Sorbitol is also a widely used dopant in
PEDOT:PSS, which can enhance the conductivity of PEDOT:PSS thin films by
three orders of magnitude [64].

Some organic compounds can also protect PEDOT:PSS from being polluted by
water vapor; thus, it is helpful to improve the stability of the solar cells. For
instance, A.M. Nardes et al. [64] found that, if we add sorbitol in PEDOT:PSS
aqueous solution, the sorbitol can be dissolved out from the PEDOT:PSS material
and form an individual film during the annealing process. Such sorbitol film can
significantly reduce the tendency to take up water from the air, which increases the
environmental stability and improves the efficiency of solar cell. The conductivity
of such fabricated PEDOT:PSS film can almost be maintained constant for 2 h up to
45% relative humidity [64].
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3.1.4 Preparation of Electrodes

The last step to fabricate the organic—inorganic hybrid silicon solar cells is to
prepare the front and back electrodes. The function of the front electrode is to
collect holes; meanwhile, ensure the area of the plate is facing the sun as much as
possible (not shelter by the front electrode). In the organic—inorganic hybrid silicon
solar cell, since the hole-transporting capacity of the PEDOT:PSS is not as good as
expected, an ITO layer should be deposited on the PEDOT:PSS layer firstly to
avoid the lateral transport of holes. Besides it can improve the hole collection
efficiency, and the ITO layer can also act to protect the PEDOT:PSS from the water
vapor. After that, the silver finger electrode (usually with 50 pm in width, 20 pm in
height) will be screen printed on the ITO layer.

The function of the back electrode is to collect electrons. The most simple and
common method is to plate an Ag or Al film with a thickness of about 100 nm on the
back of the solar cell directly. However, it is hard to fabricate solar cells of high
conversion efficiency using this method. This is because the thickness of the silicon
substrate in this type of organic—inorganic hybrid silicon solar cells is too thin; thus,
a large number of light-generated holes will diffuse to the region near the back
electrode. Therefore, there will be a large carrier recombination on the interface
between the silicon substrate and the back electrode.

An effective method to reduce the carrier recombination at this interface is to
introduce a back electric field to prevent the hole from spreading to the back
electrode. Through fabricating a back surface heavy doping layer (n™) before
depositing the silver rear electrode, He et al. [51] realized a 13.6% efficiency on
20-pm-thick organic—inorganic hybrid silicon solar cell. Zhang et al. [6] have
made many efforts on building the back electric field using simple solution
process under low temperature (~150 °C). They found that inserting a Liq
(8-hydroxyquinolinolato-lithium) layer ~2 nm between the rear side of Si and the
Al electrode can effectively enhance the Schottky barrier height and built-in
voltage, thus reducing charge recombination. This Liq insert can improve the
PCE of solar cells 29.5% (from 9.4% to 12.2%). A cesium carbonate (Cs,COj3)
layer has also been tried to insert between Si and the rear electrode Al. The charge
carrier recombination rates are effectively suppressed at the rear surface due to the
deflection of holes, and a high PCE of 13.7% is achieved.

It should be noted that the edges of the device must be cut out after the electrodes
have been fabricated to avoid short circuit.

3.2 Passivation Technologies on the Organic—Inorganic
Interface

Passivation on the organic—inorganic interface is a very important step in fabricat-
ing organic—inorganic hybrid silicon solar cells. From transient and steady output
characteristics measurement on the current density and voltage of the fabricated
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silicon/PEDOT PSS devices, Sun et al. [2] have confirmed that the surface passiv-
ation dominated the charge recombination process, thus playing a critical role on
the device performance. Since it is inevitable to introduce abundant defects when
we directly spin coat the organics on the silicon, the carrier recombination can be
effectively reduced by passivation technique. Recent researches demonstrated that
effective passivation on the organic—inorganic interface should be the bottleneck
for achieving solar cells with high efficiency, and many passivation methods have
been attempted.

Native oxidizing passivation method is the most commonly adopted method in
the past organic—inorganic hybrid silicon solar cells. The cleaned silicon wafer only
should be put under clean air condition for 12-24 h, and a uniform silica layer about
1.5 nm can be formed on the silicon surface. Such a silica layer can effectively
passivate the surface defects, which results in that the minority lifetime on the
silicon surface can reach about 26 ps [5]. Ye et al. [65] have developed the surface
quality of the silica passivation layer using a simple and repeatable wet oxidation
method. They found that the oxidizing aqueous solution of HNOj; can introduce a
uniform and dense silica thin layer on the silicon surface, which can provide better
surface passivation and stronger wettability than that formed after native oxide. The
HNOs-oxidized device they fabricated displays better performance than in the
native oxide case, with the PCE is enhanced by 28.96% (from 8.53% to 11%).

Besides, Sun et al. [2] have found that organic compounds can also be used as the
passivation layer for the silicon/PEDOT:PSS interface. They have fabricated a
methyl/allyl organic monolayer on the silicon nanowires by immersing chlorine
terminated silicon nanowire substrate in an organic solution to graft the methyl/
allyl. The charge carrier lifetime of the hybrid devices can be extended to 29.3 ps,
and correspondingly the PCE of the device reaches 10.2%. Most recently, Li et al.
[5] have found that the intrinsic amorphous silicon (i a-Si) passivation technique
widely used in HIT solar cells can also perform well for the organic—inorganic
hybrid silicon solar cells. An i a-Si layer of about 2 nm has been inserted (PECVD
deposition) between the silicon surface and the PEDOT:PSS and obtained a minor-
ity lifetime about 45 ps. The short current density of the fabricated solar cell
reached 83.0% of the theoretical limit. This is the best passivation effect that has
been reported and thus should be a practical and effective passivation technique for
high-efficiency organic—inorganic hybrid silicon solar cells.

Using atomic layer deposition (ALD) to deposit an Al,Ojz thin film as the
passivation layer is widely used to fabricate the organic—inorganic hybrid silicon
solar cells with the radial heterojunction. This is because a conformal thin film can
be achieved on high aspect ratio surface using the ALD method. Notably, the
thickness of the Al,O5 layer should be thinner than 2.5 nm to avoid hindering the
carrier transport. By depositing an Al,Oj3 passivation layer with thickness ~0.7 nm
between the silicon nanocone array and the PEDOT:PSS layer, Pudasaini et al. [66]
found that the interfacial defect density decreased 31.3%, and the PCE is enhanced
from 9.65% to 10.56%.
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3.3 Key Points in the Device Fabrication Process

As a summary, the fabrication of organic—inorganic hybrid silicon solar cells
includes six key points.

1. The cleaning step is the basic process and the prerequisite for obtaining high-
efficiency devices.

2. The modification of the silicon wafers and the PEDOT:PSS ensures the fabri-
cation of good organic and inorganic heterojunction.

3. In the case that the above two steps have been perfectly completed, the prepa-
ration of the PEDOT:PSS film on the silicon substrate is one of the most
important steps because the thickness of the film must balance the quality of
heterojunction and electrical conductivity.

4. Storage of the silicon wafer with PEDOT:PSS layer isolated from water vapor is
necessary since the PEDOT:PSS absorbs water which will seriously affect its
performance.

5. The preparation of electrodes has great influence on the PCE of the devices
obtained.

6. The passivation technique for the organic and inorganic interface should be paid
special attentions on, which has been demonstrated to be the bottleneck limiting
the PCE of the organic—inorganic hybrid silicon solar cells.

4 Conclusions

In this chapter, recent progress on the fabrication of ultrathin flexible crystal
silicon membrane and several silicon nanostructures for light trapping and the
detailed fabrication process including the key factors of organic—inorganic hybrid
silicon solar cells are summarized. Preparation of crystalline silicon membrane is
the premise as it is always adopted as the optical absorber in organic—inorganic
hybrid silicon solar cells, while the silicon nanostructures are necessary to make
up the insufficient light absorption in the ultrathin silicon. Till now, the fabrication
processes of the ultrathin flexible crystal silicon membrane and the silicon nano-
structures, using the wetting chemical etching methods, both have advanced to
a level where desired thickness, size, and surface quality can be readily fabricated.
The fabrication technique of the organic-inorganic hybrid silicon solar cells is
very important to ensure the high efficiency. The fabrication steps are described in
detail where six key points need to be paid attention are emphasized. For such
organic—inorganic hybrid silicon solar cells, passivation techniques on the organic/
silicon interface should be the bottleneck limiting the PCE. There are many efforts
that have been made on this issue, but it still far away from being solved perfectly.
We predict passivation must be the research highlight in the field of organic—
inorganic hybrid silicon solar cells. Organic—inorganic hybrid silicon solar cells
can reduce the cost, maintain high conversion efficiencies and good stability, and
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obtain good mechanism flexibility; therefore, they should be a promising type of
solar cells. We hope that the above contents can make a little bit of contribution to
the photovoltaic field.
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