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With endless energy demand and climate change issue, solar
cells which convert sun light directly into electricity are
becoming increasingly important in the world’s renewable
energy mix. The development of new solar cell technologies
with lower production costs is therefore of great interest to
industry. New and prospective materials are under intensive
research in order to create low cost and highly efficient pho-
tovoltaic devices based on various organic, hybrid organic-
inorganic, and inorganic heterojunctions. Heterojunction
solar cells possess a combination of unique properties of dif-
ferent materials that helps to improve their operational char-
acteristics comparing with traditional homojunction silicon
solar cells.

In this special issue, we selected 6 peer-reviewed research
articles which present the recent developments in various
types of heterojunction solar cells, including organic bulk-
heterojunction solar cells, dye/quantum dot sensitized solar
cells, hybrid organic-inorganic solar cells, and inorganic het-
erojunction solar cells. A broad range of topics, frommaterial
synthesis and thin film deposition technique to device archi-
tecture, are discussed in this special issue. A brief overview
of each paper highlighting the key result and discovery
is as follows.

In the paper “Design of a free-ruthenium In2S3 crystalline
photosensitized solar cell,” a new sulfide-based solid state sen-
sitizer was assessed as a potential replacement for traditional
Ru-based dyes. The morphology of In

2
S
3
on TiO

2
films was

investigated and the role of its concentration on the overall
conversion efficiency of DSCs was discussed.

The paper “Nanopatterned silicon substrate use in hetero-
junction thin film solar cells made by magnetron sputtering”
proposed a method for the fabrication of novel nanopat-
terned silicon heterojunction thin film solar cells ITO/p-type
a-Si:H/n-type c-Si. The nanopatterned silicon wafers with
a self-assembled monolayer of SiO

2
nanospheres 550 nm in

diameter were used in order to achieve 31.49% higher effi-
ciency comparing to that of heterojunction solar cells based
on planar silicon substrates.

In “Doped heterojunction used in quantum dot sensitized
solar cell,” quantum dot sensitized solar cells with indium-
doped PbS/CdS QDs forming In-PbS/In-CdS heterojunction
were presented by successive ionic layer adsorption and
reaction method. Such an incorporation results in the light
harvesting of heterojunction, leading to enhanced device
performance.

In “Excellent silicon surface passivation achieved by indus-
trial inductively coupled plasmadeposited hydrogenated intrin-
sic amorphous silicon suboxide,” authors present an alternative
method of depositing a high-quality passivation film for
silicon solar cells. The deposition of hydrogenated intrinsic
amorphous silicon suboxide was accomplished by decom-
posing hydrogen, silane, and carbon dioxide in an industrial
remote inductively coupled plasma platform. Through the
precise control of CO

2
partial pressure and process tem-

perature, excellent surface passivation quality and optical
properties were achieved.

In the paper “Ultrathin anode buffer layer for enhancing
performance of polymer solar cells,” an enhanced polymer
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solar cell was achieved by adding an ultrathin layer of lithium
fluoride in between PEDOT:PSS and polymer active layer.
The dominant mechanism for performance improvement
was explained as the increased charge collection by anode
buffer layers.

In the paper “The promotion of the efficiency of organic
photovoltaic devices by addition of anisotropic CdSe nanocrys-
tals,” CdSe nanocrystals with different morphologies such
as tetrapod and nanorod were synthesized by seed growth
method and applied as the acceptor in the active layer of the
organic photovoltaic (OPV) devices.When the concentration
of CdSe in P3HT: PCBM system is 50wt% optimally, the
efficiency can be promoted about 4.3%.

We do believe that the collection of papers frommultidis-
ciplinary areas will benefit the community of heterojunction
solar cell research for the further development of this research
area.
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A new type of sulfide-based, solid-state dye material that is sensitive to visible radiation was assessed as a potential replacement for
commercial ruthenium complex dyes in a dye-sensitized solar cell (DSSC) assembly. The In

2
S
3
crystals on the surface of the TiO

2

bottom blocking layer were grown as a solid-state dye material. Scanning electron microscopy of In
2
S
3
revealed a microsized, 3D-

connected sheet-like shape, which was confirmed by X-ray diffraction to be a beta-structure. The efficiency of the dye-sensitized
solar cells assembled with a layer grown with In

2
S
3
increased with increasing In

2
S
3
mole concentrations to 0.05M (1.02%) but

decreased at concentrations greater than 0.6∼0.8%. This suggests that crystalline In
2
S
3
acts as a dye sensitized to visible radiation,

but the short-circuit current density is too low compared to the commercially available ruthenium dye. This suggests that In
2
S
3

crystals did not grow densely but were bulk-grown with large pores, resulting in a smaller amount of In
2
S
3
per unit area. Two IPCE

curves were observed, which were assigned to TiO
2
and In

2
S
3
, meaning that the TiO

2
surfaces were covered completely with In

2
S
3

crystals. The exposure of TiO
2
eventually leads to a reaction with the electrolytes, resulting in lower quantum efficiency.

1. Introduction

The increasing demand for energy and the limited oil reserves
have highlighted the need for the development of alternative
forms of renewable energy. Solar energy is one option
proposed to deal with the energy crisis because it is abun-
dant, unlimited, and clean. Sunlight can be harvested and
converted directly to electricity using photovoltaic devices [1–
5]. Since O’Regan and Gratzel first reported dye-sensitized
solar cells (DSSCs) in 1991 [6], there has been continuous
research into DSSCs because of their numerous advantages
over silicon solar cells, such as low cost, easy assembly, and
relatively high efficiency [7–10]. DSSCs are one of the most
promising methods for future large-scale energy production
from renewable energy sources. DSSCs are composed of four
major parts, a semiconducting cathode, Pt anode, iodine
electrolyte, and photosensitive dye [11], which is the most
important component. The photosensitizer, that is, the dye,
in DSSCs should fulfill the following essential characteristics:

(1) the excited state energy level of the photosensitizer
should be higher than that of the conduction band
edge of the semiconductor;

(2) the absorption spectrum of the sensitizer should
cover asmuch as of the visible light and even the near-
infrared region as possible;

(3) the dye molecule should bind to the surface of the
semiconductor efficiently through certain anchoring
groups;

(4) the oxidized state level of the sensitizer should match
the redox potential of the electrolyte;

(5) the sensitizer should be photo- and electrochemically
and thermally stable.

Over the last 20 years, ruthenium (II) complexes based on
carboxylic pyridine ruthenium compounds, such as N3 [12],
N719 [13], N907 [14], and black dye [15], have shown a clear
lead in the solar cell performance.Thebest solar-to-electricity
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conversion efficiency of >10% was achieved using these
ruthenium-complex photosensitizers. On the other hand,
ruthenium-complex photosensitizers tend to deteriorate the
lifespan of the cell, making the photosensitizers unstable
under thermal stress and light soaking [16, 17].

Therefore, it is important to explore novel inorganic
sensitizers composed of transition metals. Recently, as an
alternative to dye sensitizers, narrow-band gap semiconduct-
ing quantum dots, such as CdS [18], CdSe [1], PbS [19], Sb

2
S
3

[20], and CuInS
2
[21], have also been tested as photosen-

sitizers. These cells are called quantum dot-sensitized solar
cells (QDSSCs).The use of semiconductor QDs as sensitizers
has the following advantages in solar cell applications over
conventional dyes: possible tuning of the visible response by
changing the QD size [22], large intrinsic dipole moment
resulting from quantum confinement and a high extinction
coefficient [23], possible multiple electron-hole pairs [24],
and a potential theoretical maximum efficiency of 31% [25].
Although the above advantages are quite promising, the
efficiencies of QDSSCs (typically below 5%) are much lower
than that of DSSCs (ca. 10%). One of the reasons for the poor
performance of QDSSCs is the difficulty in assembling the
QDs on a mesoporous TiO

2
matrix to obtain a well-covered

QD layer on the TiO
2
surface. Therefore, new metal sulfide

materials including QDs, which are easier to manufacture,
absorb visible light easily, and have excellent electron-transfer
ability, are needed.

Although many studies have assessed a range of metal
sulfide materials for solar cell applications, there are no
reports of a detailed study of In

2
S
3
for solar cell applications.

Therefore, In
2
S
3
was evaluated as a photosensitizer in this

study. The In
2
S
3
is an excellent electron donor, and three

different structures are as follows: yellow 𝛼-In
2
S
3
has a defect

cubic structure; red 𝛽-In
2
S
3
has a defect spinal, tetragonal

structure; and 𝛾-In
2
S
3
has a layered structure. The 𝛽-form is

believed to be the most stable form at room temperature. In
addition, it is diamagnetic and exhibits n-type semiconduc-
tivity with an optical band gap of 2.1 eV [26]. In

2
S
3
crystals are

grown directly onto the surface of a TiO
2
seed layer electrode

using a chemical bath deposition (CBD) method [27], and its
photosensitive effect in DSSCs is discussed.

2. Experimental

2.1. In
2
S
3
Crystals Grown over TiO

2
Seed Blocking Layers

and Their Characterization. In
2
S
3
crystals were grown on

the surface of the TiO
2
seed blocking layer using a general

CBD method [28]. First, a sol-gel dip-coating technique was
used to fabricate a TiO

2
seed blocking layer onto a fluorine-

doped tin oxide (FTO) conducting glass plate (Hartford,
30 ohm cm−2 and 80% transmittance in visible region). A
FTO glass substrate, which covered one side with black tape,
was dipped into a 0.1M TTIP ethanol solution fixed at pH =
2.5 with acetic acid and aged for 24 h. The prepared TiO

2

blocking layer filmwas then annealed at 450∘C for 30minutes
in air to remove the additives. In the secondary step, the
In
2
S
3
crystals were grown on the TiO

2
seed blocking layer

using thiourea ((NH
2
)
2
C=S, 99.9%, Junsei Chemical, Japan)

and indium chloride (InCl
3
, 99.9%, Junsei Chemical, Japan)

as the S and In precursors, respectively. Indium chloride
(0.001∼0.5M) was dissolved in distilled water, and thiourea
(0.0015∼0.75M) was then added slowly with stirring. The
solution was fixed to pH = 2.5 using acetic acid. After stirring
homogeneously for 2 h, the final solution was transferred to
an autoclave, which included a TiO

2
seed blocking layered

glass, and treated thermally at 80∘C for 24 h. The resulting
glass was washed with ethanol and dried at 60∘C for 24 h.
Here, a TiO

2
paste was not used. Instead, the TiO

2
seed

blocking layer eventually acted as a working electrode.

2.2. Assembly of TiO
2
Seed Blocking/In

2
S
3
Photosensitizer

Layered-Solar Cells. To prepare a solar cell, a working TiO
2

seed blocking/In
2
S
3
photosensitizer layered electrode was

covered with a Pt-coated FTO counterelectrode, and the
edges of the cell were sealed with a sealing sheet (PECHM-
1, Mitsui-Dupont Polychemical) at 110∘C. The used redox
electrolyte consisted of 0.5mol KI, 0.05mol I

2
, and 0.5mol

4-tert-butylpyridine with an acetonitrile solvent. Sufficient
electrolyte was injected into cells using a vacuum pump.

2.3. Characterization. The prepared TiO
2
(bottom)/In

2
S
3

(top) films were examined by X-ray diffraction (XRD; MPD,
PANalytical) using nickel-filtered CuK𝛼 radiation (40 kV,
30mA).The surfacemorphology of the filmwas examined by
scanning electron microscopy (SEM, S-4100, Hitachi). Cyclic
voltammetry (CV, BAS 100B) of the TiO

2
and In

2
S
3
powder

disc was performed at room temperature at a scan rate of
100mV s−1 in an electrolyte composed of 0.5mol KI, 0.05mol
I
2
, and 0.5mol 4-tert-butylpyridine in acetonitrile. Platinum

wire was used as the working and counterelectrodes, and
Ag/AgCl was used as the reference electrode. The UV-visible
(Cary 500 spectrometer) spectra of TiO

2
(bottom)/In

2
S
3

(top) films were obtained using a reflectance sphere in the
range, 200∼800 nm.

The photovoltaic efficiency of the TiO
2

seed
blocking/In

2
S
3

photosensitizer layered-solar cells was
calculated from the 𝐼-𝑉 curves that had been determined
using a Sun 2000 solar simulator (ABET technology)
equipped with a xenon lamp (max. 150W). The light
intensity of the solar simulator was equivalent to one sun at
AM 1.5. The instrument was calibrated using a c-Si reference
cell. The spectral output of the lamp was matched in the
region, 350–800 nm, using a Schott KG-5 sunlight filter
to reduce the mismatch between the simulated and true
solar spectrum to less than 2%. The incident light intensity
and active cell area were 100mWcm−2 and 0.40 cm2 (0.8 ×
0.5 cm), respectively. The solar cell was measured at room
temperature using a shading mask and the aperture area was
used for the calculation. The major factors determining the
efficiencies of the solar cells were the open-circuit voltage
(𝑉oc), short-circuit current density (𝐽sc), and fill factor (FF).

Using the same equipment, the equilibrium conditions
are important considerations in the IPCE measurements,
where the spectral response is obtained under short-circuit
conditions. In AC mode, the test SC was illuminated by
monochromatic lightwith the addition of simulatedAM1.5G
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solar light to represent the solar cell working conditions.
The photocurrent responding to monochromatic light was
measured precisely using a lock-in amplifier at a frequency
that was also applied to a mechanical chopper to modulate
the monochromatic light. The total photocurrent could be
estimated from the IPCE spectra by integrating the incident
photon flux density, 𝐼photon (𝜆), and IPCE (𝜆) over the
wavelength of incident light, which is expressed as [28]

𝐽 = 𝑞

𝑒
∫ 𝐼photon (𝜆) ⋅ IPCE (𝜆) 𝑑𝜆, (1)

where 𝐽 is the photocurrent, 𝑞
𝑒
is the electron charge, and 𝜆

is the wavelength.

3. Results and Discussion

3.1. Physicochemical Properties of the TiO
2
Seed Blocking/In

2
S
3

Photosensitizer Layered Film. Figure 1 shows XRD patterns
of the prepared TiO

2
seed blocking/In

2
S
3
photosensitizer

(0.001, 0.01, 0.05, 0.1, and 0.5M) layered films. Anatase TiO
2

[29] and tetragonal tin oxide [30] induced from the FTO
glass were observed in the In

2
S
3
film sample grown using

the 0.001M-In precursor, but no peaks were assigned to 𝛽-
In
2
S
3
. On the other hand, with the exception of the 0.001M-

In precursor sample, all the diffraction peaks of the samples
were indexed to 𝛽-In

2
S
3
with a Fd-3m space group, which are

in good agreement with the data reported in the literature
[31]. Compared to the standard card, the relative intensities
of the peaks at 14.3∘ (111 plane), 23.4∘ (220), 27.4∘ (311), 28.5∘
(222), 33.4∘ (400), 36.2∘ (331), 40.9∘ (422), 43.7∘ (511), 47.8∘
(440), 55.8∘ (533), 59.3∘ (444), 67.0∘ (731), 69.6∘ (800), 77.1∘
(751), 79.1∘ (840), and 88.9∘ (844)were obvious.The (311) XRD
peak is normally the strongest. The mean crystalline sizes of
the samples containing 0.001, 0.01, 0.05, 0.1, and 0.5M of the
In
2
S
3
photosensitizer, which was calculated using Scherrer’s

equation, 𝐷 = 𝜅𝜆/𝛽 cos 𝜃, were 48.10, 19.78, 36.21, 18.10, and
21.72 nm, respectively.

Figures 2(a) and 2(b) show a high-magnification SEM
image (top view and side view) of the In

2
S
3
crystals grown

over the TiO
2
seed blocking layer. The TiO

2
seed blocking

layer thickness was approximately 0.5 𝜇m in all samples
and the depths of the grown In

2
S
3
crystals increased from

0.7 to 5.0 𝜇m. The 3D-structured and connected sheet-
like In

2
S
3
particles were observed. According to the In

2
S
3

concentration, the sheets on the top view were largely grown
and the pore sizes were larger. The densities also increased
with increasing In

2
S
3
concentration to 0.05M but decreased

at concentrations >0.05M.
Figures 3(a) and 3(b) present the UV-visible absorption

spectra and Tauc’s plot of the TiO
2
seed blocking/In

2
S
3

photosensitizer (0.001, 0.01, 0.05, 0.1, and 0.5M) layered films,
respectively. This is a practical method for estimating the
energy gap from an extrapolation of the absorption edge
intercept on the 𝑥-axis or of that at the excitonic (shoulder)
peak, called 𝜆

1/2
. The absorption spectra had a steeper

absorption edge, which is similar to the results obtained from
the Tauc equation [32]. The absorption band of the TiO

2

film normally appears at approximately 350 nm. According

Indium sulfide-𝛽
Titanium oxide-anatase
Tin oxide

In
te

ns
ity

 (a
.u

.)

10 20 30 40 50 60 70 80 90 100

2𝜃/CuK𝛼

(e) 0.500M

(d) 0.100M

(c) 0.050M

(b) 0.010M

(a) 0.001M

Figure 1: The XRD patterns of the prepared TiO
2

seed
blocking/In

2
S
3
photosensitizer (0.001, 0.01, 0.05, 0.1, and 0.5M)

layered films.

to the concentrations of the grown In
2
S
3
, the absorption

bands shifted to a higher wavelength around the maximum,
450∼650 nm. The band gap of semiconductor materials is
closely related to the wavelength absorbed, where the band
gap decreases with increasing absorption wavelength. The
band gap can be calculated from the following Tauc equation:
(𝛼ℎ])𝑛 = 𝐵(ℎ] − 𝐸

𝑔
), where ℎ] is the photon energy, 𝛼 is the

absorption coefficient, 𝐵 is a constant relative to the material,
and the exponent 𝑛 is a value that depends on the nature
of the transition (2 for a direct allowed transition, 2/3 for a
direct forbidden transition, and 1/2 for an indirect allowed
transition).The band gap obtained by extrapolating the linear
portion of the graph in the 0.05M In

2
S
3
photosensitizer

layered on TiO
2
seed blocking (700 nm) was approximately

1.72 eV. In contrast, the TiO
2
seed blocking layered film had a

band gap of 2.81 eV. Generally, the band gap of anatase TiO
2

is approximately 3.02 eV. On the other hand, the absorption
in the visible region was attributed to the transition from
the ground state to a few defects. This excitation character
of the absorption spectra indicated the excellent crystal
quality of the semiconductor. A redshift was observed in the
optical absorption spectra of the TiO

2
hexagonal columns,

which indicated that the TiO
2
particles showed quantum

confinement related effects. This absorption in the visible
region was attributed more to the transition from the ground
state to a few defect-related deep states [33–35]: the value of
𝐸

𝑔
for bulk CdS was 2.5 eV, but a wide range of 𝐸

𝑔
values

have been reported for CdS thin films depending mainly on
the deposition technique. Evaporated CdS films with band
gaps as low as 2.2 eV and chemically deposited CdS films with
band gaps as high as 2.6 eV have been reported.These high𝐸

𝑔

values for CdS have been attributed to quantum confinement
effects due to the small grain size of the polycrystalline films.
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Figure 2: High-magnification SEM images (top view (a) and side view (b)) of the In
2
S
3
crystals grown on TiO

2
seed blocking layer.
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seed blocking/In
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0.5M) layered films.
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Figure 4: 𝐼-𝑉 curve (up) and photovoltaic efficiencies (down) of the
TiO
2
seed blocking/In

2
S
3
photosensitizer layered-solar cells.

Consequently, the band gap can be varied according to the
particle size or crystal defects. In addition, the band gap
indicates that its electronic properties changed due to the
small particle sizes of TiO

2
, indicating that the energy of

the lowest excited state of the sample and heat treatment
depend on their size: the highest energy is reached at a smaller
particle size. The band gap energies could be explained by
the volume conservation law, which states that an increase
in at least one lattice constant should be compensated for
by a decrease in another and vice versa, as is the case in
the low-energy regions. Therefore, anatase (2.81 eV) shows
an almost linear decrease in the band gap with increasing
volume or decreasing lattice constant. A smaller band gap
is achieved by compressing the lattice constant [36, 37].
Because the semiconductor electrode plays an important role
in accepting electrons and donating them to the solar cells,
its light absorption is important. This suggests that In

2
S
3

effectively absorbs a large range of visible light similar to
commercial ruthenium dyes.

3.2. Photovoltaic Efficiency and Electronic Properties of the
TiO
2
Seed Blocking/In

2
S
3
Photosensitizer Layered-Solar Cells.

Figure 4 shows the 𝐼-𝑉 curve (up) and photovoltaic efficien-
cies (down) of the TiO

2
seed blocking/In

2
S
3
photosensitizer

layered-solar cells. The TiO
2
nanoparticles typically used in

DSSCs have a diameter of approximately 10∼30 nm, through
which it is easy for the long wavelengths of light to permeate.
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Figure 5: Incident photon-to-current conversion efficiencies of the
TiO
2
seed blocking/In

2
S
3
photosensitizer layered-solar cells.

Unfortunately, long-wavelength light is not used effectively
in solar cells. In recent years, DSSCs assembled with a
second layer film with a 4∼5 𝜇m thickness comprised of large
nanoparticles or nanopores coated on the top of a dense TiO

2

electrode exhibited improved efficiency. The added second
layer consisting of TiO

2
, 400 nm in size, acts as a scattering

material for increasing the incident light path, resulting in
an array of photons that in turn improve the current density.
This highlights the importance of the scattering materials in
a DSSC assembly. On the other hand, a TiO

2
thick film as

a second layer or scattering material was not used, and only
a 0.5 𝜇m TiO

2
seed blocking layer and 0.7∼5 𝜇m In

2
S
3
pho-

tosensitizer layer were used. The 0.5 𝜇m TiO
2
seed blocking

layered-solar cell showed a power conversion efficiency of
only 0.20% with 𝑉oc = 0.65V and 𝐽sc = 0.52mA/cm2. This
corresponds to the cell without a dye. On the other hand,
the cases of the TiO

2
seed blocking/In

2
S
3
photosensitizer

layered-solar cells showed a higher 𝐽sc. In particular, the cur-
rent density increased until a In

2
S
3
photosensitizer content of

0.05M.The conversion efficiency was maximized to 1.20% in
the TiO

2
seed blocking/0.05M In

2
S
3
photosensitizer layered-

solar cell. This suggests that the In
2
S
3
crystalline acts as a

dye sensitized to visible radiation, even though the short-
circuit current density is too small compared to the use of
the commercially available ruthenium dye.This suggests that
In
2
S
3
crystals are not grown densely and are bulk-grown

with rather large pores, resulting in the existence of a smaller
amount of In

2
S
3
per unit area. Moreover, the exposure of

TiO
2
eventually leads to a reaction with the electrolytes

and a smaller quantum efficiency. Chemical bath deposition
provides a high surface coverage of crystals, but a lack of
capping agents leads to a broad size distribution as well as a
higher density of surface defects of crystals [38]. Therefore, a
photoanode with a high crystal loading, fewer surface traps,
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Figure 6: Cyclic voltammetry measurements of the TiO
2
and In

2
S
3
pellets.

and strong crystals/TiO
2
electronic coupling is essential for

constructing highly efficient solar cells.
The incident photon-to-current conversion efficiencies

(IPCE) in Figure 5 indicate the number of incident photons
inside the cell as well as their contribution to the conversion
efficiency. The commercial ruthenium dyes used in general
DSSCs that respond primarily to the wavelength of visible
light were measured in the region, 300∼750 nm, and reacted
at approximately 530 nm, showing the highest quantum
number (≈60∼80%) [39]. Two IPCE curves were observed,
which were assigned to TiO

2
and In

2
S
3
at a maximum

of 320 and 520 nm, respectively, and the curves increased
with increasing In

2
S
3
concentration. On the other hand,

the quantum efficiencies were smaller than those of the
commercial ruthenium dyes because the TiO

2
surfaces were

not covered perfectly with In
2
S
3
crystals. Eventually, the

quantum efficiency for visible radiation decreased. The solar
cell assembled with a 0.05M In

2
S
3
dye layer showed a

maximum quantum efficiency of 22%, resulting in a lower
solar conversion to electron efficiency ratio.

Figure 6 shows the cyclic voltammetry measurements
for the TiO

2
and In

2
S
3
pellets. In the present study, the

oxidation potentials were measured by cyclic voltammetry in
distilled water solutions. The pelletized samples were used as
the working electrodes, Ag/AgCl was used as the reference
electrode, and 0.1M KCl was used as the supporting elec-
trolyte. A reversible wave is needed for the absolute potentials

between the reduction (𝐸pc) and oxidation peaks (𝐸pa).
When such reversible peaks are observed, thermodynamic
information in the form of a half cell potential 𝐸0

1/2
can also

be determined [40]. Recently, some studies devised a useful
equation based on cyclic voltammetry for determining the
HOMO and LUMO energy levels. The ferrocene (𝐸

1/2
versus

Ag/Ag+ = +0.42 eV) potential, which is used as a standard,
should be measured in the electrolyte solution using the
same reference electrode, with a fixed −4.8 eV energy level
in the vacuum set. The HOMO or LUMO energy levels
can be calculated using the following formula: HOMO (or
LUMO) (eV) = −4.8 − (𝐸onset − 𝐸1/2(Ferrocene)) or 𝐸𝑔 (=
band gap) = HOMO-LUMO. Here, 𝐸onset is the starting
point of the redox potential, which was used more often
than the peak potential value. In synthesized TiO

2
, the

Ti(IV) → Ti(0) redox reaction appears reversible, and the
absolute reduction potential (𝐸pc) was observed at −189.3mV.
Using the Ag/AgCl reference electrode, the onset potential
for reduction was determined for In

2
S
3
powder and was

−410.5mV.Therefore, the corresponding LUMOenergy levels
for TiO

2
and In

2
S
3
were calculated to be−4.191 and−3.970 eV,

respectively. Consequently, these values could change to−0.31
and−0.53 eVdepending on the upper equation. InDSSCs, the
potential location of the conduction band is more important
than the band gap of the semiconductor electrode because
it should always be lower than the LUMO level of the dye
(normally by 0.2 eV).
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Scheme 1: Model for the potential energy diagram expected from
the results of the CV curves and UV-visible spectra.

A model of the potential energy diagram was suggested
from the CV curves and UV-visible spectra, as shown in
Scheme 1. The conduction band of the TiO

2
blocking layer

was located at slightly (0.22 eV) lower energy levels than the
LUMO level of the In

2
S
3
dye. This suggests that electrons

donated from the LUMO of the In
2
S
3
dye are transferred

easily to the conduction band of the TiO
2
film with less

electron loss.The transferred electrons canmove easily to the
external circuit through the TCO electrode.

4. Conclusions

In this study, 𝛽-type In
2
S
3
crystals with various concentra-

tions were grown on the surface of the TiO
2
bottom blocking

layer by CBD. The grown In
2
S
3
crystals were applied to

dye-sensitized solar cells as a solid dye. Micron-sized, 3D-
connected sheet-like shapes were observed by SEM. The
efficiency of the dye-sensitized solar cells prepared from the
0.05M-In

2
S
3
crystals was the highest at 1.02%. Two IPCE

curves were observed, which were assigned to TiO
2
and

In
2
S
3
, respectively. This means that the TiO

2
surfaces are not

perfectly covered with In
2
S
3
crystals. The exposure of TiO

2

can lead to a reaction with the electrolyte, resulting in an
increase in resistance, an interruption of current flow, and a
decrease in photoelectric efficiency. These results confirmed
that the performance in DSSCs relies on a complete coating
method. Therefore, more reliable coating methods will be
needed to improve the efficiency.
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This paper describes a method for fabricating silicon heterojunction thin film solar cells with an ITO/p-type a-Si : H/n-type c-
Si structure by radiofrequency magnetron sputtering. A short-circuit current density and efficiency of 28.80mA/cm2 and 8.67%
were achieved. Novel nanopatterned silicon wafers for use in cells are presented. Improved heterojunction cells are formed on a
nanopatterned silicon substrate that is prepared with a self-assembled monolayer of SiO

2
nanospheres with a diameter of 550 nm

used as an etching mask. The efficiency of the nanopattern silicon substrate heterojunction cells was 31.49% greater than that of
heterojunction cells on a flat silicon wafer.

1. Introduction

More energy is consumed as technology advances.Therefore,
the discovery and development of new energy sources have
become global issues. In response to global environmental
problems, many countries have begun research into green
power, including tidal power, wind power, geothermal power,
and solar power. Solar energy provides a promising means of
satisfying the growing demand for energy, and the develop-
ment of lower cost and higher efficiency solar cells is being
pursued. Silicon-based solar cells account for the largest
single share of the photovoltaic market.

Nontandem amorphous silicon (a-Si) thin film solar cells
and conventional diffusedmonocrystalline silicon (c-Si) solar
cells are compared herein. The a-Si devices have a higher
open-circuit voltage (𝑉oc) and higher energy band gap. How-
ever, the conversion efficiency of a-Si devices is lower than
that of c-Si devices, because a-Si devices have a narrow range
of absorption wavelengths and suffer from photodegradation
[1]. In 1992, Sanyo developed a new a-Si/c-Si heterojunction
solar cell structure, called HIT (heterojunction with intrinsic
thin film), using plasma-enhanced chemical vapor deposition
(PECVD) [2]. This structure was newly developed for Si-
based solar cells. HIT solar cells have the following three

advantages [3, 4]: (1) high-quality a-Si films that exhibit
excellent surface passivation and favorable p-n junction
properties, (2) a low processing temperature, and (3) better
thermal stability and higher 𝑉oc than conventional c-Si solar
cells [5]. Most corporations and research institutes use chem-
ical vapor deposition (CVD) methods to prepare a-Si thin
films [6–8]. This method has several advantages, including
favorable step coverage, the formation of a film of high
density owing to the few pinholes and voids formed, and a
high deposition rate, but it also has some shortcomings, such
as expensive equipment costs, contamination of chemical
particles, and the use of extremely toxic gases such as SiH

4
,

B
2
H
6
, and PH

3
in the CVD deposition process, which may

result in problems of industrial safety and environmental
pollution. In contrast, the physical vapor deposition (PVD)
method has many advantages, such as nontoxicity, better
process control, and lower cost. Therefore, the PVD method
was used herein to investigate Si-based heterojunction thin
film solar cells.

Sputtering high quality doped/un-doped a-Si films is
difficult. The difficulties are that (1) ion bombardment is
likely to form an unwanted microstructure in the thin films,
reducing their quality, and (2) the PVD processes have
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a low doping efficiency, so the number of doping atoms in
the sputtering deposition processes should be increased to
achieve the same degree of doping as in doped a-Si films
that are formed by CVD. Therefore, some research is being
performed under way to improve the quality of doped a-Si
thin films that are formed by sputtering. In 2001, Ohmura
et al. sputtered p-type a-Si films with extra boron grains on
a silicon wafer to obtain more dopant boron atoms [9]. In
2002, De Lima et al. deposited p-type a-Si films with extra
boron grains by sputtering a Si target; the sputtering increased
the number of boron dopant atoms in the p-type a-Si films,
yielding the same conductivity as that of a-Si films that are
formed by CVD [10].

The reflectance of polished silicon wafers is about 36% at
visible wavelengths. Therefore, a simple and powerful way to
improve the efficiency of solar cells that are made by sputter-
ing is to increase the number of absorbed photons to increase
the photocurrent. Many methods can effectively reduce the
Fresnel reflection of silicon-based optical components, such
as the application of antireflection coatings (ARCs) [11, 12]
and roughening of the surface. A single-layered antireflection
thin film can only reflect particular wavelengths, whereas
a multilayer coating is more effective for reflecting a broad
range of wavelengths. Unfortunately, ARCs are made from
limited materials and they suffer from such shortcomings as
thermal mismatch, which is caused by lamination, and the
need for expensive and complicated equipment to fabricate
them.

Surface roughening is used in various applications, for
example, LEDs [13, 14], MENS devices, and solar cells
[15–19]. As more advanced fabrication methods have been
developed, periodic antireflection structures have attracted
increasing interest. Moth-eye antireflection structures are
the most well-known [20, 21]. Periodic structures can gen-
erally be divided into microstructures and nanostructures
based on their critical dimension. Various techniques can
be used to fabricate and pattern a nanostructure substrate,
including E-beam lithography, nanoimprint lithography [22,
23], holographic lithography [24], nanosphere lithography
[25–28], and chemical wet etching [29–31]. In the present
authors’ previous study, a nanoscale patterned sapphire sub-
strate was used to improve the light extraction efficiency
of LEDs [32]. The same approach can be used to develop
silicon-based devices such as solar cells and optical sensors.
Therefore, nanoscale structures can be simply and effec-
tively used to reduce Fresnel reflection from the silicon
surface.

In this work, a uniform and periodic nanopattern silicon
substrate (NPSiS) was fabricated by the self-assembly of a
monolayer array of nanospheres, which was followed by
inductively coupled plasma (ICP) dry etching to translate a
2D periodic pattern on the silicon wafer. The ICP etching
time was tuned to fabricate NPSiS structures of four depths.
Then, these variously textured wafers were used on Si-
based heterojunction thin-film (HJT) solar cells, which were
fabricated using a radiofrequency (RF)magnetron sputtering
cluster system. The consequent improvement in NPSiS HJT
solar cells was investigated.

2. Experimental

2.1. Reflectance Spectra Simulation. To obtain NPSiS with
excellent antireflection properties, the size of the textured
structure must be within the subwavelength range. Well-
designed periodic nanostructures exhibit a gradually chang-
ing refractive index, which can be used to maximize the
omnidirectional antireflection character of NPSiS over a wide
range of wavelengths. In this work, NPSiS structures were
simulated and the three-dimensional (3D) finite-difference
time-domain (FDTD) method (Lumerical Solutions, Inc.)
was used to optimize their period and geometry. The size of
the nanostructures for use in silicon solar cells must be less
than 850 nm. Based on the results of anNPSiS simulation, the
period of the nanostructures was designed to be 550 nm with
periodic boundaries. With the NPSiS period set, other NPSiS
structural parameters—topwidth (TW), bottomwidth (BW),
and etching depth (D)—were simulated. Plane waves with
wavelengths of 350 nm to 950 nm were normally incident on
the structures.

2.2. Patterning SiliconWafer. Highly uniform subwavelength
SiO
2
nanospheres were prepared using the modified Stober

process and an alcohol-rich phase. Purified water, ammo-
nium hydroxide, and pure alcohol were added to a sealed
bottle that was purged with nitrogen. The contents were
stirred to ensure that they were thoroughly mixed. Tetraethyl
orthosilicate (TEOS) was then added to the system. After
two hours of stirring, the latex was centrifuged to collect the
550 nm SiO

2
nanospheres, which were washed three times

with pure alcohol to remove any remaining impurities.
Figure 1 shows the flow chart of the preparation of

NPSiS. First, the silicon wafer was immersed in latex that
comprised SiO

2
nanospheres with a diameter of 550 nm.

Next, a monolayer of nanospheres was arrayed on the surface
of the silicon by the dip-coatingmethod.The silicon substrate
was a CZ n-type c-Si (100) wafer with a base resistivity of 1–
10Ω⋅cm, and its thickness was about 325 𝜇m. After the SiO

2

nanospheres were arrayed on the wafer, they were used as
the etching mask in the ICP process in which the NPSiS was
fabricated. The ICP process involved the well-mixed gases
BCl
3
, Cl
2
, and Ar with a reactor pressure of 7.5 mTorr, a top

electrode RF power of 300W, a bottom electrode RF power
of 116W, and a bias voltage of 210V.

2.3. Deposition of Thin Films. The first step in the fabrication
of the p-type a-Si : H thin films and the deposition of the
transparent conductive oxide (TCO) layer was RCA cleaning.
The native oxide layer on the surface of the Si wafer was
removed using diluted HF (2%) solution for 120 s before
the p-type a-Si : H thin film was deposited. The p-type a-
Si : H thin films and TCO layer were deposited using a
radiofrequency (RF, 13.56MHz) magnetron sputtering clus-
ter system. In the deposition of the p-type a-Si : H thin films,
the sputtering target was a p-type Si disc with a diameter of
3, and some boron (B) grains were placed on the p-type Si
target to increase the doping; the area of boronwas about 30%
of the area of the plasma ring of the target.
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Figure 1: Flow chart of preparation of NPSiS HJT solar cells; (a) coating monolayer of SiO
2
nanospheres on CZ n-type c-Si substrate; (b)

using SiO
2
nanospheres as etching mask in ICP process to fabricate NPSiS; (c) depositing the p-type a-Si : H thin films and TCO thin films

by RF magnetron sputtering.
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Figure 2: Using 3D-FDTD method to simulate reflectance spectra
of periodic 550 nm NPSiS.

The p-type a-Si : H films were deposited at an RF power
of 100W under argon and hydrogen as working gases with a
PH2/PAr partial pressure ratio set to three.The temperature of
the chamber was 300 degrees Celsius. The base pressure and
working pressure of the chamber were less than 5.0×10−6 torr
and 2.1 × 10−3 torr, respectively. The thickness of the p-type
a-Si : H thin film was 10 nm. Following the deposition of the

p-type a-Si : H thin films, the samples were moved to another
chamber to deposit the TCO layer. During transportation,
each sample was kept in a vacuum to prevent oxidation,
which could have increased the number of defects in the
silicon thin film. Indium tin oxide (ITO) films were used as
the TCO layer. Two ITO layers were deposited on the p-type
a-Si : H films; the first layer was an ITO :O

2
film that raised

the work function to increase the 𝑉oc of the silicon HJT solar
cells. The thickness of the ITO :O

2
film that was deposited

at an RF power of 100W and a chamber temperature of 300
degrees Celsius was 20 nm. The working gases were argon,
which flowed at 10 standard cubic centimeters per minute
(SCCM), and oxygen, which flowed at 0.9 SCCM. Following
the deposition of the ITO :O

2
film, the 80 nm thick ITO film

without oxygen gas was deposited on the ITO :O
2
film. The

two layers of ITO film increased the 𝑉oc of the HJT cells and
maintained favorable conductivity of the TCO layer [33, 34].

The last step of the fabrication of silicon HJT solar cells
is coating both of the front (with a finger separation of
1.9mm and a width 100 𝜇m) and rear metal electrodes with
titanium (Ti) to a thickness of 20 nm and then aluminum
(Al) to a thickness of 1∼1.2 𝜇musing an e-gun evaporator.The
performance of the solar cell thus formed was determined by
making I-V measurements in the dark and under illumina-
tion (AM 1.5G condition, 100mW/cm2).

3. Results and Discussion

3D-FDTD calculations were performed to simulate the opti-
cal behavior of the NPSiS wafer [35, 36]. Figure 2 shows
the reflectance spectra of the flat silicon wafer and four
NPSiS wafer.The curve through the black symbols represents
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Figure 3: (a) Photograph of 4 bulk silicon wafer (top) and a monolayer array of 550 nm nanospheres that were deposited on a 4 inch silicon
wafer (bottom). (b) Close view of a monolayer nanosphere on Si wafer; ((c)–(f)) NPSiS with different dry etching times: (c) NPSiS-1, 80 s
(depth: 180 nm), (d) NPSiS-2, 150 s (depth: 270 nm), (e) NPSiS-3, 230 s (depth: 370 nm), and (f) NPSiS-4, 450 s (depth: 550 nm).

the simulated reflectance of the flat silicon wafer; the average
reflectance at wavelengths from 350 nm to 950 nm is about
41%. The curves through the red, blue, pink, and green
symbols plot the simulated reflectances of NPSiS-1, NPSiS-2,
NPSiS-3, and NPSiS-4, which have average values of 28.42%,
26.99%, 16.41%, and 7.59%, respectively.TheNPSiS-4 exhibits
the best reduction of reflectance by the multireflection of the
normally incident light.

The reflectance spectra that were obtained by the 3D-
FDTD simulation demonstrate that the pointedNPSiS exhib-
ited better antireflection properties than the frustum NPSiS.
Since multireflection efficiently increased the absorption of
light by the pointed NPSiS wafer, it reduced the reflectance.
As the results of the simulation reveal, NPSiS with a deeper

frustum shape exhibited a stronger antireflection effect,
revealing that the depth of the textured silicon structures
affected its reflectance.

Based on the results of the simulation, the ICP dry
etching recipes can be modified to fabricate various NPSiS
wafer. Figure 3(a) presents the monolayer array of 550 nm
nanospheres that were deposited on a 4 inch silicon substrate;
the diffractive nature of the nanospheres is evident. The
scanning electron microscopic (SEM) image in Figure 3(b)
provides a close view of a monolayer of nanospheres, reveal-
ing their hexagonal arrangement; the side-view SEM image
of the arrangement of nanospheres confirms the monolayer
arrangement. Owing to the success of the aforementioned
deposition process, the 550 nm nanospheres were used in the
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Figure 4: Reflectance spectra of flat c-Si wafer and NPSiS wafers
obtained using integrated sphere system.

rest of this work. Figures 3(c) to 3(f) were obtained after
etching times of 80 s (NPSiS-1), 150 s (NPSiS-2), 230 s (NPSiS-
3), and 450 s (NPSiS-4), and the resulting depths of the four
textured wafers were about 180 nm, 270 nm, 370 nm, and
550 nm, respectively. Gradually increasing the etching time
reduced the diameter of the SiO

2
nanospheres and gradually

reduced the top diameter of the frustum nanostructure
until the nanosphere mask that had the shape of the NPSiS
structure was overetched and so changed from a frustum
shape to a bullet shape; its depth was limited to about 550 nm.

Figure 4 shows the reflectance spectra of flat c-Si wafer
and NPSiS wafers that were obtained using the integrated
sphere system with an angle of incidence of light of 8∘,
in a wavelength range from 350 nm to 950 nm. The curve
through the black symbols reveals that the flat silicon wafer
has an average reflectance of 37.96%; the curves through the
red, blue, pink, and green symbols provide the measured
reflectance results forNPSiS-1, NPSiS-2,NPSiS-3, andNPSiS-
4, which have average reflectance values of 22.62%, 16.89%,
10.21%, and 3.64%, respectively. The measurements demon-
strate that the total reflectance of NPSiS decreases as its depth
increases, and the antireflective properties of all NPSiS wafers
are evident not only in a particular range of wavelengths
but also in the full range of wavelengths over which silicon
absorbs region. The gradient of the refractive index of
the nanostructure of the Si wafer surface can effectively
reduce the Fresnel reflection of photons of short wavelengths
(<550 nm). For long wavelength photons (>700 nm), the
effective refractive index of the nanostructure as a porous
layer between the Si wafer and air is a discontinuity of
the refractive index, increasing the absorption of incident
photons [37].

Figures 5(a) to 5(d) presented side-view SEM images of
the NPSiS wafer following magnetron sputtering deposition.
As shown in Figures 5(a)–5(d), the low step coverage that was

achieved using the sputter coating process yielded different
thicknesses of the covering ITO thin films on the top and side
of the nanostructure.However, even though the step coverage
that was achieved by sputtering is not very uniform, the ITO
films and the p-type a-Si film both nevertheless formed a
continuous layer, as shown in Figures 5(a)–5(d). Moreover,
the nonuniform ITO films formed a layer with a gradient in
the refractive index, which enhanced the antireflection effect
of the NPSiS cells, as presented in Figure 5(e).

To discuss the omnidirectional antireflection effect, the
angle-resolved integrated sphere system was used to measure
the average reflectance of NPSiS wafers in HJT cells when
light was incident at various angles. Figures 6(a) and 6(b)
show the average reflectance that was achieved with light
at angles of incidence from 8∘ to 60∘. The reflectance of
NPSiS-4 wafers was less than 12% for all angles of incidence,
and the NPSiS-4 HJT cell devices exhibited the strongest
omnidirectional antireflection effect of all NPSiS HJT cells,
with a reflectance of less than 6% for all angles of incidence at
wavelengths between 350 nm and 950 nm. The above results
demonstrate that the depth of NPSiS was 550 nm and the
profile became bullet-shaped, and then its reflectance was
nearly omnidirectional. Figure 6(c) presents a photograph of
the reference HJT cell and the NPSiS HJT cells. As the depth
ofNPSiS increased, the outward appearance of theNPSiSHJT
cell became more like that of a dark solar cell.

To analyze further the optical properties of NPSiS HJT
cells, Figure 5(e) shows the reflectance spectra of NPSiS HJT
cells and a nontextured HJT cell when light at wavelengths
between 350 nm and 950 nm was normally incident. The
curve through the black symbols reveals that the nontextured
HJT cell had an average reflectance of 14.80%. The curves
through the red, blue, pink, and green symbols represent
the measured reflectances of the NPSiS-1, NPSiS-2, NPSiS-
3, and NPSiS-4 HJT cells, which had average reflectance
values of 10.75%, 9.28%, 6.18%, and 2.04%, respectively.
The purple dashed curve represents the reflectance of the
100 nm thick ITO layer on a glass substrate (B270). Based
on the conductivity and work function of the TCO layer,
the antireflection wavelength of the TCO layer on the silicon
wafer was designed to be about 780 nm, and its average
absorption was about 3.4% at wavelengths from 350 nm to
950 nm. In this TCO design, the reflectance of the non-
textured silicon HJT cells exhibited a peak at a wavelength
close to 500 nm, at which wavelength the external quantum
efficiency (EQE) of nontextured siliconHJT cell was reduced,
as shown in Figure 7(c). However, the designed TCO layer
increased the transmittance of incident light, increasing the
EQE of the nontextured HJT cell to 75.5% at a wavelength of
400 nm.

To investigate the electrical properties of HJT solar cells,
the EQE, dark current-voltage (I-V), and illuminated I-V
properties under a simulated AM1.5G condition at room
temperature were measured. The EQE measurements yield
the photon conversion efficiency of HJT cells at wavelengths
from 300 nm to 1100 nm in steps of 10 nm; the dark I-V results
are related to the characteristics of the interface between the
p-type a-Si : H thin films and the n-type c-Si substrates in
the HJT cells, and the illuminated I-V measurements yield
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Figure 5: Side-view SEM images of NPSiS wafer following magnetron sputtering deposition on four NPSiS wafers. (a) NPSiS-1 HJT cell, (b)
NPSiS-2 HJT cell, (c) NPSiS-3 HJT cell, (d) NPSiS-4 HJT cell, and (e) reflectance spectra of NPSiS HJT cells and nontextured HJT cell.

the𝑉oc, short current density (𝐽sc), fill-factor (FF), and power
conversion efficiency of the HJT solar cells.

Figure 5(e) reveals that deeper NPSiS (1–4) HJT cells
have a lower reflectance at a wavelength of 500 nm, so
the 𝐽sc values that are calculated from the measured EQE
vary from 26.65mA/cm2 for the nontextured HJT cell to
30.81mA/cm2 for the NPSiS-1 HJT cell, 31.40mA/cm2 for the
NPSiS-2 HJT cell, 33.08mA/cm2 for the NPSiS-3 HJT cell,

and 35.22mA/cm2 for the NPSiS4 HJT cell, as presented in
Figure 7(c). These results demonstrate that the four NPSiS
HJT cells exhibit differently enhanced EQE; in particular,
in the NPSiS-4 HJT, the region of reduced EQE was com-
pletely repaired owing to the TCO layer, and its 𝐽sc reached
35.22mA/cm2.

Figure 7(a) plots the measured dark I-V results that were
obtained with injected voltages from −0.8V to +0.8V. The



International Journal of Photoenergy 7

Flat Si wafer

6050403020100

60

50

40

30

20

10

0

Av
er

ag
e r

efl
ec

tiv
ity

 (%
)

Incidence angle (deg)

NPSiS-1
NPSiS-2

NPSiS-3
NPSiS-4

(a)

Nontextured HJT cell

6050403020100

60

50

40

30

20

10

0

Av
er

ag
e r

efl
ec

tiv
ity

 (%
)

Incidence angle (deg)

NPSiS-1 HJT cell
NPSiS-2 HJT cell

NPSiS-3 HJT cell
NPSiS-4 HJT cell

(b)

NPSiS-1
HJT cell

NPSiS-2
HJT cell

NPSiS-3
HJT cell

NPSiS-4
HJT cell

Reference
HJT cell

nontextured 2.5 cm

(c)

Figure 6: Average reflectance results achieved with light at angles of incidence from 8 degrees to 60 degrees at wavelengths between 350 nm
and 950 nm; (a) flat Si wafer and NPSiS wafer, (b) nontextured HJT cell and four NPSiS HJT cells, and (c) photograph of reference HJT cell
and NPSiS HJT cells.

Table 1: I-V characteristics of four NPSiS HJT cells and nontextured reference HJT cell.

Reflectance at
500 nm (%)

Designated
areas (cm2) 𝑉oc (mV) 𝐽sc (mA/cm2) FF (%) Eff (%) Enhancement

(%) Rs (Ω-cm2)

Nontextured 35.91 0.76 537.69 28.80 56.30 8.67 — 9.61
NPSiS-1 27.33 0.68 461.84 31.42 68.90 9.99 15.22 3.08
NPSiS-2 23.38 0.76 434.89 32.26 65.00 9.12 5.19 3.07
NPSiS-3 12.99 0.79 442.96 33.70 66.50 9.93 14.53 2.54
NPSiS-4 2.64 0.71 481.94 36.20 65.20 11.40 31.49 2.68

left-most curve in Figure 7(a) shows that the leakage currents
of NPSiS HJT cells of various depths all exceeded those of
the nontextured HJT cell. The right-hand side of Figure 7(a)
reveals that generation-recombination currents of the four
NPSiSHJT cells at less than the threshold voltage all exceeded
those of the nontexturedHJT cell, implying that the junctions
in the fourNPSiSHJT cells containedmore defects than those
of the nontextured cell [38].

The above results follow mostly from the fact that the
ICP dry etching process damages the NPSiS surface, so more
defects are generated in that surface than in the surface of the
nontextured Si wafer. Figure 7(b) compares the illuminated I-
V characteristics of HJT solar cells with an NPSiS wafer with
those of a cell with a flat siliconwafer. Table 1 also summarizes
these characteristics. In Figure 7(b), the 𝐽sc of the NPSiS-4

HJT cell is 36.20mA/cm2, and its efficiency is 11.4%, which is
31.49% greater than that, 8.67%, of the nontextured HJT cell
(Table 1).This result is consistent with the reflectance that was
obtained using the integrating sphere system (Figures 5(a)
and 5(b)), indicating that the lower reflectance of NPSiS is
associated with the absorption ofmore photons, so the NPSiS
HJT cells have a higher 𝐽sc.

All NPSiS HJT cells exhibited an improved FF, because
NPSiS increased the surface contact areas (as presented in
Figure 8), reducing the resistivity of theHJT cells, causing the
series resistivity of all the NPSiS-HJT cells to be lower than
that of the nontextured HJT cell and the FF of the NPSiS-
HJT cells to be higher. However, the FF of NPSiS cannot
grow steadily with the surface area being increased, because
the dry etching processes damage the surface of the NPSiS
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Figure 7: Measured I-V curves of four NPSiS-HJT cells and nontextured HJT cell: (a) dark I-V, (b) illuminated I-V (AM 1.5G condition),
and (c) corresponding external quantum efficiency (EQE) characteristics.

wafer, generating more defects on its surface, increasing
the leakage current of the cell, and reducing the shunt
resistivity. The 𝑉oc values of all of the NPSiS HJT cells were
therefore reduced to different degrees. This phenomenon
will be investigated by treating the plasma-damaged surfaces
using various methods.

4. Conclusion

In this work, RF magnetron sputtering was performed to
fabricate silicon HJT solar cells. In the sputtering deposition
process, p-type a-Si : H films were sputtered with added

boron grains on the p-type c-Si target to increase the amount
of dopant boron atoms in the thin films.Then, the ITO/p-type
a-Si : H/n-type c-Si structure was fabricated for use in HJT
solar cells, and its characteristics were measured.The𝑉oc, 𝐽sc,
FF, and power conversion efficiency of the reference Si-based
HJT solar cells were 537mV, 28.8mA/cm2, 56.3%, and 8.67%,
respectively.

NPSiS wafer was demonstrated effectively to improve the
power conversion efficiency of HJT cells. The NPSiS-4 HJT
cell efficiency was 11.4%, representing an enhancement of
31.49% relative to that, 8.67%, of the flat silicon HJT cell.
This enhancement arose from the improvement in 𝐽sc, which
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Figure 8: SEM images of metal contacts of four NPSiS HJT cells: (a) NPSiS-1 HJT cell, (b) NPSiS-2 HJT cell, (c) NPSiS-3 HJT cell, and (d)
NPSiS-4 HJT cell.

increased the absorption of incident light on the surface of
the NPSiS wafer, and from the improvement in FF by the
increase in the surface area of the silicon, which reduced
the series resistance of the NPSiS HJT cells. The dry etching
process reduced the𝑉oc of theNPSiSHJT solar cells. A further
investigation must be undertaken to solve this problem.
Based on the above results, NPSiS that is patterned using
nanospheres lithography in the sputtering deposition process
can be used in the low-cost fabrication of Si-based HJT solar
cells.
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Incorporated foreign atoms into the quantum dots (QDs) used in heterojunction have always been a challenge for solar energy
conversion. A foreign atom indium atom was incorporated into PbS/CdS QDs to prepare In-PbS/In-CdS heterojunction by
successive ionic layer adsorption and reaction method which is a chemical method. Experimental results indicate that PbS or
CdS has been doped with In by SILAR method; the concentration of PbS and CdS which was doped In atoms has no significantly
increase or decrease. In addition, incorporating of Indium atoms has resulted in the lattice distortions or changes of PbS or CdS
and improved the light harvest of heterojunction. Using this heterojunction, Pt counter electrode and polysulfide electrolyte, to
fabricate quantum dot sensitized solar cells, the short circuit current density ballooned to 27.01mA/cm2 from 13.61mA/cm2 and
the open circuit voltage was improved to 0.43V from 0.37V at the same time.

1. Introduction

Doped quantum dot (QDs, semiconductor nanocrystal)
which was fabricated by chemical method has been recently
drawing great attention as a material for solar energy conver-
sion. Incorporating foreign atoms can affect intrinsic prop-
erty of semiconductor nanocrystals [1, 2]. By doping foreign
atom, it is possible tomodify the electronic and photophysical
properties of QDs [3]. In addition, it is also possible to
tune the optical and electronic properties of semiconductor
nanocrystals by controlling the type and concentration of
dopants [4]. The versatile properties of doped QDs such as
red-shift of light harvest [5], create of electronic states in the
mid-gap region of theQD [6], and long time of an electron [7]
make them attractive candidates for quantum dot sensitized
solar cell (QDSC).

The doped single QDs have been researched. But incor-
porating foreign atoms into the quantum dot used in het-
erojunction has always been a challenge for solar energy
conversion. In addition, one of the current challenges for
high performance QDSC is the limited light absorption
range from the visible to the near-infrared (NIR) region
for the solar spectrum, so wider light absorption range has

ability to generate extremely high 𝐽sc [8]. Recently, the light
absorption range red shifts to 1100 nm from900 nmwhenPbS
quantum dot was doped as Hg-PbS quantum dot, resulting
in the short circuit current density (𝐽sc) remarkable increase.
Although the 𝐽sc have a remarkable increase, the open circuit
voltage (𝑉oc) has no significant change [9]. While the𝑉oc was
increased when CdS/CdSe were doped asMn-CdS/CdSe, the
𝐽sc has no significant change [10]. How to improve the 𝐽sc
and the 𝑉oc of QDSC is always a goal that many investigators
pursue.

We introduced foreign atoms—indium atoms into PbS/
CdS heterojunction [11–13] on the TiO

2
film by successive

ionic layer adsorption and reaction (SILAR) method [14];
SILARmethod is a chemical method.The indium was doped
in both the PbS and CdS, characterization of the sample
display that incorporating of Indium atoms would enhance
absorption in the near-infrared portion. Using Pt counter
electrode and polysulfide electrolyte to fabricate QDSC, the
𝐽sc ballooned to 27.01mA/cm2 from 13.61mA/cm2 and the𝑉oc
was improved to 0.43V from0.37V at the same time. Relative
to other heterojunction cells [15, 16], we used the easier way
to prepare doped heterojunction.
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Figure 1: SEM image of (a) a bare TiO
2
mesoporous film and (b) In-PbS/In-CdS sensitized TiO

2
mesoporous film; (c) a cross-section SEM

image of a bare TiO
2
film; (d) the EDX spectra of In-PbS/In-CdS QD sensitized TiO

2
film.

2. Experimental Procedure

The photoanode structure was FTO/TiO
2
/QDs; mesoporous

TiO
2
films were prepared by screen-printing of TiO

2
paste

(the size of TiO
2
particle is about 20 nm) on clear fluorine-

doped tin oxide (FTO) substrates, followed by sintering at
450∘C for 30min.

Quantum dots were deposited by successive ionic layer
adsorption and reaction (SILAR)method. In brief, 0.1M lead
nitrate or cadmium nitrate in methanol was used as cation
source and 0.1M sodium sulfide inmethanol as anion source.
To incorporate doping of In3+, indium chloride (0.01M) was
mixed with lead nitrate or cadmium nitrate. This allowed
coadsorption of In3+ and Pb2+ (or Cd2+) ions, which in turn
facilitated incorporation of In3+ in the PbS (or CdS). The
dipping time in the Pb2+ and S2− solution was 60 s for each,
and the SILAR cycle was repeated 2 times; the dipping time in
the Cd2+ and S2− solution was 5min for each, and the SILAR
cycle was repeated 6 times.

The counter electrode was Pt coated FTO, which was
prepared by doctor blading chloroplatinic acid on FTO glass,
then sintering at 450∘C for 30min. A solution of 0.5M
sodium sulfide, 2M sulfur, and 0.2M potassium chloride
dissolved in 1 : 1 methanol and water was used as the liquid
electrolyte. The cells were assembled in sandwich fashion
using a parafilm spacer. Solar cell performance was evaluated
under simulated AM1.5 irradiation conditions.

3. Results and Discussion

We prepared four different heterojunction types on TiO
2

film: (a) 2 SILAR cycles of PbS followed by 6 cycles of CdS
(TiO
2
/PbS/CdS), (b) 2 SILAR cycles of In-PbS followed by

6 cycles of CdS (TiO
2
/In-PbS/CdS), (c) 2 SILAR cycles of

PbS followed by 6 cycles of In-CdS (TiO
2
/PbS/In-CdS), and

(d) 2 SILAR cycles of In-PbS followed by 6 cycles of In-CdS
(TiO
2
/In-PbS/In-CdS). Figure 1(a) shows scanning electron

micrograph (SEM) of a bare TiO
2
mesoporous film. It is

clear that the particle size of TiO
2
ranges from 20 nm to

40 nm. When In-PbS and In-CdS were assembled in the
TiO
2
film, a cluster of quantum dots in the surface was

observed from the SEM images. This result indicates that
a tiny amount of In-PbS and In-CdS was assembled in
the SILAR process. A cross section SEM image of a bare
TiO
2
mesoporous film is shown in Figure 1(c), in which the

TiO
2
film thickness was clearly evident. Figure 1(d) presents

energy dispersive X-ray spectroscopy (EDX) results obtained
from TiO

2
/In-PbS/In-CdS; EDX demonstrates the existence

of In element in PdS or CdS. The actual Pb, Cd, and In
concentration as measured from the inductively coupled
plasma optical emission spectroscopy, ICP-OES, analysis was
found to be 7.383%, 45.5%, and 0.97% in In-PbS/CdS QDs;
8.8143%, 47.86%, and 5.48% in PbS/In-CdS QDs; and 6.49%,
49.62%, and 5.49% in In-PbS/In-CdS QDs.This indicates the
incorporation of Indium into PbS and CdS quantum dots by



International Journal of Photoenergy 3

20 30 40 50 60 70 80

(4
20

)

(4
00

)

(3
11

)

(2
00

)
(1

11
)

(4
20

)
(3

31
)

(4
00

)

(2
22

)
(3

11
)

(2
20

)

(1
11

)

2𝜃 (deg)

In
te

ns
ity

 (a
.u

.)

CdS and In-CdS
PbS and In-PbS
TiO2

TiO2/PbS

TiO2/In-PbS
TiO2/CdS
TiO2/In-CdS

(a)

20 30 40 50 60 70 80
2𝜃 (deg)

In
te

ns
ity

 (a
.u

.)

TiO2/PbS
TiO2/PbS/CdS

TiO2/In-PbS/ CdS
TiO2/PbS/In-CdS
TiO2/In-PbS/In-CdS

Cds and In-CdS
PbS and In-PbS

(b)

PbS (200)

(c)

In-PbS (111)

(d)

CdS (220)

(e)

In-CdS (220)

(f)

Figure 2: The XRD patterns of (a) four QDs and TiO
2
and (b) four heterojunctions and TiO

2
; the HRTEM of (c) PbS, (d) In-PbS; (e) CdS,

and (f) In-CdS.

SILAR method. In addition, the concentration of PbS and
CdS which was doped In atoms has no significant increase
or decrease, while the concentration in solid film of In atoms
would vary with SILAR cycles.

The X-ray diffraction (XRD) patterns are shown in
Figure 2. The XRD patterns show the PbS and CdS all are

cubic structure. The diffraction maximum peak of PbS is
(200) at 27.834∘, while the higher peaks of In-PbS are (111)
and (200) at 26.76∘ and 27.834∘, respectively. However, the
major peaks of CdS and In-CdS both are (220) at 43.972∘,
but a broadening of the peak of In-CdS relative to CdS is
seen. Figure 2(b) is the XRD patterns of four heterojunctions.
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Figure 4: (a) Diffuse reflectance absorbance spectra of different QD sensitized films; (b) 𝐽-𝑉 characteristics of different working
heterojunctions.

If In atoms were incorporated into PbS (In-PbS/CdS), the
peak is moved to 26.76∘ from 27.834∘; this is because of
the appearance of (111) peak of In-PbS at 26.76∘, while the
peak is broadened at 43.972∘ after incorporating In atom
into CdS (PbS/In-CdS); this is because of the broadening of
the (220) peak of In-CdS. When both incorporate In atom
into PbS and CdS (In-PbS/In-CdS), the peak is moved from
27.834∘ to 26.76∘ and is broadened at 43.972∘. Because of
lattice distortions or changes as a result of In doping, it can
be confirmed that PbS or CdS has been incorporated. The
high-resolution electron transmission electron microscopy
(HRTEM) images of QDs also are shown in Figure 2. We can
reckon that the particle size of PbS and In-PbS is about 10 nm
and 5 nm, respectively, while themajor peaks is different, that
matches the change of XRD patterns. The particle size of PbS
or In-PbS is surprisingly smaller than their Bohr radius [17].
Theparticle sizes of CdS and In-CdS are all about 5 nm,which
is bigger than their Bohr radius and smaller than 10 nm [18].

The HRTEM image of In-PbS/In-CdS QDs is shown
in Figure 3(a). The information obtained from Figure 3(a)
agrees with Figures 2(d) and 2(f). The EDX mapping of
the cross section In-PbS/In-CdS QD sensitized TiO

2
film is

shown in Figure 3(b). The In element not only exists in film,
but also is evenly distributed along depth. Such a distribution
is not only because In-PbS or In-CdS were assembled in
the TiO

2
mesoporous by using SILAR but because same

proportion indium chloride was mixed with lead nitrate or
cadmium nitrate as a cation source.

The light absorption property of PbS/CdS without or
with In dopant sensitized TiO

2
film is assessed by UV-

vis absorption spectra, Figure 4(a). The absorption property
in the visible range increased when the CdS was doped
(PbS/In-CdS); however, no apparent contrast increase was
found in the longwavelength region.The absorption property
for wavelength longer than 1000 nm increases greatly when
the PbS was doped (In-PbS/CdS). But the absorption of
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Figure 5: (a) IPCE spectra for four devices; (b) EIS spectra of QDSSCs measured in the dark at −0.4V bias voltages. The inset illustrates the
equivalent circuit simulated. Rrec andCPE1 represent the charge transfer resistance and capacitance at TiO

2
/electrolyte interface, respectively;

𝑅
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is a series resistance.

Table 1: Different photovoltaic parameter for different working
heterojunctions.

Samples 𝐽sc (mA/cm2) 𝑉oc (V) FF 𝜂 (%)
TiO2/PbS/CdS 13.61 0.37 0.25 1.26
TiO2/In-PbS/CdS 23.4 0.44 0.23 2.36
TiO2/PbS/In-CdS 11.6 0.45 0.32 1.69
TiO2/In-PbS/In-CdS 27.01 0.43 0.29 3.42

In-PbS/CdS deposited film also increased in the visible range,
which is due to the diffusion of indium atoms from In-
PbS/CdS interface where In is not stable into CdS quantum
dot [19]. Both the PbS and CdS were incorporated with
indium (In-PbS/In-CdS), not only increased the light absorp-
tion in the visible range, and an absorption peak has emerged
in the near-infrared portion. ICP-OES analysis illustrates that
the concentration of PbS and CdS has no significant increase
or decrease; it is excluded that the higher light adsorption
was attributed to the possibility of the increase of PdS or
CdS for the “doped” samples compared with the undoped
ones fabricated via SILAR process, while, the absorption peak
emerged in the near-infrared portion is the absorption peak
of the exciton of the In-PbS QD.

The 𝐽-𝑉 characteristics of these fourQDSCs are presented
in Figure 4(b). The 𝐽sc, 𝑉oc, fill factor (FF), and power con-
version efficiency (𝜂) are summarized in Table 1. An increase
of 𝑉oc is seen in the cells that incorporate foreign atoms.
Similarly, cells that the PbS with indium atoms exhibited a
significant increase in the photocurrent as compared to the
corresponding cells without indium atoms. The absorption
property has been able to explain why the higher 𝐽sc was
achieved in this study. However, PbS/In-CdS films exhibited
decrease in the photocurrent and great increase in the 𝐽sc,

which is due to an accumulation of photo-generated electron
in QD layers, but improve the 𝑉oc. As we expect, doped
heterojunction used in solar cells can significantly increase
𝐽sc and the 𝑉oc was improved at the same time; an energy
conversion efficiency of 3.42% was achieved.

The incident photon to carrier conversion efficiency
(IPCE) recorded at different incident light wavelengths for
QDSC that employ four different photo-anodes is shown
in Figure 5(a). The overall photocurrent response matches
the absorption features; IPCE values as high as 70% can
be achieved by the TiO

2
/In-PbS/In-CdS device. Significant

retaining in IPCE is seen for TiO
2
/In-PbS/In-CdS device

with 10% at 1100 nm. It is worth noting that the IPCE of
TiO
2
/PbS/In-CdS is higher than undoped ones, but the

𝐽sc is lower. As we know, the IPCE represents how many
electrons were generated when a photonwas absorbed. So the
TiO
2
/PbS/In-CdS generated more electrons, but they could

not transport completely to FTO. There are two reasons;
the impurity energy level is lower than conduction band of
TiO
2
/PbS/CdS; some of the electrons accumulated on the

impurity energy level to improve 𝑉oc. On the other hand,
the electron on the conduction band of In-CdS would be
back to impurity energy level to combine with the hole.
As we expect, doped heterojunction used in solar cells can
significantly broaden scope of light harvest into near-infrared
portion and promote IPCE at long wavelength. Figure 5(b)
shows the electrochemical impedance spectroscopy (EIS) of
QDSSCs based on PbS/CdS, In-PbS/CdS, PbS/In-CdS, and
In-PbS/In-CdS electrodes measured in the dark at −0.4V
bias voltages. The equivalent circuit simulated which applies
to the impedance spectroscopy was inset of Figure 5(b);
Rrec and CPE1 represent the charge transfer resistance and
capacitance at TiO

2
/electrolyte interface, respectively; 𝑅

𝑠

is series resistance that would account for the transport
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Figure 6: The schematic illustration of the carrier transfer in the (a) TiO
2
/PbS/CdS film and (b) TiO

2
/In-PbS/In-CdS film. Black arrow

showed the electron transport; red arrow showed the electron transition.

resistance of FTO and the connection setup. It can be noticed
that incorporating of indium atoms would enhance the value
of the Rrec, which indicates that the recombination rate of
electrons is slower than undoped ones. But seldom is a major
change in the value of the 𝑅

𝑠
.

Figure 6(a) shows the schematic illustration of the elec-
tron transfer model for TiO

2
/PbS/CdS film. PbS QDs and

CdS QDs absorb photon to create pairs of electrons and
holes, the electron transports to TiO

2
fromQDs, and then the

electron transports to FTO from TiO
2
.The hole transports to

electrolyte fromQDs.The TiO
2
particles are designed to give

a large surface area for QDs to grow on. In addition, TiO
2

particles are the transporting layer of the electron. As shown
in Figure 5(b), the impurity energy level is the presence in PbS
or CdS QD. The presence of impurity energy level not only
increased the light absorption in the near-infrared portion,
but also improves transmission dynamics of electron and
transport path between two nanoparticles. Most electrons
were transport to FTO; the combination rate of electrons in
film would be slower. So the 𝐽sc ballooned to 27.01mA/cm2
of TiO

2
/In-PbS/In-CdS devices. The presence of impurity

energy level will accumulate electron within the QD layers,
thus shifting the Fermi level to more negative potentials and
increasing the conduction band of CdS. The 𝑉oc of TiO2/In-
PbS/In-CdS device was improved.

There is no doubt that incorporated heterojunction used
in QDSCs would significantly increase the 𝐽sc; the 𝑉oc have
an improvement at the same time. Although such a high
𝐽sc is rare, it can be further increased to prevent exciton
fast recombining to, such as coat with ZnS or dyes at the
outer surface of CdS [20]. In addition, the power conversion
efficiency can be also enhanced by improve electrolyte and
counter electrode [8, 9].

4. Conclusion

A foreign atom—indium atom was incorporated into PbS/
CdS QDs to prepare In-PbS/In-CdS heterojunction by suc-
cessive ionic layer adsorption and reaction method which
is a chemical method. Experimental results indicate that
PbS or CdS has been doped with In by SILAR method;
the concentration of PbS and CdS which was doped In

atoms has no significant increase or decrease. In addition,
incorporating of indium atoms has resulted in the lattice
distortions or changes of PbS or CdS and improved the
light harvest of heterojunction. Using this heterojunction,
Pt counter electrode and polysulfide electrolyte to fabricate
quantum dot sensitized solar cells, the short circuit current
density ballooned to 27.01mA/cm2 from 13.61mA/cm2, and
the open circuit voltage was improved to 0.43V from 0.37V
at the same time.
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We present an alternative method of depositing a high-quality passivation film for heterojunction silicon wafer solar cells, in this
paper.The deposition of hydrogenated intrinsic amorphous silicon suboxide is accomplished by decomposing hydrogen, silane, and
carbon dioxide in an industrial remote inductively coupled plasma platform. Through the investigation on CO

2
partial pressure

and process temperature, excellent surface passivation quality and optical properties are achieved. It is found that the hydrogen
content in the film is much higher than what is commonly reported in intrinsic amorphous silicon due to oxygen incorporation.
The observed slow depletion of hydrogen with increasing temperature greatly enhances its process window as well. The effective
lifetime of symmetrically passivated samples under the optimal condition exceeds 4.7ms on planar 𝑛-type Czochralski silicon
wafers with a resistivity of 1Ωcm, which is equivalent to an effective surface recombination velocity of less than 1.7 cms−1 and an
implied open-circuit voltage (𝑉oc) of 741mV. A comparison with several high quality passivation schemes for solar cells reveals that
the developed inductively coupled plasma deposited films show excellent passivation quality. The excellent optical property and
resistance to degradation make it an excellent substitute for industrial heterojunction silicon solar cell production.

1. Introduction

Heterojunction silicon wafer (HET) solar cells have achieved
very high efficiencies of up to 24.7%on a large area (101.8 cm2)
[1]. Its high efficiency mainly stems from an extremely
high open-circuit voltage (𝑉oc) of up to 750mV thanks
to the excellent surface passivation. Such a cell structure
has attracted attention not only due to its high conversion
efficiency, but also due to its low process temperature which
avoids bowing when using thin wafers [2, 3].The insertion of
a high-quality hydrogenated intrinsic amorphous silicon (a-
Si:H(i)) thin film between the emitter (or back surface field)
and the bulk material is the key to such a high cell efficiency

[4–7].Therefore, optimization of this buffer layer is of utmost
importance.

Plasma-enhanced chemical vapour deposition (PECVD)
of a-Si:H(i) has been the key to the successful industrial
implementation of this technology as a passivation scheme,
since the early 1990s [5, 8, 9], mainly thanks to its low
temperature process and good surface passivation quality
[10]. However, it is also reported that the optimization for
such a layer is difficult because of possible epitaxial growth
and the need to balance plasma species during deposition [11–
14].

PECVD hydrogenated intrinsic amorphous silicon sub-
oxide (a-SiO

𝑥
:H(i)) thin films are emerging as an alternative
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to replace a-Si:H(i) as passivation layer in HET solar cells.
Its excellent passivation quality and optical property has
been demonstrated by several groups in recent years [15–19].
Notably, Mueller et al. [16, 18, 20, 21] have shown a record
of high passivation quality on highly doped wafers using
direct capacitively coupled plasma (CCP). The optical loss
reported was also much lower than that of a-Si:H(i), proving
promising potential as a passivation layer. However, in order
to achieve a state-of-the-art passivation level, the mentioned
group has used very high plasma frequencies (70–110MHz)
and prolonged annealing processes, which can be difficult
to implement in industrial production. Furthermore, direct
CCP can introduce extra damage to wafer surface during
deposition, thus limiting the film’s passivation quality.

In this paper, we present an alternativemethod of deposit-
ing a-SiO

𝑥
:H(i) thin film using a remote inductively coupled

plasma (ICP) source operating at conventional frequency
(13.56MHz). It is well known that very high density plasma
can be produced in an ICP system with low and narrowly
distributed particle energy compared to CCP [22–24], and
the wafer surface is less influenced by plasma condition by
keeping substrate from plasma in a remote system. There-
fore, the passivation quality of a-SiO

𝑥
:H(i) can be further

improved with reduced process time. In this preliminary
study, the optimization of a-SiO

𝑥
:H(i) is carried out in

terms of passivation quality on highly doped material. The
influence of CO

2
partial pressure and process temperature

on the passivation quality is investigated. Detailed analyses,
such as quasi-steady-state photoconductance (QSSPC) mea-
surements, spectroscopic ellipsometry (SE), time-of-flight
(TOF) secondary ion mass spectroscopy (SIMS), and Fourier
transform infrared (FTIR) spectroscopy, are conducted to
understand the passivation quality, film thickness, composi-
tion, optical bandgap, and chemical bonding configuration.
In the last section, comparison with other high-quality
passivation schemes is made in order to demonstrate the
excellent passivation and optical qualities with good stability
against ambient environment of the ICP a-SiO

𝑥
:H(i) films.

2. Experimental Details

The a-SiO
𝑥
:H(i) thin films were fabricated by decomposing

silane (SiH
4
), hydrogen (H

2
), and carbon dioxide (CO

2
)

in a remote ICP system, the SINGULAR-HET. It is a fully
automatic ICPECVD system developed by Singulus Tech-
nologies in collaboration with SERIS for industrial HET
solar cell processing. The system has one infrared (IR)
heating station (PS1) for preheating and four other process
stations (PS2–PS5) for deposition. It has two stations (PS2
and PS5) for topside deposition and two stations (PS3 and
PS4) for bottom-side deposition. Double-side deposition is
accomplished by using PS2 and PS3 without breaking the
vacuum. The process temperature is adjusted by changing
the heater power setting in PS1 as well as the stabilization
heater in each process station. The temperature is monitored
by pyrometers installed after each station. The pyrometers
are calibrated to Si wafers and verified using in situ thermal
couple readings in the temperature range of interest. The Si
wafers are loaded into the system using an automated cassette

Table 1: Plasma parameter variation used in this paper.

Plasma parameter Value/range
Power 750W
Deposition time 1–60 s
[SiH4]/[H2] 1
CO2 partial pressure (𝜒𝑜) 0–22%
Temperature 50–400∘C

wafer handling unit. The structure and process cycle of the
SINGULAR-HET is illustrated in Figures 1(a) and 1(b).

In each process station, the ICP source is driven by a
radiofrequency (RF, 13.56MHz) generator through a match-
ing box. The reactive gases (H

2
and CO

2
) are fed through

a gas shower into the area surrounded by an inductive coil,
where the plasma is generated. The deposition precursor gas
(SiH
4
) is introduced through a distribution ring outside the

inductive coil near the wafers.The decomposed species travel
downwards for PS2/5 onto the wafer surface to form the
film. The ICP source and process station design are shown
in Figure 1(c).

The a-SiO
𝑥
:H(i) films were deposited onto both sides of

planar 160 𝜇m thick 156mm wide Czochralski (Cz) wafers
with crystal orientation of ⟨100⟩. The choice of the 𝑛-type
1Ωcm Cz wafer as the bulk material is based on the appli-
cability to real HET solar cell fabrication. The film thickness
was about 20 nm, except for the results shown in Section 3.1.
This symmetrical a-SiO

𝑥
:H(i)/c-Si/a-SiO

𝑥
:H(i) structure was

used to monitor the passivation quality. The same films were
also deposited onto one side of highly resistive Si wafers
for FTIR analyses. Before deposition, all wafers underwent
an alkaline based silicon etch and a standard RCA (Radio
Cooperation of America) cleaning followed by a one-minute
dip in 1% hydrofluoric (HF) acid solution to remove the
chemical oxide. After rinse and drying, the wafers were
loaded onto substrate carriers and transferred into the load
lock. Plasma parameters used in this work are summarized
in Table 1. It should be noted that equal flow rates for SiH

4

and H
2
were used throughout this investigation. CO

2
flow

rate was monitored and shown in terms of partial pressure
defined by

𝜒

𝑜
=

[CO
2
]

[CO
2
] + [SiH

4
]

× 100%, (1)

where square brackets represent the corresponding gas flow
rate in standard cubic centimetre per minute (sccm). Fur-
thermore, the process temperature is reported using the
pyrometer reading on the wafer surface after PS1.

The effective minority carrier lifetime (𝜏eff) of the sym-
metrical samples was determined using the QSSPC method
in appropriate modes [39]. The 𝜏eff reported are as-deposited
values extracted at a minority carrier injection level of
1015 cm−3 and approximately two minutes after deposition.
Thermal annealing was avoided in this study so that the
process is industrially compatible. The thickness of the film
was determined by fitting SE data (300–800 nm). The fitting
model comprised an underlying SiO

2
layer with a fixed
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Figure 1: (a) Illustration of processing unit structure of the SINGULAR-HET. The arrows indicate the direction for carrier rotation and
transfer. (b) Illustration of the process cycle. The horizontal arrow indicates processing order and the vertical arrows represent the direction
of deposition in each station. (c) Illustration of process station and plasma design for plasma stations in downward deposition configuration.
After [25, 26].

Table 2: Bonding types/modes and corresponding wavenumbers
investigated by FTIR in this paper.

Bonding type Mode wavenumber (cm−1)
Wagging/rocking Bending Stretching

Si–O–Si — 810a —
Si–H(Si3) 640b — 2000–2200c

Si–H(Si2O) — — 1054d,e

Si–H(SiO2) — — 1107d,e

Si–H(SiO3) — — 1156d,e

(SiH
2
)

𝑛

— 845f —
— 883f —

aReference [34].
bReference [35].
cReference [36].
dReference [15].
eReference [37].
fReference [38].

thickness of 1 nm, an a-SiO
𝑥
:H(i) layer characterized by Tauc-

Lorentz (TL) model [40], and an overlayer consisting of
50% bulk material and 50% voids to represent the surface

roughness. The absorption coefficient (𝛼) of the film was
determined from the fitted distinction coefficient (𝑘) using
𝛼 = 4𝜋𝑘/𝜆, where 𝜆 is the wavelength.

The optical bandgap of the film was then determined
by Tauc’s method [41]. In order to investigate the bond-
ing configuration in the film, FTIR measurement (500–
4000 cm−1) in transmission mode was carried out with a
spectral resolution of 2 cm−1. The bonding configurations
of interest are summarized in Table 2. The total H content
(𝐶H) in the film was obtained from the integrated intensity
under the Si–H(Si

3
) wagging mode peak [35], while the

microstructure factor (𝑟) was determined by the following
equation [42]:

𝑟 =

𝐼

2100

𝐼

2000
+ 𝐼

2100

, (2)

where 𝐼
𝑗
represents the integrated intensity under the peak

denoted by the corresponding subscript. The peak intensity
was obtained by deconvoluting the Si–H(Si

3
) stretching peak

using Gaussian curves. In particular, the peak centred at
2000 cm−1 usually represents monohydride configuration,
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Figure 2: (a) a-SiO
𝑥
:H(i) thin film thickness as a function of deposition time; (b) 𝜏eff as a function of a-SiO

𝑥
:H(i) film thickness. The inset

shows the sample structure used in lifetime determination. The lines are guides for the eye. A constant deposition rate is observed for all
samples in this series. Lifetime saturation is observed after 20 nm film deposition.

while the peak at 2100 cm−1 represents the response from
higher order hydrides [43, 44].

In order to quantify the atomic concentration of C and O
under different 𝜒

𝑜
, TOF SIMS (IONTOF) was conducted on

selected samples using a 25 keV Bi+ beam with a current of
1 pA on a 80 × 80 𝜇m2 spot. Sputtering was done using a 1 keV
Cs+ gun with a current of 8 nA on a 250 × 250 𝜇m2 area. The
data were presented in both absolute atomic concentration
per cubic centimetre and percentage over the host Si atoms.
For percentage calculation, standard atomic concentration of
crystalline Si was used (5 × 1022 cm−3) without considering
density change in amorphous material.This is justified by the
negligible density change in amorphous Si reported by Smets
et al. [45] and Remeš et al. [46, 47] under different 𝐶H.

3. Results and Discussions

3.1. Deposition Time and Film Thickness. The investigation
first focused on the deposition rate of a-SiO

𝑥
:H(i) in the ICP

system in order to determine the thickness of film on which
further optimization will be carried out. The result is shown
in Figure 2(a).

A linear relationship between thickness and deposition
time is observed, demonstrating a stable and robust depo-
sition process for all samples. The nonzero interception at 0
deposition time can be attributed to the fluctuating plasma
condition and nucleus formation at plasma ignition. A
deposition rate of about 7 Ås−1 can be deduced from the slope
of the linear fit. The same linear growth was also reported by
Pysch et al. in a different ICP system for a-Si:H(i) deposition
[48]. The linear behaviour can facilitate the thickness control
in the subsequent optimization. Notably, the relatively high
deposition rate can greatly reduce deposition time needed
in real device fabrication. For a typical passivation layer of

5 nm or below, 1 to 2 s deposition is sufficient, thus largely
enhancing the throughput.

The relationship between passivation quality and film
thickness was then explored and presented in Figure 2(b). It
can be observed that the passivation quality increases rapidly
at low film thickness. The improvement of lifetime slows
down after a film thickness of 10 nmand then tends to saturate
after 20 nm. The saturation of 𝜏eff in terms of film thickness
can be attributed to the reduction of interface defect density
due to better network and surface coverage. This saturation
effect was reported in the literature on different passivation
materials [16, 24]. Further increase in film thickness can
only provide marginal improvement of passivation quality,
with the possible risk of inducing morphological change
in the film (discussed in Section 3.3.3). Therefore, the film
thickness is controlled at about 20 nm in this paper to ensure
lifetime saturation. Such a thickness avoids second order
effects that distort the actual passivation quality of the film
while maintaining the minimal process time. At the same
time, the similar film thickness ensures fair comparison on
passivation quality across different plasma settings.

3.2. CO
2
Partial Pressure

3.2.1. Passivation Quality. While fixing the film thickness at
about 20 nm, a scan on CO

2
partial pressure was performed

in this experiment. Other plasma parameters were kept
constant in this section. By varying the concentration of
CO
2
in the plasma, compositional change that affected film

passivation quality was expected. The lifetime results are
illustrated in Figure 3.

It is shown that the increase of CO
2
partial pressure of

up to about 10% improves passivation quality. Any increase
beyond the optimal amount deteriorates the lifetime. The
relatively low lifetime in Figure 3 is due to nonoptimized
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Figure 3: Lifetime as a function of CO
2
partial pressure while

keeping other deposition conditions constant. The inset shows
sample structure used in measuring lifetime. The line is a guide to
the eye. A lifetime peak is observed at CO

2
partial pressure of 10%.

wafer temperature in this series. However, it should be noted
that only a small amount of CO

2
is needed to greatly improve

the passivation quality, as compared to a-Si:H(i) (denoted by
0% partial pressure in the same figure). It is also interesting
to notice that the optimal CO

2
partial pressure in our ICP

system is only about half of what was reported by Mueller
et al. [16, 18, 20]. The difference could be a strong indication
of different plasma chemistry and reactor design. The initial
improvement of lifetime with respect to CO

2
flow rate can

be explained by the increase of H content (𝐶H) in the film.
Higher CO

2
partial pressure in the plasma induces higher O

content inside the resultant film. As H atoms can easily bond
to Si atoms that are back bonded byOatoms [49], higher𝐶H is
expected due to O incorporation. Indeed, this argument will
be supported with FTIR spectra and H content calculations.

Once beyond the optimal point, lifetime starts to reduce
with increasing CO

2
flow rate. Several groups [16, 18, 19]

attribute this phenomenon to increasing defect density due
to higher C impurity concentration in the film. Considering
similar CO

2
partial pressure used by Mueller et al. [16, 18]

and Hoex et al. [19] compared to this work, higher impurity
incorporation can be regarded as one of the reasons that cause
lifetime degradation at higher CO

2
flow rate in this study

as well. However, by examining FTIR spectra and bonding
configuration under different CO

2
flow conditions, it can be

concluded that the reduction of𝐶H at higherO concentration
is a key reason for the degradation beyond the optimal point.
TOF SIMS analysis also reveals that the concentration of C
atoms in a-SiO

𝑥
:H(i) is quite small even at the highest𝜒

𝑜
used

in this work.

3.2.2. Bonding Configuration Analysis. In order to further
investigate the influence of CO

2
partial pressure on the film

property, FTIR analysis was carried out.The results are shown
in Figure 4. Note that for all samples, contribution fromO–H
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Figure 4: FTIR transmission spectra of a-SiO
𝑥
:H(i) films under

different𝜒
𝑜
. HigherO content in the film is observedwith increasing

CO
2
partial pressure, with Si–H(SiO

2
) being the dominant bonding

configuration. 𝐶H increases with O content at first due to O
facilitated inclusion but reduces beyond the optimal 𝜒

𝑜
due to O

induced effusion. Doublet at 845 cm−1 and 890 cm−1 shows evidence
of low temperature processing. The lines are guides for the eye.

bonding group is not observable, which is similar to other a-
SiO
𝑥
:H(i) thin films commonly reported in the literature [15,

19, 37]. The Si–C or C–H bonding configuration is also not
clearly visible in the spectra due to extremely small inclusion
of C atoms in the film [50, 51].

From Figure 4, it can be observed that Si–O–Si stretching
peak intensity increases with 𝜒

𝑜
. The observed small peak for

spectrumwith 0 sccmCO
2
flow is probably due to thin native

oxide grown on the wafer during transfer. Assuming the
peak intensity is proportional to O concentration in the film
[38, 52], it can be concluded that the film contains higher O
content with increasing CO

2
flow. It is interesting to observe

that the Si–O–Si stretching peak at 1107 cm−1 becomes more
significant with higher 𝜒

𝑜
compared to that at 1053 cm−1.

Jana et al. [37] and Zhou et al. [15] associate these peaks to
Si–H(Si

3−𝑛
O
𝑛
) with 𝑛 = 2 and 1, respectively, according to

random bonding model [53]. The increase of peak intensity
at 1107 cm−1 indicates an increase of Si–H(SiO

2
) bonding

concentration. The shift of overall Si–O–Si stretching mode
to a higher wavenumber is also an indication of higher O
content in the film [54, 55]. Therefore, high O content and
higher order Si–O–Si bonding configuration resulted in high
CO
2
flow condition. The highest O bonding configuration at

1156 cm−1 reported by the mentioned groups is not clearly
observed even at over 20% CO

2
partial pressure in our

case, indicating that Si–H(SiO
2
) is the dominant bonding

configuration in the 𝜒
𝑜
range used in this paper. Notably, two

sharp peaks appear at 845 cm−1 and 890 cm−1, which are not
commonly observed in a-SiO

𝑥
:H(i) spectra. This doublet is

associated with the polymer chain, (SiH
2
)

𝑛
, in the film. The

appearance of such a doublet is an indicator for low process
temperature [38].Therefore, the lifetime result in this section
is much lower than optimized.
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The peaks at 640 cm−1 and 2000 cm−1 denote Si–H rock-
ing/wagging and stretching mode [35], respectively. Total H
content and bonding configuration can be deduced from
these peaks [56]. The results are shown in Figure 5.

It can be observed that 𝐶H inside the film increases
with 𝜒

𝑜
. Compared with Figure 4, the increase of 𝐶H can be

regarded as the result of increasing O content in the film
at higher CO

2
flow rate. At the same time, increasing O

incorporation does not significantly affect themicrostructure
factor. Therefore, the improvement of passivation quality
is mainly due to the increasing amount of H atoms that
can saturate the interface dangling bonds. Indeed, when O
content is further increased beyond the optimal point, 𝐶H
starts to decrease, leading to a reduction of 𝜏eff.The reduction
of 𝐶H could be due to the increased H effusion rate at low
temperature as a function of O content in the film. The O
cluster formed at higher 𝜒

𝑜
induces a void-rich network and

promotes the effusion of H atoms [57, 58]. Same fluctuation
and reduction of H content with increasing O content was
also observed by Janotta et al. [49]and Yun et al. [52]. The
direct dependence of passivation quality on 𝐶H indicates
that besides impurity incorporation, 𝐶H in a-SiO

𝑥
:H(i) still

dominates the passivation quality, which can be adjusted by
𝜒

𝑜
. The same dependence on 𝐶H is also widely observed

in a-Si:H(i) [10]. However, higher passivation quality of a-
SiO
𝑥
:H(i) comes from the fact that it has much higher 𝐶H

(>20 at.% in our case) compared to that in a-Si:H(i) (12–14
at.%) [16, 59].

3.2.3. FilmComposition Analysis. In order to getmore insight
on the elemental composition of a-SiO

𝑥
:H(i) films deposited

at various 𝜒
𝑜
, TOF SIMS analysis was carried out to quantify

the depth-resolved concentration for C and O.The results are
shown in Figure 6.

Similar to the result obtained by FTIR, O concentration
increases with CO

2
partial pressure (cf. Figure 6(a)). The

highest O concentration achieved in this work is about 7
× 1020 cm−3, which agrees well with Mueller et al. [16] at
a similar CO

2
partial pressure. It should be noted that the

uneven distribution of O content throughout the film could
be related to the specific depth resolution of SIMS technique
used in this paper. The thinness of the film and short
deposition duration could also cause such an observation.

Figure 6(b) shows the change of C impurity concentra-
tion in the passivation film at different 𝜒

𝑜
. C concentration

increases at about one order of magnitude for a CO
2
partial

pressure change of 20%. C content in this study is slightly
higher compared to the result obtained by Mueller et al. [16].
This could be due to the difference in plasma chemistry and
reactor design. Nevertheless, the highest C content in the film
is only about 0.1 at.%, and it is not sensitive to the change
in CO

2
partial pressure. Therefore, the change of H content

in the film is the main reason for the change of passivation
quality, as concluded in the previous sections.

3.3. Process Temperature

3.3.1. Passivation Quality. In Section 3.2.2, we have shown
that the used process temperature is below optimum. There-
fore, a scan in process temperature while fixing film thickness
at 20 nm and 𝜒

𝑜
(10%) at optimum was performed. Other

plasma parameters were kept constant.The result for temper-
ature dependent passivation quality is shown in Figure 7.

The temperature process window of a-SiO
𝑥
:H(i) in ICP

system seems to be very wide compared to a-Si:H(i) thin film
[12]. For a very broad temperature range (over 200∘C), the
lifetime stays above 1ms, demonstrating a very stable process
with suppression of epitaxial formation by a-SiO

𝑥
:H(i) thin

film [15, 60]. Despite the stable lifetime, a peak is apparently
present near 250–300∘C, with a lifetime exceeding 4ms at
about 300∘C. The excellent passivation quality is mainly due
to a very high H content at the optimal condition.

The initial increase of lifetime is due to better bonding
structure benefited from thermal relaxation [42, 61]. Higher
temperature releases incorporated H atoms from trapped
state (Si–H

2
), which is reflected by a reducing 𝑟 (see Figure 9).

These H atoms are mobilized to saturate the interface
dangling bonds, thus providing chemical passivation. This
phenomenon is further investigated in the following section
using FTIR. Once beyond the optimal temperature, the
lifetime reduces as a result ofH effusion. Indeed, 300∘C seems
to be the optimal process temperature in our ICP system,
which agrees with H effusion temperature reported in the
literature [16, 62]. The slightly lower effusion temperature is
probably due to the difference in material and deposition
technique. The reduction in 𝐶H is the cause of deteriorated
passivation quality due to insufficient interface dangling bond
saturation.

3.3.2. Bonding Configuration Analysis. In order to under-
stand the temperature dependence of a-SiO

𝑥
:H(i) passiva-

tion, FTIR analysis was carried out. The main features on
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Figure 6: Depth resolved (a) O and (b) C concentrations obtained fromTOF SIMS.The respective elemental content in a-Si host is calculated
based on standard c-Si atomic concentration. Both O and C concentrations show increasing trend with respect to CO

2
partial pressure during

deposition. The highest C content achievable in this work is about 0.1 at.%.
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Figure 7: Effective lifetime as a function of process temperature.
A relatively large process window is observed, which makes the a-
SiO
𝑥
:H films less sensitive to deposition temperature. The line is a

guide to the eye. The inset shows the sample structure for lifetime
extraction.

FTIR transmission spectra are similar to those shown in
Figure 4. The results are illustrated in Figure 8.

The intensity change in Si–O–Si stretching mode peaks
with respect to process temperature is not evident, indicating
a roughly constant O content in the film throughout the
temperature range used. This is reasonable as 𝜒

𝑜
is kept

constant in this section. However, the shift of O bonding
structure to higher order (Si–H(SiO

2
)) with temperature is

more prominent in this temperature series compared to the
previous sections, as evidenced from the heightening and
sharpening of the peak at 1107 cm−1. It seems that process
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Figure 8: FTIR transmission spectra of a-SiO
𝑥
:H(i) films with

different process temperatures. O in the film tends to be bonded
in higher order configuration with increasing temperature. The
diminishing peak at 640 cm−1 and 2000 cm−1 indicates the effusion
of H atoms.The disappearance of doublet at 845 cm−1 and 890 cm−1
indicates the optimised temperature. The lines are guide to the eye.

temperature and 𝜒
𝑜
has similar effect in altering the bonding

configuration inside the film. The shift of Si–O–Si stretching
peak position at high temperature is also observed by Yun et
al. [52] and is caused by the disproportionation of the reaction
chemistry of a-SiO

𝑥
:H(i) into a more oxygen-rich suboxide.

In order to find the direct reason for improved lifetime
with respect to temperature,𝐶H and 𝑟 are calculated following
the same procedure described in Section 3.2.2.The results are
illustrated in Figure 9.
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𝐶H at low temperature is over 30 at.%, indicating a void-
rich network with a dominating Si–H

2
bonding configu-

ration. The defective network is also evident from strong
(SiH
2
)

𝑛
doublet peaks at 845 cm−1 and 890 cm−1, similar to

those observed in Figure 4. With increasing temperature, 𝐶H
reduces in a nonlinear behaviour, showing a plain over a
wide range of temperature. At the same time, the intensity
of the doublet reduces, indicating a better network structure
at elevated temperature. On the other hand, 𝑟 reduces in a
linear manner, indicating a better a-SiO

𝑥
:H(i) network with

less H clusters and microvoids [42, 61]. The combination of a
high𝐶H due to slowHdepletion and an improved amorphous
network results in an excellent passivation quality within
the process window observed in Figure 7. It is interesting
to notice that the sudden reduction of lifetime in Figure 6
coincides with the abrupt loss of H in Figure 9 at around
300∘C. As 300∘C is close to the commonly reported tem-
perature at which H effusion takes place, the reduction of
lifetime beyond the optimal temperature is indeed due to H
effusion. Comparing the trend shown in Figures 7 and 9, it
can be concluded that the passivation quality of a-SiO

𝑥
:H(i)

is strongly influenced by 𝐶H in the film, similar to its a-
Si:H(i) counterpart.This observation is also intuitive because
interface passivation in such samples utilizes H atoms to
saturate the dangling bonds as well. Yet, in this study, the
apparent large process window in terms of temperature is
mainly benefited from the gentle and wide slope that crosses
a temperature range of more than 200∘C, with a constantly
decreasing 𝑟. The excellent lifetime at optimal condition is a
result ofmuchhigher𝐶H (over 20 at.%) compared to standard
a-Si:H(i) thin film [59], as mentioned in Section 3.2.2.

It should be noted that several groups [63, 64] reported
improved lifetimes after an H plasma postdeposition treat-
ment with even increasing 𝑟. This seems contradictory to our
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Figure 10: Optical bandgap as a function of process temperature.
The line is a guide for the eye. A linear dependence of bandgap on
temperature can be observed.

finding but can be attributed to greatly increased 𝐶H upon
plasma treatment, which diffuses into the interface upon
annealing.The improvement of lifetime then cannot be solely
explained by the bonding configuration in the amorphous
structure. Indeed, the combination of both high 𝐶H and low
𝑟 in our a-SiO

𝑥
:H(i) is the key to such an excellent surface

passivation quality, as concluded in the earlier discussion. In
case of a-SiO

𝑥
:H(i), the use ofHplasma treatment is therefore

not necessary to achieve high passivation quality due to the
inherent high H inclusion of the film.

3.3.3. Optical Property. The optimized a-SiO
𝑥
:H(i) has

demonstrated excellent passivation properties due to
enhanced H content and bonding structure. However, in
order to apply the film to HET solar cells, optical properties
are equally important. Therefore, Tauc’s method [41] was
used to find the optical bandgap from SE fitting result. The
results are shown in Figure 10.

The optical bandgap increases almost linearly with depo-
sition temperature despite the fact that 𝐶H reduces, as shown
in Figure 9. In the case of a-Si:H(i), optical bandgap is
positively dependent on 𝐶H in the film [65]. In our case, the
contradiction could possibly be explained with an altered O
bonding structure. As shown in Figure 8, the elevated tem-
perature shifts the O bonding configuration in a-SiO

𝑥
:H(i)

thin films to a higher mode and could possibly cause an
increase in the stoichiometry parameter 𝑥 in the a-SiO

𝑥
:H(i)

film. This change can be one of the reasons for the improved
optical bandgap.The optical bandgap at optimal temperature
is above 2 eV, which greatly suppresses optical absorption at
low wavelengths and improves 𝐽sc when applied in HET solar
cells.

On the other hand, the film thickness reduces slightly (not
shown)with process temperature despite the same deposition
time. Since the thickness is obtained from SE fitting, one
can argue that the reduction of thickness is due to increased
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Figure 11: Measured QSSPC lifetime of optimized a-SiO
𝑥
:H(i) film

as a function of minority carrier injection level. The calculation of
effective surface recombination velocity is based on wafer thickness
of our samples. The dashed line represents intrinsic limit of the
1Ωcm wafer assuming no extrinsic recombination [27]. As a
comparison, other high-quality passivation schemes fromMark and
Andres [28, 29], Duttagupta et al. [30], Wan et al. [31], Mueller et al.
[16, 18], andGe et al. [10] are also shown in the graph.The inset shows
the sample structure for ICP a-SiO

𝑥
:H(i) passivation.

film density at higher temperature. Indeed, the loss of H
content and the reduction ofmicrovoid volume (see Figure 9)
indicate an optically compact network, therefore causing a
reduction in the film thickness. The reduction of thickness
also has an impact on the film morphology, altering its
crystallinity and optical bandgap as well [66].

3.4. Comparison with Existing Passivation Schemes

3.4.1. Passivation Quality. In order to demonstrate the excel-
lent surface passivation result of the optimized a-SiO

𝑥
:H(i)

thin film, a comparison in terms of lifetime between our film
and some other high-quality passivation schemes was made.
The result is shown in Figure 11. By assuming identical surface
passivation on both sides of the wafer and sufficiently low
surface recombination, the effective surface recombination
velocity (𝑆eff) can be related to 𝜏eff using the following
relationship:

𝑆eff =
𝑊

2

(

1

𝜏eff
−

1

𝜏bulk
) , (3)

where 𝑊 is the thickness of the wafer and 𝜏bulk represents
the bulk lifetime of the wafer, which is a combined result of
Auger, radiative, and Shockley-Read-Hall recombination. By
further assuming a perfect bulk quality (i.e., 𝜏bulk →∞), the
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Figure 12: Absorption coefficient as a function of photon energy.
For comparison, the absorption coefficients of crystalline Si (Jellison
3-1-91) [32] and a-Si:H(i) [33] are shown in the same graph. ICP
a-SiO

𝑥
:H(i) film shows excellent optical properties compared to a-

Si:H(i) throughout the whole wavelength range.

upper limit of 𝑆eff can be calculated using (3). From the same
equation, it can be shown that the lower the 𝑆eff, the better the
surface passivation quality.

From Figure 11 it can be concluded that the a-SiO
𝑥
:H(i)

thin film reported in this paper has similar high-quality
passivation quality compared to other schemes, despite the
usage of Cz wafers in this work. It should be noted that
the reported lifetimes in this work are as-deposited values.
Comparing the passivation quality of the a-SiO

𝑥
:H(i) film in

this work to that of Mueller et al. [16, 18], which appears to
be the record lifetime on low-resistivity wafers at the time
of reporting, the ICP a-SiO

𝑥
:H(i) films deposited in this

work yield a slightly better passivation quality which may be
attributed to the lower damage remote ICP deposition. The
optimized a-SiO

𝑥
:H(i) passivation layer features a very high

lifetime of over 4.7ms at an injection level of 1015 cm−3 with
an equivalent 𝑆eff of below 1.7 cms−1 and an implied 𝑉oc of
741mV. This passivation quality is excellent considering the
wafer type that was used. Therefore, the ICP a-SiO

𝑥
:H(i) has

demonstrated great potential to be used in HET solar cells.

3.4.2. Optical Properties. As a passivation layer in HET solar
cells, the layer should not only have excellent electronic pas-
sivation quality but also be highly transparent so as to reduce
optical absorption in the layer. The better optical property
also allows the use of slightly thicker passivation layer to
enhance the passivation quality.Therefore,material with high
bandgap with low absorption coefficient is preferred.

We have demonstrated excellent passivation quality of
our ICP a-SiO

𝑥
:H(i) thin film in the previous section. An

ideal bandgap of about 2 eV is also illustrated. A comparison
of 𝛼 of our film and other materials is made in Figure 12.
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Figure 13: Effective lifetime as a function of time after deposi-
tion. The insets show sample structures and dimensions for both
materials used in the degradation study. The passivation quality
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𝑥
:H(i) film (20 nm) hardly degrades even after one week

of storage. As a comparison, lifetime degradation data of ICP a-
Si:H(i) [24] (11.1 nm) is superposed in the same graph. The a-
Si:H(i) passivation layer shows constant degradation of lifetime
immediately after deposition.

Comparing to the standard a-Si:H(i) film, ICP a-
SiO
𝑥
:H(i) has much lower 𝛼 across the whole energy range

in Figure 12, showing excellent optical property. This might
be due to suppressed band-to-band absorption and subband
absorption, benefiting from the high bandgap and the low
defect density in the film. Therefore, the ICP a-SiO

𝑥
:H(i)

deposited in this work has superior optical properties.

3.4.3. Stability. In this section, we investigate the stability
of the passivation layer by storing the samples in dark
environment and monitoring the passivation quality of the
films in regular intervals. The first lifetime measurement
was usually conducted two minutes after deposition of the
film. The subsequent measurements were made once every
24 hours, throughout a period of one week. The results are
shown in Figure 13.

It can be observed that the ICP a-SiO
𝑥
:H(i) film (20 nm)

in the as-deposited state shows negligible degradation after
one week of storage, as reflected by the almost constant 𝜏eff
over time. On the other hand, the ICP a-Si:H(i) from Pysch
et al. shows severe degradation after two days of storage. The
relatively more stable behaviour of ICP a-SiO

𝑥
:H(i) might be

due to (a) slightly thicker film in this work that shields the
delicate interface from the environment and (b) a less sensi-
tive interface against degradation due to the incorporation of
O atoms during deposition. Therefore, it can be concluded
that the passivation film developed in the present work is
robust against degradation caused by exposure to the ambient
environment. It should be noted that passivated wafers are

usually sent for subsequent processing (doped layers and
TCO depositions) immediately after deposition. Long-time
exposure to the ambient environment is rarely observed in
industrial processes. Thus, the stable ICP a-SiO

𝑥
:H(i) will

definitelymaintain its excellent passivation quality during the
short time periods between the different processes. The same
stable behaviour is also reported by Larionova et al. [67],
however, only with a SiN

𝑥
capping layer.

4. Conclusion

In this paper, we presented a novel passivation scheme
featuring low-temperature ICPECVD a-SiO

𝑥
:H(i) thin films.

By tuning the CO
2
partial pressure and process temperature,

the thin film was optimized in terms of passivation and
optical quality. An excellent as-deposited lifetime on solar-
grade highly doped 𝑛-type Cz wafers of over 4.7ms with 𝑆eff
less than 1.7 cm s−1 was obtained. At the same time, the film
also had high bandgap and low absorption, showing excellent
optical properties as well. Comparing to typically used a-
Si:H(i), the ICP a-SiO

𝑥
:H(i) shows superior stability against

degradation after being exposed to ambient environment.
We propose the ICP a-SiO

𝑥
:H(i) as an alternative candidate

for high-quality surface passivation layers in HET solar cell
applications.
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A series of polymer solar cells (PSCs) based on poly[(4,8-bis-(2-ethylhexyloxy)-benzo[1,2-b:4,5-b(dithiophene)-2,6-diyl-alt-(4-
(2-ethylhexanoyl)-thieno[3,4-b]thiophene)-2,6-diyl] (PBDTTT-C) and [6,6]phenyl-C71-butyric acid methyl ester (PC

71
BM) were

fabricated with various anode buffer layers.The power conversion efficiency (PCE) of PSCs was improved to 4.91% for the cells with
PEDOT:PSS/LiF (1 nm) as anode buffer layer, which corresponds to 26.2% efficiency improvement compared with the cells with
PEDOT:PSS as anode buffer layer.The PSCs with PEDOT:PSS/LiF as anode buffer layer show amaximum short-circuit density (𝐽sc)
of 13.70mA/cm2, with open circuit voltage (𝑉oc) of 0.73V and fill factor (FF) of 49.1% under illumination 100mW/cm2 AM 1.5G
simulated solar light. The dominant mechanism for the performance improvement of PSCs could be attributed to the increased
charge carrier collection ability by anode buffer layers.

1. Introduction

In the past ten years, as the demand for renewable energy
becomes more and more urgent, polymer solar cells (PSCs)
have been considered as next generation photovoltaic
devices to solve energy crisis due to its many advantages,
such as flexibility, light weight, environmental friendly, and
easy large-area applications [1]. Many strategies have been
introduced on improving the power conversion efficiency
(PCE) and stability of PSCs, such as the development of
novel donor and acceptor materials [2], the novel processing
approaches to induce optimal microstructures in the active
layer [3], and the optimization of interfacial buffer layer
for efficient charge carriers collection [4]. The PCE of PSCs
has been improved to more than 6% with a narrow band
gap polymer poly[(4,8-bis-(2-ethylhexyloxy)-benzo[1,2-
b:4,5-b]dithiophene)-2,6-diyl-alt-(4-(2-ethylhexanoyl)-
thieno[3,4-b]thiophene)-2,6-diyl] (PBDTTT-C). The key
requirement for efficient operation of all-organic electronic
devices is the process of the charge carriers injection and
collection between active layer and electrodes. Therefore, the

optimization of interfacial buffer layer is required to form
ohmic contact for better charge carriers collection, resulting
in increased short-circuit current density (𝐽sc) and fill factor
(FF) of PSCs.

It is known that anode buffer layer plays an important
role in determining the performance of organic light emitting
diodes (OLEDs) and the PSCs. The operation mechanism
of anode buffer layer is more complex in real PSCs. The
main mechanism can be summarized as follows: (i) to
adjust the effective work function of the electrode [5],
(ii) to realize a vacuum level offset between the active
layer and the electrode by forming a dipole layer [6], (iii)
to increase built-in electric field by forming a tunneling
junction [7], and (iv) to protect organic active layer from
the hot electrode atoms during thermal deposition [8].
Helander et al. reported that the alkali halide (typically LiF in
combinationwith anAl cathode) inserted between electrodes
and the active layer can form a dipolar salt layer, then
reducing the electron-injection barriers or extraction losses
in the PSCs [9, 10]. As we know, poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS) is commonly
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used as anode buffer layer to enhance 𝐽sc as well as open
circuit voltage (𝑉oc) for PSCs. PEDOT:PSS consists of PSS,
which has hygroscopic and acidic characteristics.ThePSS can
corrode ITO and set off chemical reaction with the active
layer materials, which degrades the cell performance [11].
In order to solve this problem, the metal oxides of zinc
oxide (ZnO) [12], nickel oxide (NiO) [13],molybdenumoxide
(MoO

3
) [14, 15], and tungsten oxide (WO

3
) [16] have been

demonstrated as an effective replacement of PEDOT:PSS to
improve the stability of PSCs.However, it is difficult to control
the work function of themetal oxides for desired applications
[17]. Recently, Chen et al. reported that solution-processed
MoO
3
doped into PEDOT:PSS extends the interfacial contact

area between the active layer and PEDOT:PSS layer, which
facilitates hole collection at the anode; the performance and
stability of the PSCs were improved [18]. In this paper,
we reported the effects of PEDOT:PSS/LiF as anode buffer
layer on the performance of PSCs. The PCE of PSCs was
improved to 4.91% with a PEDOT:PSS/LiF (1 nm) double
anode buffer layer system, which leads to a significant
efficiency improvement of about 26.2% compared with a
single PEDOT:PSS buffer layer. The optimized PSCs have
𝐽sc of 13.70mA/cm2, with 𝑉oc of 0.73V and FF of 49.1%
under illumination 100mW/cm2AM 1.5G simulated solar
light.

2. Experimental Section

The indium tin oxide (ITO) glass substrates with sheet
resistance 15 Ω/◻ were cleaned continuously in ultrasonic
baths containing acetone, detergent, deionized water, and
ethanol.Then the cleaned ITO substrates were blow-dried by
high pure nitrogen gas and then treated by UV-ozone for 10
minutes to increase the work function of ITO. The solution
of PEDOT:PSS (Clevios PVP Al 4083, purchased from
H.C. Starck co. Ltd.) was spin-coated onto the cleaned ITO
substrates under 5000 rounds per minute (RPM) for 40 s to
fabricate the interfacial layers. Then PEDOT:PSS coated ITO
glass substrates were annealed in air at 120∘C. After drying
for 10 minutes, the substrates were transferred to a nitrogen-
filled glove box. The polymer material PBDTTT-C (Product
number: SMI-P9001, purchased from Solarmer Energy, Inc.)
and [6,6]phenyl-C

71
-butyric acid methyl ester (PC

71
BM)

(Product number: LT-S923, purchased from Luminescence
Technology Corp) with a weight ratio of 1 : 1.5 were dissolved
in 1,2-dichlorobenzene at a concentration of 25mg/mL. The
blend solution was stirred by a magnetic stirrer at 27∘C for 24
hours; then the active layers were fabricated by spin-coating
method at rate of 1400 RPM in a high purity nitrogen filled
glove box. The 1 nm LiF interfacial layer and about 100 nm
cathode layer Al were deposited by thermal evaporation
under 10−4 Pa vacuum conditions, and the thickness was
monitored by a quartz crystal microbalance. The active area
of about 3.8mm2 is defined by the vertical overlap of ITO
anode and Al cathode. The cell architecture is ITO/buffer
layer/PBDTTT-C:PC

71
BM/LiF/Al. For convenient compari-

son, the PSCs with various anode buffer layers were marked
by Cells A to D:

Cells A: Glass/ITO/PBDTTT-C:PC
71
BM/LiF/Al,

Cells B: Glass/ITO/LiF (1 nm)/PBDTTT-C:PC
71
BM/LiF/Al,

Cells C: Glass/ITO/PEDOT:PSS/PBDTTT-C:PC
71
BM/LiF/

Al,
Cells D: Glass/ITO/PEDOT:PSS/LiF (1 nm)/PBDTTT-C:

PC
71
BM/LiF/Al.

The absorption spectra of filmsweremeasuredwith a Shi-
madzu UV-3101 PC spectrophotometer. The current density-
voltage (𝐽-𝑉) characteristics of the PSCsweremeasured using
a Keithley 4200 source measurement unit and an ABET Sun
2000 solar simulator at room temperature in air.The external
quantum efficiency (EQE) spectra were measured by a Zolix
Solar Cell Scan 100. The schematic architecture of the PSCs,
themolecular structures of PBDTTT-C and PC

71
BM, and the

energy level structure are shown in Figure 1.

3. Results and Discussion

The normalized absorption spectra of pure PBDTTT-C and
PC
71
BM films and their blend films (1 : 1.5) were measured

and are shown in Figure 2. It is apparent thatpure PBDTTT-
C films show a relatively strong absorption in the range
from 600 nm to 750 nm and a relative weak absorption in
the shorter wavelength range from 350 nm to 600 nm. The
main absorption peak of PBDTTT-C locates at 700 nm. The
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels of PBDTTT-C
are 5.12 eV and 3.35 eV, with the band gap of about 1.77 eV
according to the absorption peak at about 700 nm [19].There
are two apparent absorption peaks at 375 nm and 480 nm for
pure PC

71
BM films, which could broaden light absorption

range of the blend films. Therefore, the normalized absorp-
tion spectrum of blend films shows two distinct absorption
peaks at 460 nm and 700 nm, resulting from their absorption
spectral overlap. Based on the PBDTTT-C:PC

71
BM as the

active layers, a series of PSCs with various anode buffer layers
were fabricated and measured under the same conditions.

The current density-voltage (𝐽-𝑉) characteristic curves of
PSCs were measured under dark conditions and are shown
in Figure 3(a). It is apparent that Cells B, C, and D with
anode buffer layers have lower leak current densities under
reverse bias, compared with that of Cells A prepared on
bare ITO substrates. This indicates that anode buffer layers
could improve the interface between the ITO anode and the
active layer. Cells D with PEDOT:PSS/LiF as anode buffer
layer show the best diode quality with lower leak current
density and high rectification ratio; the rectification ratio
|𝐽(1V)|/|𝐽(−1V)| is as high as ∼104.

The 𝐽-𝑉 characteristic curves of PSCs with various
anode buffer layers were measured under illumination
100mW/cm2AM 1.5G simulated solar light and are shown
in Figure 3(b). The key parameters of PSCs are summarized
in Table 1. It is apparent that Cells D have relatively larger
𝑉oc than those of Cells A and B, and the 𝑉oc of Cells D
remain almost the same compared with that of Cells C.
As we know 𝑉oc of PSCs is primarily determined by two
factors: (i) the energy levels difference between the HOMO
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Figure 1: (a) The schematic architecture of the PSCs. (b) Molecular structure of PBDTTT-C and PC
71
BM. (c) The energy level structure of

materials.

of the electron donor and the LUMO of electron acceptor
and (ii) the work function difference between anode and
cathode electrode [20]. It could be assumed that the improved
𝑉oc of Cells D was due to the changes of anode work
function since the active layer fabrication condition and the
cathode layer deposition remain constant.The work function
of PEDOT:PSS (5.1 eV) is 0.4 eV higher than that of ITO
(4.7 eV). The PEDOT:PSS layer can effectively tune the work
function of ITO substrates for Cells C and D. According to
the 𝑉oc of Cells C and D, the thin LiF layer may have no
obvious effect on the work function of ITO substrates. It is
worthwhile tomention that the 𝐽sc of CellsD is 13.70mA/cm2,
which is a 14.4% increase compared with that of Cells C.
The increase of 𝐽sc could be attributed to the enhancement
of holes extraction efficiency by the ultrathin anode buffer
layer. It is known that PEDOT:PSS is conductive polymer

with high ductility, which could be considered as a kind
of metal. The metal-insulator-semiconductor (MIS) model
could be formed, which is based on PEDOT:PSS/LiF/organic
active layer, because LiF and organic active layer materials
are commonly considered as insulator and semiconductor,
respectively. As reported by Xi et al. when the generated holes
in the active layer come to the interface of LiF/organic active
layer, a large number of them will pass through the ultrathin
LiF layer by the tunneling [21]. The FF of Cells D is increased
about 10.3% compared with that of Cells C. This may be due
to the improved interfacial contact between the active layer
and PEDOT:PSS layer due to the insertion of a thin LiF layer.
Kim and Chang reported that a thin LiF layer evaporated
onto PEDOT:PSS layer could reduce film roughness, which
shows smooth surface morphology of the anode buffer layer
[22]. It is known that the shunt resistance (𝑅sh) and series
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Figure 3: (a) Single logarithmic of 𝐽-𝑉 characteristics curves of PSCs with various anode buffer layers in dark conditions. (b) 𝐽-𝑉
characteristics curves of PSCs with various anode buffer layers under illumination 100mW/cm2AM 1.5G simulated solar light.

resistance (𝑅
𝑠
) are two important parameters in the PSCs.

In contrast to Cells C, the 𝑅sh of Cells D was increased
about 19% and the 𝑅

𝑠
was decreased about 44% due to the

insertion of a thin LiF layer. The 𝑅sh is generally associated
with leakage current which is determined by the film quality
and its interfaces. Small 𝑅sh results from the loss of charge
carriers through leakage paths including pinholes in the films
and the recombination and trapping of the carriers during
their transit through the active layer [23]. The 𝑅

𝑠
is mainly

related to the contact resistance between the active layer and

anode electrode. The decrease of 𝑅
𝑠
of Cells D should be

attributed to the formation of a better ohmic contact due to
the insertion of a thin LiF layer.

In order to further clarify the effect of the LiF interlayer
on performance of the PSCs, the external quantum efficiency
(EQE) spectra of Cells C and D are investigated and shown
in Figure 4. It is observed that there is an increase in the
EQE at wavelengths between 360 nm and 720 nm for Cells
D in comparison to Cells C. The EQE of Cells D with
a thin LiF layer is increased up to 60%, which exhibits
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Table 1: Key photovoltaic parameters for the PSCs with various anode buffer layers under illumination 100mW/cm2 AM 1.5G simulated
solar light.

Samples 𝑉oc 𝐽sc FF Best PCE ∗Ave. PCE 𝑅

𝑠
𝑅sh

(V) (mA/cm2) (%) (%) (%) (Ω cm2) (Ω cm2)
Cells A 0.61 6.0 19.3 0.71 0.63 ± 0.08 177.1 95.7
Cells B 0.64 8.96 29.5 1.69 1.66 ± 0.03 115.5 284.0
Cells C 0.73 11.98 44.5 3.89 3.82 ± 0.07 36.2 321.6
Cells D 0.73 13.70 49.1 4.91 4.86 ± 0.05 20.1 381.9
∗Average PCE: more than 30 cells were evaluated.
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Figure 4:The EQE spectra of PSCs with various anode buffer layers.

efficient photon-to-electron conversion. The EQE spectra of
PSCs also demonstrate that PEDOT:PSS/LiF as anode buffer
layer could play positive effect on charge carrier collection.
The adopting appropriate interfacial layers may provide an
effective method to improve the performance of PSCs.

4. Conclusions

In summary, a series of PSCs based on PBDTTT-C and
PC
71
BM as active layer were fabricated to investigate the

anode buffer layers on the performance of PSCs. The perfor-
mance of PSCs with PEDOT:PSS/LiF as anode buffer layer
was improved compared with the cells fabricated on bare
ITO substrates, LiF/ITO substrates, and PEDOT:PSS/ITO
substrates. Cells Dmaintain amaximum 𝐽sc and FF, yielding a
highest PCE of 4.91%, which has a 26.2% improvement com-
pared to the cells with PEDOT:PSS buffer layer.The improve-
ment performance of PSCs can primarily be attributed to
the efficient holes collection induced by the interfacial layer.
The PEDOT:PSS/LiF anode buffer layer has positive effect on
PSCs based on P3HT:PCBM system. These findings indicate
that the optimization of anode buffer layer is an effective
method for the improvement of PSCs.
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CdSe nanocrystals (NCs) with different morphologies have been synthesized and applied as the acceptor in the active layer of the
organic photovoltaic (OPV) devices. CdSe tetrapod (TP)/nanorod (NR) with zinc-blended seeds and wurtzite arms is prepared by
seed growth method and mixed with poly(3-hexylthiophene) (P3HT): [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). When
the concentrations of CdSe in P3HT: PCBM system are 50wt% optimally, the efficiency can be promoted about 4.3%, suggesting
that an enhancement of 13.2% can be obtained and the addition of anisotropic CdSeNCs content in the active layer can be beneficial
for the transport of electrons and light absorption in the OPV devices.

1. Introduction

Polymeric solar cells have attracted much attention during
the last years due to their lower fabrication cost and
possibility of using flexible substrates [1]. However, their
efficiency is still about 9%, because various factors, such
as photo absorption window and coefficient, excitons
separation and transportation, and excitons diffusion length
have not been optimized fully [2–6]. Moreover, the active
layer morphology related to blend preparation and annealing
processes can also influence the efficiency significantly. Park
et al. have reported that the power conversion efficiency
increases from 0.5 to 2.6% for a single junction cell by
carrying out thermal annealing of P3HT:PCBM cell due
to the enhanced spectral absorption and decrease in
charge carrier recombination [7]. Inorganic semiconductor
nanocrystals (NCs), due to their tunable photo absorption
window, longer excitons diffusion length, and anisotropic
crystal morphology, are promising candidates to be added
to improve the photon to current conversion efficiency
(PCE) of OPV devices. Celik et al. have reported that the
bulk-hetero junction (BHJ) hybrid solar cells based on CdSe
nanorods (NRs) and the low band gap polymer poly[2,6-

(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0]-dithio-
phene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) have
PCE about 3.5% [8]. Moreover, the excitons transportation
of direction in semiconductor NCs with anisotropic
morphologies can improve PCE of polymer-based solar
cell [8]. A high short-circuit current density (JSC) can be
achieved, which is attributed to the improved CdSe NRs
surface modification resulting in lower recombination losses
and better charge transport within the inorganic percolation
network of the hybrid film [8].

The NCs with different morphologies and novel optical,
electronic, and mechanical properties can be prepared by
solution-grown methods [9–12]. Currently, NCs are used
as electron acceptors in the hybrid NC/polymer solar cells
[13]. When increasing the Se content in CdSeTe tetrapods
(TPs), the band level positions between the polymer donor
and the NCs acceptor may be modified, thereby promoting
the open circuit voltage (VOC) and JSC [13]. Furthermore,
the use of tetrapod-shaped NCs is an attractive route to
obtain high efficiencies through the promotion of electron
transport perpendicular to the plane of the film [14]. CdSe
NCs acting as electron-transporting and hole-blocking layers
can substantially improve cell performance [15]. When CdSe
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NCs with different morphologies are blended with poly(3-
hexylthiophene) (P3HT), rod-like structures can provide
a pathway for the electrons to move away from the dis-
sociation site, which cause enhanced carrier lifetimes and
increased devices efficiencies [16]. On the other hand, for
CdSe nanoparticles (NPs), due to the lack of dimensionality
for charge separation at the polymer/CdSe interface, the
performance of CdSe:P3HT devices is poor [16].

The morphology of CdSe NCs can be controlled by
reaction temperatures, reaction time, and Cd/Se atomic
ratios [17]. Besides, when seeded growth method is used,
the structure of the CdSe seeds determines the morphol-
ogy of CdSe/CdS nanoheterostructures. The CdSe NCs
with wurtzite structure seed the formation of CdSe/CdS
NRs whereas CdSe with zinc-blended structure initiates
the growth of CdSe/CdS TPs [18]. Wurtzite CdS NR and
zinc-blended CdSe extensions can also be synthesized by
isolation of the first-generationNCs and reintroduction of Cd
precursor before injecting the second anion precursor [19].

In this study, we try to investigate the morphological
effect of hybrid NRs and TPs on the conversion efficiency of
PV cell. CdSe TPs are prepared by seed growth method and
zinc-blended CdSe NCs are used as seeds to grow wurtzite
CdSe arms. The CdSe NCs dissolved into dichlorobenzene
(DCB) and mixed with P3HT: [6, 6]-phenyl-C61-butyric acid
methyl ester (PCBM) are used as the active layer of the
organic photovoltaic devices (OPV) devices.

The morphology, structure, optical properties, and effi-
ciency detection are analyzed by transmission electron
microscopy (TEM), X-ray diffraction (XRD), UV-visible
absorption spectroscopy (UV-vis), fluorescence (FL), high
fidelity solar simulator, and IV measurement (IV), respec-
tively.

2. Experimental Procedure

2.1. Preparation of CdSe NCs. 2mmol of CdO and 4mmol
of stearic acid (SA) were mixed in 5mL 1-octadecene (ODE)
and heated to 200∘C under Ar. After the solution became
clear, the temperature was reduced to RT. 37mL ODE and
1mmol of Se powder were then added and the temperature
was raised from RT to 240∘C with the rise rate of 8∘C/min to
grow the CdSe seeds. After the temperature reached 240∘C,
the solution was harvested at room temperature and by
washing with methanol it was stored in hexane and named
as CdSe-NP.The concentration of the NPs in hexane is about
0.115M. After that, 3mL of NPs solution was mixed with
0.4mmol of Se powders and 1mL of tri-n-octylphosphine
(TOP) as the Se precursor, and Se precursor was injected into
Cd precursor of a mixture of 0.8mmol of CdO, 1.6mmol
of n-hexylphosphonic acid (HPA), and 1.7344 g of tri-n-
octylphosphine oxide (TOPO) at 300∘C, when the reaction
time increases to 60mins. After that the sample was cooled
down to room temperature immediately and purified by hot
anhydrous methanol at 70∘C to remove residual surfactants
and named as CdSe-TP.

2.2. Preparation of OPV Devices. Firstly, the ITO surface was
exposed to UV-ozone for 10min. Then, a PEDOT: PSS layer

was deposited by spin coating with a spin rate of 5000 rpm
for 50 sec in order to increase its conductivity and then dried
on hot plate at 120∘C for 10min in air. After cooling to
room temperature, the ITO glasses were taken into the glove
box in high purity nitrogen atmosphere. P3HT and PCBM
were dissolved into 0.7mL dichlorobenzene (DCB) with the
weight ratio of 1 : 1 as the standard active layer solution, and
the prepared samples, CdSe TP/NR, were dissolved in the
standard active layer solution with the concentration of 10,
30, 50, 100, and 175wt% and named as CdSe-TP/NR1, 2, 3, 4,
and 5, respectively. Moreover, CdSe NP with 50wt% was also
prepared for comparison. The active layer solution was then
coated on the PEDOT: PSS layer by spin coating (500 rpm
for 50 sec and then 1600 rpm for 1 sec). After that, the ITO
glasses were put into the petri dish to have solvent annealing
until the surface color turned from yellow to dark purple.
The ITO glasses were dried on the hot plate at 150∘C for
30min and cooled down to room temperature. Afterwards
the ITO glasses were scratched as a part of the PEDOT: PSS
and active layer as the anode. Then the ITO glasses were put
on the mask and taken into high vacuum chamber and Ca
and Al were evaporated and deposited on the ITO surface as
the cathode. In standard device, the thickness of PEDOT:PSS,
P3HT:PCBM, and Ca/Al layer is 40, 300, and 50/90 nm,
respectively.The active area of all devices is 0.5 × 0.2 cm2.The
device architecture and the energy band diagram of the CdSe
NCs modified OPV cells are illustrated in Figure 1. Based on
the energy band diagram we know that the CdSe NCs are
promising candidates to transport the electron from PCBM
to Al/Ca cathode.

2.3. Characterization. Optical absorption spectra were car-
ried out by UV-visible absorption spectrophotometer (UV-
vis) at room temperature (Thermo Fisher Scientific, Evo-
lution 60 s). The light emission spectra of CdSe NCs were
determined at room temperature by fluorescence (FL,Hitachi
F-7000). Emission spectra were taken by using an excitation
wavelength of 365 nm and a slit width of 2.5 nm. The mea-
surements were carried out in the range of 450–700 nm.

The morphologies of CdSe NCs were determined by
high resolution transmission electron microscopy (HRTEM,
JEOL, JEM-2100).The purifiedNCswere dispersed in hexane
and the solution was dropped on a 300-mesh carbon-coated
copper grid and then put into oven (100∘C) for 2 hrs followed
by natural evaporation at room temperature. The phases and
structures of CdSe NCs were detected by X-ray diffraction
(XRD) with Cu K𝛼 radiation. AGuinier powder diffractome-
ter (Huber, Germany), set at 45∘ transmission angle, was used
in this work. The purpose of solar simulator was to provide a
controllable indoor test facility under laboratory conditions.

The standard of solar simulator (Newport, 69911, 95-
264VAC, 50/60Hz, 8AMPS) for the detection of solar cell
was under AM 1.5G and 100mW/cm2. The detection of IV
curves for solar cell was measured by the IV measurement
(IV, Keithley semiconductor characterization system 4200-
SCS and Keithley interactive test environment software). The
light source in this case was a class A quality solar sim-
ulator (PECeL11, AM1.5G, Peccell Technologies Inc.); light
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Figure 1: The device architecture and the energy band diagram of the CdSe NCs-modified OPV cells.

was focused through a monochromator (Oriel Instrument,
Stratford, CT, model 74100) onto the photovoltaic cell. The
monochromator was moved in steps from 300 nm to 900 nm
(through the visible spectrum) to generate the incident
photon to current conversion efficiency (IPCE) as defined in

IPCE (%) = 1240 (
𝐽SC
𝜆𝜑

) , (1)

where 𝜆 is the wavelength, JSC is the short-circuit pho-
tocurrent density (mA/cm2) recorded using a potentio-
stat/galvanostat, and 𝜑 is the incident radiative flux (W/m2)
measured using an optical detector (Oriel Instrument, model
71580) and power meter (Oriel Instrument, model 70310)
[20].

3. Results and Discussion

3.1.The Physical Properties of CdSe NCs. Since the absorption
and emission properties of semiconductor NCs affect the
efficiency of OPV, two basic methods, including extending

the absorption window and reducing emission intensity of
NCs, have been applied to improve the PCE of devices [21].
The UV-vis and FL spectra of spherical and anisotropic
CdSe NCs are compared in Figure 2. Due to the stronger
quantum confinement effect for CdSe-NP, their absorption
and emission peaks are obvious, implying that electron-
hole (e-h) separation and recombination efficiency are good.
However, this significant emission behavior for the CdSe-
NP sample means that the carrier transport to positive and
negative electrodes is poor, which suggests that this CdSe-
NPmay not have positive effect on the device efficiency when
used as acceptor materials. As we havementioned above that,
based on the energy band diagram shown in Figure 1, the
CdSe NC can be used as acceptor materials to promote the
transportation of the electrons fromPCBM toAl/Ca cathode.
If the carrier is recombined in CdSe NP, a decrease in the
concentration of (e-h) pairs and the number of carriers will
be observed in the CdSe NP-modified OPV devices.

On the other hand, in Figure 2, although the absorption
edge of CdSe TP/NR is not obvious, its absorption window is
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Figure 2: The UV-vis and FL spectra of CdSe NCs.
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Figure 3: The XRD patterns of CdSe NCs.

longer than that of CdSeNP.Moreover, the emission intensity
of CdSe-NP is much more obvious than that of CdSe-
TP/NR. Since the emission phenomenon of CdSe-TP/NT
is suppressed, the sample may not form effective e-h pairs,
meaning that the carrier separation may not be effective and
e-h pair recombination is suppressed. Therefore, CdSe-NP
can effectively form excitons, suggesting that it has better
carrier separation efficiency. Because of the large absorption
window and lower recombination efficiency in CdSe TP/NR
sample, it is expected that the carrier transport to cathode

and anode in this sample is more effectively than that in
CdSe NP sample, and the device efficiency of OPV may be
improved by combining CdSe TP/NR as donor material. It
has been reported that the NCs with different morphologies
have a tendency to form directed chains with the particles
stacking along their long axis, which can promote the PCE
[21].

Figure 3 displays the XRD patterns of CdSe NCs. The
peaks of CdSe NP are located at 25.36, 42.01, and 49.72∘
which belong to (111), (220), and (311) planes of zinc-
blended structure (JCPDS 88-2346), respectively. Based on
thermodynamics, it has been reported that zinc blend is the
most stable form at lower temperature, while wurtzite is more
stable in high temperature [20]. For CdSe TP/NR, peaks
located at 23.88, 25.39, 27.09, 35.13, 41.99, 45.81, and 49.71∘
corresponding to wurtzite structure of CdSe (JCPDS 77-
0046) are observed, proving that wurtzite arms successfully
cover the zinc-blended seeds. It is noted that (002) plan is
the preferred orientation and this anisotropic structure of
NCs might be beneficial for the conversion efficiency of OPV
devices.

Figure 4 displays the morphologies of CdSe NCs by
HRTEM. The CdSe NP has spherical shape with an average
particle size of 3.6 ± 0.3 nm. On the other hand, the tetrapod
and rod-like morphologies are observed with an average
length of the arms about 14.0 nm when using HPA and
TOPO as cosolvents. The ratio between TP and NR is
about 2.3 in the CdSe TP/NR sample. It is reported that
HPA molecule can absorb certain crystal surface of CdSe,
thereby promoting the samedirection growth and resulting in
anisotropic morphology [22]. Moreover, based on the above
characterizations, it can be summarized that CdSe TP/NR
with longer absorption window, lower carrier recombination
efficiency, and anisotropic shape may improve the OPV
efficiency.

3.2. The Efficiency of OPV Devices Modified by CdSe NC with
Various Concentrations. In order to understand the absorp-
tion phenomenon of the active layer, the absorbance of CdSe
NP and CdSe TP/NR and standard samples under different
wavelengths are compared in Figure 5.The absorption curves
ofCdSeTP/NRand standard sample are very similar inwhich
the absorbance increases slightly in the range from 570 to
610 nm when the P3HT/PCBM is combined with CdSe NCs.
Furthermore, although the band gap of CdSe NCs is smaller
than that of P3HT/PCBM, the absorption window is not
changed significantly. As a result, when the CdSe NCs are
mixed with P3HT/PCBM as active layer, the UV-vis spectra
are almost the same for all samples, meaning that the light
absorption is similar for standard and CdSe NCs modified
samples.

As we know that carrier transport efficiency affects
the device performance [21], based on previous discussion,
although the CdSe TP/NR possesses larger absorption win-
dow, poor (e-h) recombination efficiency, preferable orien-
tation, and anisotropic morphology, its UV-vis spectra are
almost the same with standard active layer material, meaning
that adding CdSe NC may not have positive effect on the
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Figure 4: (a) TEMmicrographs and (b) size distribution of CdSe NP. (c) and (d) are TEMmicrographs of CdSe TP/NR.

light absorption and the possibility of IPCE enhancement
stemming from light absorption can be ruled out. On the
other hand, since the electron mobility in inorganic crystals
is faster than that in organic material, the electron transport
phenomena may be modified by the addition of CdSe NC,
which can also have a chance to promote IPCE. In order
to understand the carrier transfer between P3HT/PCBM
and CdSe NC modified active layers, the IPCE and device
performance of CdSe NP and TP/NR and standard samples
are shown in Figure 6 and listed in Table 1. IPCE of the device
can be improved by modification of CdSe TP/NR sample in
the range of 400 and 600 nm and is decreased significantly
by modification with CdSe-NP sample, confirming that
anisotropic morphology can benefit the transport of the
carrier, but the carrier is consumed and recombined in CdSe
NP. Compared to the CdSe NP-modified device, the PCE
enhancement is mainly due to the increased JSC. Suggesting
that through the addition of a suitable amount of elongated
TPs/NRs inorganic NC phase, a better connection between
PCBM and NCs can be achieved, benefitting the electron
transport to the negative electrode.

In order to optimize the concentration of CdSe TP/NR
for the modification of the OPV device, the efficiencies of
standard sample and CdSe TP/NR modified devices with

various concentrations from 10 to 175wt% are compared in
Table 2 and Figure 7. Among them, theCdSe-TP/NR3 sample
has the largest efficiency, suggesting that using CdSe TP/NR
with an appropriate concentration to modify the active layer
can significantly promote the efficiency by about 4.3% and
suggesting an enhancement of 13.2% as listed in Table 2.
When the concentration increases from 0 to 10, 30, and
50wt%, JSC increases from 9.6 to 9.8, 10.1, and 10.9mA/cm2,
and the efficiency increases from 3.80 to 3.86, 4.01, and
4.30%, respectively.However, when the concentration further
increases to 100 and 175wt%, JSC decreases to 9.6 and
9.4mA/cm2 and the efficiency decreases to 3.58 and 3.19%,
respectively. Similar trend has been observed in the CdSe
TPs and poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene
vinylene)(MEH-PPV) system [13]. When the weight ratio of
CdSe :MEH-PPV increases from 1 : 2 to 9 : 1, the efficiency
increases from0.13 to 1.13%, but when theweight ratio further
increases from 9 : 1 to 20 : 1, the efficiency then decreases
from 1.13 to 0.16%. It seems that increasing CdSe content
in the active layer will generate more percolation pathways
and help the transport of electrons, thereby increasing the
photocurrent and efficiency [13]. However, further increasing
CdSe in the active layer decreases the contribution of polymer
to the light absorption and destroys the pathway for holes
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Table 1: The 𝐽SC, 𝑉OC, FF, efficiency, and enhancement of the standard sample, CdSe-NP, and CdSe-TP/NR3 added OPV device.

Device 𝐽SC (mA/cm2) 𝑉OC (V) FF Efficiency (%) Improvement (%)
Standard 9.6 0.63 0.63 3.80 0
CdSe-NP 9.0 0.60 0.60 3.26 −14.2
CdSe-TP/NR3 10.9 0.64 0.62 4.30 13.2

Table 2: The 𝐽SC, 𝑉OC, FF, efficiencies, and enhancement of the standard sample and CdSe-TP/NR modified OPV device with different
concentrations.

Device Concentrations (wt%) 𝐽SC (mA/cm2) 𝑉OC (V) FF Efficiency (%) Improvement (%)
Standard 0 9.6 0.63 0.63 3.80 0
CdSe-TP/NR1 10 9.8 0.62 0.63 3.86 1.5
CdSe-TP/NR2 30 10.1 0.63 0.63 4.01 5.5
CdSe-TP/NR3 50 10.9 0.64 0.62 4.30 13.2
CdSe-TP/NR4 100 9.6 0.62 0.60 3.58 −5.8
CdSe-TP/NR5 175 9.4 0.62 0.55 3.19 −16.0
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Figure 5: The UV-vis of the active layer on ITO glass.

transport. As a result, the efficiency decreases accordingly
[13]. Zhou et al. have pointed out that PCE of blend CdSe
NPs and NRs is higher than that of pure NPs and NRs [23].
Besides, higher NP concentration can enhance the PCE. It
could be attributed to the improved conductivity of the active
layer network due to the addition of suitable amounts of
NPs and NRs, which provide more direct and continuous
pathways for the electron transport. In our study the ratio
betweenTP andNR is about 2.3 andwe know that the TPs can
offer more direct and continuous pathways for the electron
transport, resulting in more effective power conversion of
CdSe-TP/NR samples. Moreover, the optimal concentration
of CdSe in P3HT: PCBM system should be 50wt%.
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Figure 6: IPCE spectra of OPV devices used different addition in
active layer.

It is worth mentioning that, in Figure 7, CdSeTP/NR3-
device performs a JSC of 10.9mA/cm2, implying that the EQE
should be >75%. However, the real EQE displayed in Figure 6
is obviously lower than 75%. Generally, the EQE and conven-
tion efficiency of devices cannot bemeasured simultaneously.
If Ca/Al electrode is evaporated after EQE measurement,
the efficiency decreases very significantly. Since the device is
prepared under gloves box, the environmental effect can be
ignored and similar trends of EQEand JSC for various samples
are obtained in this study.

Moreover, it has been reported that when the aspect ratio
of the NRs increases from 1 to 10, the charge transport can
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Figure 7: The J-V curves of CdSe TP/NR modified devices.

be improved substantially and an EQE enhancement is noted
[24]. The cell performance is strongly dependent on blend
morphology, and solution-based fabrication techniques often
cause uncontrolled and irreproducible blends. As a result,
the cell performance of blending with hyperbranched CdSe
NCs is better than that of NRs [12]. In principle, elongated
or branched NCs such as NRs and TPs can provide more
extended electrical conductive pathways, because the num-
ber of interparticle hopping events for extracting electrons
towards the electrode is reduced.Therefore, it is reported that,
for pyridine capped CdSe NCs, devices with NRs and TPs
usually exhibit better performance than QDs based devices
[24]. However, NRs tend to be horizontally aligned instead of
being aligned vertically to the film. In such case, elongated
structures are not superior to spherical QDs for extracting
free carriers since the electrons need to hop in the vertical
direction from the exciton dissociation site to the cathode. It
seems that if we canmake the larger size of CdSe-NR/TPNCs
perpendicular on the PEDOT:PSS film preciously, it will be
more beneficial to the charge transport and the enhancement
of PCE of devices.

4. Conclusions

In this study, CdSeNCswith spherical-like and tetrapod/rod-
like morphologies have been prepared and applied as the
donor in the active layer of the OPV devices to increase their
photoelectron conversion efficiency. Seed growth synthesis
is used for the preparation of CdSe TP/NR samples with a
wurtzite arms length of 14.0 nm covering the zinc-blended
seeds.

For the devices with concentrations of CdSe TP/NR from
0 to 50wt%, JSC is increased from 9.6 to 10.9mA/cm2, and
efficiency is promoted from 3.80 to 4.30%, respectively, due to
the generation of pathways for electrons transport. However,
further increasing of the concentration to 100 and 175wt%
decreases the contribution of polymer to the light absorption
and destroys the pathway for holes transport. As a result, JSC
and efficiency are declined accordingly.
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