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ABSTRACT

Light trapping in amorphous silicon thin film solar cells has been an intensive study
owing to the low absorption coefficient in near-infrared. We demonstrate a frontal
pre-patterned substrate (PPS) on amorphous silicon solar cells, utilizing scalable colloidal
lithography, to serve both functions-of anti-reflection at short wavelength and light trapping
effect at long wavelength. We measured the absorption spectrum by an integrating sphere at
normal incidence and the external quantum efficiency (EQE) of three type structures. The
power conversion efficiency -of the pre-patterned cell“is measured 8.38%, which shows
56.34% and 8.83% enhancement compared to thereference cell with a flat substrate and the
commercialized Asahi U-type substrate, respectively. The increased efficiency is mainly
resulted from the enhanced short-circuit current density (from 12.89 mA/cm? to 19.77

mA/cm?).

Moreover, the angle-resolved absorption spectroscopy shows superior optical coupling to
the absorber layer at large angles of incidence (AOIs), which guarantees sufficient light
harvesting for the entire day. We also present a design optimization of frontal pre-patterned
substrate with broadband antireflective subwavelength structures based on the theoretical
calculation using a three-dimensional rigorous coupled wave analysis (RCWA) method. The
best structure on our pre-patterned substrate is 500 nm bottom width and 400~450 nm height

of SiNx nipple pattern.
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I . Introduction

Since the development of the global environment has passed hundreds of thousands of
years, as technology advances and the development of capacity and population growth,
growing demand for expansion of the Earth's resources. IEA (International Energy Agency,
IEA) mentioned in 2007 and 2030 global energy demand will grow by 1.5% at World Energy
Outlook 2009, while after 2030 the world's electricity demand is expected to increase the rate
of 2.5% per year [1]. Coal is still the main fuel of power generation industry. However, the
one of main cause is derived from the carbon dioxide caused by continued growth in global
carbon dioxide emission. This will certainly lead to a long large-scale climate change. It will
give the irreparable harm to the earth. So,show to effectively reduce carbon dioxide emission

is the common face of the issue.

In this regard, an energy revolution can be expected, and the rise of green energy will
play a big lead of the energyrevolution. The green energy is a reusable and less polluting
energy sources, such as wind, solar, geothermal, tidal, etc. Solar energy has a very large
number of sources of supply. Because the sun produces about 1.76 x 105 MW energy per year,
of which 600 MW irradiation on the surface of the earth are available. Its energy is 100,000
times than the global average power. With technological advances, our solar energy use
efficiency is also increased. It is expected for a large proportion in the next available energy
sources account. From Figure 1.1, we can see the future of solar energy usage is expected to

continue to rise.
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Figure 1.1 The energy usage trends in-2000 to 2100.-The primary energy is the currently used
energy by humans including coals and-oils. But in the future, as the reduction of the stock of
primary energy is bound to be replaced by green energy. The solar energy used in electricity

generation in 2100 will be on the leading energy demand.

1.1 The Development of Solar Cells

The development of the solar cell stems from the work of the French physicist
Antoine-César Becquerel in 1839. Becquerel discovered the photovoltaic effect while
experimenting with a solid electrode in an electrolyte solution; he observed that voltage
developed when light fell upon the electrode. About 50 years later, Charles Fritts constructed
the first true solar cells using junctions formed by coating the semiconductor selenium with an
ultrathin, nearly transparent layer of gold. Fritts's devices were very inefficient, transforming

less than 1 percent of the absorbed light into electrical energy.


http://encyclobeamia.solarbotics.net/articles/photovoltaic.html
http://encyclobeamia.solarbotics.net/articles/voltage.html
http://encyclobeamia.solarbotics.net/articles/semiconductor.html

By 1927 another metal-semiconductor-junction solar cell, in this case made of copper
and the semiconductor copper oxide, had been demonstrated. By the 1930s both the selenium
cell and the copper oxide cell were being employed in light-sensitive devices, such as
photometers, for use in photography. These early solar cells, however, still had
energy-conversion efficiencies of less than 1 percent. This impasse was finally overcome with
the development of the silicon solar cell by Russell Ohl in 1941. In 1954, three other
American researchers, G.L. Pearson, Daryl Chapin, and Calvin Fuller, demonstrated a silicon
solar cell capable of a 6-percent energy-conversion efficiency when used in direct sunlight.
By the late 1980s silicon cells, as well as those made of gallium arsenide, with efficiencies of
more than 20 percent had been fabricated. In 1989 a concentrator solar cell, a type of device
in which sunlight is concentrated onto' the cell surface by means of lenses, achieved an
efficiency of 37 percent due to the increased intensity of the collected energy. In general, solar
cells of widely varying efficiencies and cost are now available [2]. After the oil crisis, the
most of the world’s countries alerted the-important of new alternative energy development.
The sun is just inexhaustible natural energy, neither energy depletion concerns, but also
avoids the problem of energy monopoly.” Therefore, countries actively developed the
application of solar energy technology, expected by increasing the use of solar energy to
reduce dependence on primary energy. The solar cell conversion efficiency research began to
flourish. Today's market-oriented solar cells can be focus on the conversion efficiency of
about range of 10% to 36% [3], while the theoretical maximum efficiency can reach 86% [4].
It can be seen that in the photoelectric conversion efficiency we have a lot of space to develop
these technologies which will be a great help to solve the international community energy

crisis in the future.


http://encyclobeamia.solarbotics.net/articles/semiconductor.html
http://encyclobeamia.solarbotics.net/articles/semiconductor.html
http://encyclobeamia.solarbotics.net/articles/ohl_russell.html
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Figure 1.2 This is the classification of various materials and the efficiency of solar cells under

the standard solar simulator irradiation measurement.

According to different materials and fabrication process methods can be divided into
different types of solar cells. Material visible on the market today include: silicon materials
(single crystal silicon, polycrystalline silicon, amorphous silicon), 111-V semiconductor (GaAs)
materials, 11-VI semiconductor (CdS / CdTe) materials and organic materials (TiO2) and so
on. Figure 1.2 is the current solar cell material types and their efficiency comparison chart.
The GaAs solar cells is highest for the current efficiency, its efficiency can be as high as 30%
or more, but it is expensive and containing highly toxic. In the early, it is used on the defense
industry and space satellites, most recently the I11-V semiconductor (GaAs) materials has
been used to people’s livelihood for the high-efficiency concentrator solar power system.
However, the organic solar cells are used in the commercial market yet, but it is really the

direction of study at domestic and international. Although the photoelectric conversion
4



efficiency of organic solar cells is currently low, but the process is simple, low cost, and has
advantages of transmittance, large area manufacturing and can combine with the flexible
substrate. CIGS solar cell with low cost, long life and high efficiency potential is a lot of
companies to invest in emerging industries, but there is no standardization of products and
technical specifications. The CIGS solar cells used the indium material to fabricate.
According to scholar’s statistic, the indium material left about 10,000 tons in the whole world.
The next problem that CIGS solar cell has to face is lack of material in the future. Silicon
solar cell technology is currently the most mature and widely applied. There are three types of
silicon solar cells, including single-crystal silicon, polycrystalline silicon, and amorphous
silicon solar cells. And single-crystal silicon and polycrystalline silicon solar cells are

technically more mature and can be mass production.

1.2 ~About Thin-Film Solar Cells

We have seen that , provided that minority carrier diffusion lengths exceed typical
absorption depths, p-n junctions make efficient photoconverters with a high collection
efficiency, where recombination at the surfaces is the dominant loss process. However, single
crystals are expensive to produce and so there is a great deal of interest in finding
photovoltaic materials of less demanding material quality which can be grown more cheaply.
A number of materials have been identified of which the best developed at present are
amorphous silicon (a-Si), polycrystalline cadmium telluride (CdTe), poly-crystalline copper
indium diselenide (CulnSe;) and microcrystalline thin film silicon (u -Si). These ‘thin film’
materials are usually produced by physical or chemical deposition techniques which can be

applied to large areas and fast throughput.



Polycrystalline and amorphous semiconductors contain intrinsic defects which increase

the density of traps and recombination centers. For solar cells, this has the consequence that:

® Diffusion lengths are shorter, so the material needs to be a strong optical absorber.
Alternatively, multiple junctions must be used to make the device optically thick. In the
case of very short diffusion lengths, it may be necessary to use extended built-in electric
field to aid carrier collection. This is the case in amorphous silicon, where p-i-n
structures are preferred.

® Losses in the layers close to the front surface are greater, so it is advantageous to replace
the emitter with a wider band gap window material.

® The presence of defect states in the band gap can make the materials difficult to dope,
and limit the built-in bias available from a junction through Fermi level pinning.

® The presence of grain boundaries-and other intrinsic defects increases the resistivity of
the film particularly at low doping densities, and males the conductivity dependent on
the carrier density, so influencing the electrical characteristics of devices.

® The presence of defects similarly means that minority carrier lifetime and diffusion

constant are carrier density dependent.

Good thin film materials should be low cost, non-toxic, robust and stable [5]. They
should absorb light more strongly than silicon. Higher absorption reduces the cell thickness
and so relaxes the requirement for long minority-carrier diffusion lengths, allowing less pure
polycrystalline or amorphous materials to be used. Figure 1.3 compares the absorption
coefficients for several photovoltaic materials and the maximum photo current which can be
generated in a thin film as a function of its thickness. Notice how weakly crystalline silicon
absorbs, in comparison with the other materials. Suitable materials should transport charge

efficiently, and should be readily doped. Materials are particularly attractive if they can be



deposited in such a way that arrays of interconnected cells can be produced at once (Figure.

1.3). This greatly reduces the module cost.
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Photocurrent / mA cm
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Figure 1.3 (a) Absorption coefficients of a number of different photovoltaic materials. (A
derivative of the organic semiconductor polyphenylene vinylene (MDMO-PPV) is included
for comparison.); (b) Maximum photon current available from each material under AM1.5
illumination, as a function of film thickness, assuming perfect collection of all photogenerated
charges. The saturation photocurrent is a function of band gap. The maximum photocurrent
supplied by the Am1.5 spectrum is around 49 mAcm™. [6]
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Of the elemental semiconductors, only silicon has a suitable band gap for photovoltaic
energy conversion. Compound semiconductors greatly extend the range of available materials
and of these a number of II-VI binary compounds and I -II-VI ternary compounds have
been used for thin film photovoltaics. Many of these are direct band gap semiconductors with
high optical absorption relative to silicon. The I -II-VI compounds (or chalcogenides) are
analogous to II-VI’s where the group II element has been replaced by a group 1 and a group
Il species. At present the leading compound semiconductors for thin film photovoltaics are
the II-VI semiconductor, CdTe, and the chalcogenide alloys, CulnGaSe, and CulnSe,. Other
new materials are continually being investigated, including other II-VI and I -II-VI

compounds, amorphous carbon and nanocrystalline silicon [6].

1.3 Motivation

To meet the solar cells trend ‘demands “thin film, high efficiency and low-cost”,
amorphous silicon solar cell is an excellent choice. Amorphous material has the following
advantages: no restrictions on the supply of materials, production capital is low, with the
prospect of lower production costs, and for the environment and human health effects at a
lower overall total benefits, with the exception of its conversion efficiency is still less than the
current single-crystal silicon and I11-V material solar cells. To overcome the lack of efficiency
and cheaper production costs to make the most direct way that is to improve the amorphous
silicon solarcells efficiency of power generation unit. Antireflection layer (AR coating) is
traditionally widely used for various auxiliary structure of solar cells, which allows more
usable light into the active layer of solar cell to be absorbed. In addition, the amorphous
silicon thin-film solar cells are one type of solar cell, the absorption layer thickness of such

cells is often not long enough, so the light trapping structure is become more important. By
8



the light trapping structure we are able to capture light into the active layer of solar cell to stay
longer, and use this way to compensate for the problem of inadequate absorption layer
thickness. In my thesis, we start from these two effects. We use nanosphere lithography
technique to make nano-scale sbuwavelength structure, and we achieve these two effects,
antireflection coating and light trapping, in the same structure simultaneously. As the
perception, Sub-wavelength structures with wide spectrum anti-reflective and light capture
effect can both applied on the amorphous silicon solar cells, it is expected to produce superior
photocurrent and conversion efficiency. In this thesis, we will make out the actual structure,
and use the solar cell efficiency measurement system and the frequency response of the
external quantum efficiency measurement to make the electrical analysis. At the same time in
this thesis, we also use simulation software for rigorous coupled wave analysis (RCWA), and
to study the optical characteristic 0f nano-structure. The Rigorous Coupled-Wave Analysis
(RCWA) method calculates the diffraction efficiency and field distribution for a 2D or 3D
periodic structure. It helps in the design process of applications such as sub-wavelength
structures, photonic band gap  crystals, and other grating-assisted devices. We use this
simulation method to calculate the diffraction efficiency of each diffraction series,
transmittance and other properties, and to simulate the actual experimental results then
combine with the experimental to achieve the optimization of process parameters. It is
accelerated the amorphous silicon thin film solar cells in research and development speed, but

also reduce the development process time and resource consumption.



IT . Basic Theories of Solar Cell

2.1 Basic principle of solar cell

*v
Antireflection coating 33
S

Front con{t\ \

base

emitter

load

/I

Rear contact

Figure 2.1 Structure of the basic components of solar cells [7][8].

The photovoltaic effect is a phenomenon in which electrons are emitted from matter after
the absorption of energy from electromagnetic radiation such as X-rays or visible light. Figure
2.2 shows the diagram of the photovoltaic effect. If the energy of incident light is greater than
or equal to energy gap ( hv = Eg ), electrons could be promoted from ground states to

excited states generating electron-hole pairs.
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Figure 2.2 The diagram of photovoltaic effect.

The electron-hole pairs generated in the depletion layer are separated by electric-field
built-in voltage (Vy;) and drift to the n-type and p-type region shown in Figure 2.3 [9]. In the n
region and the p region, there “is no electric-field (quasi-neutral regions) that the
photo-generated electron-hole pairs would not be separated by the electric-field and they
would be essentially recombined with the majority carriers. Therefore, the photocurrent of the

solar cell device mainly comes from photo-generated carries in the depletion region [10].

Figure 2.3 The electron-hole pairs generated in the depletion layer and separated by the

electric-field built-in voltage (Vpi).
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2.2 The Equivalent Circuit Analysis of The Solar Cell

Rs
———o+
\/ Rsh V

O-

Figure 2.4 The diagram of solar cell equivalent circuit.

Figure 2.4 illustrates the equivalent circuit of solar cell. From this diagram, one could

find the photo-generated current:(I) as follows [11]:

= I, -1, {exp [—q(‘f;‘TRs)] = 1} - % (2-1)

where Iy is the short-circuit current' (also called- light-generated current, 1), Iy is the reverse
saturation current of the diode, k'is the.Boltzmann’s constant, T is the absolute temperature in
degrees Kelvin, n is the ideality factor of diode (1 <n<2, n=1 for the Shockley equation), R
is the equivalent series resistance and Rg, is the equivalent shunt resistance of the solar cell.
An idealized solar cell, the series resistance R is close to infinity and treats as open in the

equivalent circuit. Therefore, the Eq. (2-1) can simplified as:

I= I — I [exp (2%) - 1| 2-2)

In Figure 2.4, when the intensity of solar radiation is weak, the current of diode is

approximately the leakage current (I = :—d), therefore, R can be ignore and Ry, effect is
sh

important, then Eq. (2-1) can be rewritten as:

1= I —To [exp (e — 1) - th (2-3)
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When the intensity of solar radiation is great, the light-generated current is great and

diode is on condition. Therefore, the current of diode is greater than the leakage current

(Iq » 1:/_1)’ and the Rsh can be ignore and the Rs effect is important. Then the Eq. (2-1) can

be rewritten as:

1= Toe = 1o [exp (57%) 1] @4

Light current

Dark current

Current density, J

oC

Bios voltage, V

Figure 2.5 The I-V characteristics with and without illumination.

The I-V characteristics of solar cell in dark condition and under illumination were shown
in Figure 2.5 [12]. Four parameters are usually used to characterize the solar cell output
performances and shown in this figure. The parameters used to describe the solar cell

performances are indicated as follows [13]:

13



(1) Short-Circuit Current, lg

Isc is determined on the voltage (V) equal to zero by Eq. (2-2). This is equal to the
light-generated current I, ideally. As V=0, the Eq. (2-2) can be written as:

[ = I (2-5)
(2) Open-Circuit Voltage, V.

The open-circuit voltage V, can be solved in 1=0 and V=V, from Eq. (2-2), which is

expressed as:

V., = %m (I— + 1) (2-6)

Io

Vo is determined by the properties of the semiconductor by virtue of its dependence on

(3) Fill Factor, FF

Which is defined as the maximum-ratio-of the output power to the product on the

short-circuit current and open-circuit voltage, which can be expressed as:

I xV P KT \% kT
FF = -maxXVmax _ max_ _ q _ In (1 + q max) _ (2_7)
IscXVoc IseXVoc qQVoc KT qQVoc

It is measure of how squareness the output characteristics are. For cell of reasonably
efficiency, it has a value in the range 0.7 to 0.85.
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(4) Conversion Efficiency, n

The conversion efficiency of solar cell is defined as the maximum ratio of the output

power to the input power, which can be expressed as

KT qumaX kT
Pmax _ Imax*XVmax _ I5cXVocXFF — ILx[l qucln(lI kT ) qVOC]

T] Pin Pin Pin Pin

(2-8)

where Pj, is the total power under the light incident to the cell.

The solar cell parameters such as open-circuit voltage V., short-circuit current I and
fill factor FF can provide the information about designing and improving the photodiode due
to their characteristics depended on the properties of the semiconductor materials and the

structure of device.

(5) Quantum Efficiency

Quantum efficiency (QE) is the ratio of the number of charge carriers collected by the
solar cell to the number of photons of a given energy shining on the solar cell. QE therefore
relates to the response of a solar cell to.the.-various wavelengths in the spectrum of light
shining on the cell. The QE is given as a function of either wavelength or energy. If all the
photons of a certain wavelength are absorbed and we collect the resulting minority carriers
(for example, electrons in a p-type material), and then the QE at that particular wavelength

has a value of one. The QE for photons with energy below the bandgap is zero.

The quantum efficiency ideally has a square shape, where the QE value is fairly constant
across the entire spectrum of wavelengths measured. However, the QE for most solar cells is
reduced because of the effects of recombination, where charge carriers are not able to move
into an external circuit. The same mechanisms that affect the collection probability also affect
the QE. For example, modifying the front surface can affect carriers generated near the

surface. And because high-energy (blue) light is absorbed very close to the surface,
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considerable recombination at the front surface will affect the "blue™ portion of the QE.
Similarly, lower energy (green) light is absorbed in the bulk of a solar cell, and a low
diffusion length will affect the collection probability from the solar cell bulk, reducing the QE
in the green portion of the spectrum. In somewhat technical terms, the quantum efficiency can
be viewed as the collection probability due to the generation profile of a single wavelength,

integrated over the device thickness and normalized to the number of incident photons.

"Quantum efficiency" is also sometimes called IPCE, which stands for

Incident-Photon-to-electron Conversion Efficiency.

Two types of quantum efficiency (QE) of a solar cell are often considered:

o External Quantum Efficiency (EQE) is the ratio of the number of charge carriers collected
by the solar cell to the number of photons of a given energy shining on the solar cell from
outside (incident photons).

 Internal Quantum Efficiency (IQE) is the ratio of the number of charge carriers collected
by the solar cell to the number - of photons of a given energy that shine on the solar cell

from outside and are absorbed by the cell.

The IQE is always larger than the EQE. A low IQE indicates that the active layer of the
solar cell is unable to make good use of the photons. A low EQE can indicate that, but it can

also, instead, indicate that a lot of the light was reflected.

To measure the IQE, one first measures the EQE of the solar device, then measures its

transmission and reflection, and combines these data to infer the IQE.
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(6) Parasitic Resistances

In real cells power is dissipated through the resistance of the contacts and through
leakage currents around the sides of the device. These effects are equivalent electrically to

two parasitic resistances in series (Rs) and in parallel (Rsy) with the cell (Figure 2.4).

The series resistance arises from the resistance of the cell material to current flow,
particularly through the front surface to the contacts, and from resistive contacts. Series
resistance is a particular problem at high current densities, for instance under concentrated
light. The parallel or shunt resistance arise from leakage of current through the cell, around
the edges of the device and between contacts of different polarity. It is a problem in poorly

rectifying devices.

Series and parallel resistance reduce the fill factor as shown in Figure 2.6. For an

efficient cell we want R to be as small and Rg; to be as large as possible.

A Al

Decreasing Rgy

Increasing Rq

V I|1 Vv
> >

Figure 2.6 Effect of increasing series and reducing parallel resistances. In each case the outer
curve has R = 0 and Rg, = co. In each case the effect of the resistances is to reduce the area
of the maximum power rectangle compared to Jsc x Voc.
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IT. Experimental and Measuring Instruments

3.1 Plasma-enhanced chemical vapor deposition (PECVD)

Plasma-enhanced chemical vapor deposition (PECVD) is a process used to deposit thin
films from a gas state (vapor) to a solid state on a substrate. Chemical reactions are involved
in the process, which occur after creation of a plasma of the reacting gases. The plasma is
generally created by RF (AC) frequency or DC discharge between two electrodes, the space

between which is filled with the reacting gases.

Plasma deposition is often used in semiconductor manufacturing to deposit films onto
wafers containing metal layers or other temperature-sensitive structures. Silicon dioxide can
be deposited from dichlorosilane or-silane and oxygen, typically at pressures from a few
hundred millitorr to a few torr. Plasma-deposited silicon nitride, formed from silane and
ammonia or nitrogen, is also widely used, although it is important to note that it is not
possible to deposit a pure nitride in-this fashion. Plasma nitrides always contain a large
amount of hydrogen, which can be bonded to silicon (Si-H) or nitrogen (Si-NH); this
hydrogen has an important influence on UV absorption, stability, mechanical stress, and

electrical conductivity.

Silicon Dioxide can also be deposited from tetraethoxysilane (TEOS) in an oxygen or
oxygen-argon plasma. These films can be contaminated with significant carbon and hydrogen
as silanol, and can be unstable in air. Pressures of a few torr and small electrode spacings,
and/or dual frequency deposition, are helpful to achieve high deposition rates with good film

stability.
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High-density plasma deposition of silicon dioxide from silane and oxygen/argon has
been widely used to create a nearly hydrogen-free film with good conformality over complex
surfaces, the latter resulting from intense ion bombardment and consequent sputtering of the

deposited molecules from vertical onto horizontal surfaces [14].

3.2 Scanning electron microscope (SEM)

A scanning electron microscope (SEM) is a type of electron microscope that images a
sample by scanning it with a high-energy beam of electrons in a raster scan pattern. The
electrons interact with the atoms that.make up_the sample producing signals that contain
information about the sample's surface topography, composition, and other properties such as

electrical conductivity.

The types of signals produced by an SEM include: secondary electrons, back-scattered
electrons (BSE), characteristic X-rays,-light(cathodoluminescence), specimen current and
transmitted electrons. Secondary electron detectors are common in all SEMs, but it is rare that
a single machine would have detectors for all possible signals. The signals result from
interactions of the electron beam with atoms at or near the surface of the sample. In the most
common or standard detection mode, secondary electron imaging or SEI, the SEM can
produce very high-resolution images of a sample surface, revealing details less than 1 nm in
size. Due to the very narrow electron beam, SEM micrographs have a large depth of field
yielding a characteristic three-dimensional appearance useful for understanding the surface
structure of a sample. This is exemplified by the micrograph of pollen shown to the right. A
wide range of magnifications is possible, from about 10 times (about equivalent to that of a

powerful hand-lens) to more than 500,000 times, about 250 times the magnification limit of
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the best light microscopes. Back-scattered electrons (BSE) are beam electrons that are
reflected from the sample by elastic scattering. BSE are often used in analytical SEM along
with the spectra made from the characteristic X-rays. Because the intensity of the BSE signal
is strongly related to the atomic number (Z) of the specimen, BSE images can provide
information about the distribution of different elements in the sample. For the same reason,
BSE imaging can image colloidal gold immuno-labels of 5 or 10 nm diameter which would
otherwise be difficult or impossible to detect in secondary electron images in biological
specimens. Characteristic X-rays are emitted when the electron beam removes an inner shell
electron from the sample, causing a higher energy electron to fill the shell and release energy.
These characteristic X-rays are used to identify the composition and measure the abundance

of elements in the sample [15].

3.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique whereby a beam of
electrons is transmitted through an ultra thin specimen, interacting with the specimen as it
passes through. An image is formed from the interaction of the electrons transmitted through
the specimen; the image is magnified and focused onto an imaging device, such as a
fluorescent screen, on a layer of photographic film, or to be detected by a sensor such as a

CCD camera.

TEMs are capable of imaging at a significantly higher resolution than light microscopes,
owing to the small de Broglie wavelength of electrons. This enables the instrument's user to
examine fine detail—even as small as a single column of atoms, which is tens of thousands

times smaller than the smallest resolvable object in a light microscope. TEM forms a major
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analysis method in a range of scientific fields, in both physical and biological sciences. TEMs
find application in cancer research, virology, materials science as well as pollution,

nanotechnology, and semiconductor research.

At smaller magnifications TEM image contrast is due to absorption of electrons in the
material, due to the thickness and composition of the material. At higher magnifications
complex wave interactions modulate the intensity of the image, requiring expert analysis of
observed images. Alternate modes of use allow for the TEM to observe modulations in
chemical identity, crystal orientation, electronic structure and sample induced electron phase

shift as well as the regular absorption based imaging.

The first TEM was built by Max Knoll'and Ernst Ruska in 1931, with this group
developing the first TEM with resolving power greater than that of light in 1933 and the first

commercial TEM in 1939 [16].

3.4 Integrating sphere reflectance measurement

Figure 3.1(A) is a traditional reflectivity measurements diagram. When we want to
measure the reflectance of the smooth surface, the laser light is incident to the sample surface
by a specific angle. As the sample itself is a smooth surface, and the incident light is single
wavelength, we can obtain the reflected light at corresponding angle by the Snell’s law. At
this point we just put on a light detector on the path of the reflected light, and we can collect
the reflected light from the sample surface effectively. Thus it can measure the reflectance

value.
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. Smooth sample

Spectrometer

(a)

Figure 3.1 (a) Schematic diagram of conventional reflectivity measurements. (b) Schematic

diagram of Integrating sphere reflectance measurements.

For the particles surface or rough samples, we also want to understand the different
wavelengths light reflectivity, so we change the incident light source to the Xe lamp light with
broadband spectrum. Figure 3.1(b) shows, when-we made the surface of the textured structure
which the dimension size is closed to the wavelength of incident light, the different
wavelengths of light on the structure surface produce different levels of splitting, and at the
same time with a large number of light diffraction and scattering phenomenon, which will
make the direction of reflected light is no longer regularly, but from different angles toward
the divergent out. In such condition, if we still use previously measurement way which placed
a light detector in a particular direction, we will only receive a small portion of the reflected
light, so that out of the reflectance measurement is not an objective value. For rough surface
samples, in order to improve the problem of not only received light at a specific point, Fig.
3-1(b), our approach is coupled with an integrating sphere to collect the complete angle

scatter light, the light spilling in all directions will be limited to points inside the integrating
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sphere and were eventually collected by the light detector. And in order to analyze the
reflectivity of different wavelengths, we require a light detector which can detect wide
spectrum of light. By this way we obtained an objective of the reflectivity data, which

compared to the previous method of measuring reflectivity will be more realistic and accurate.

Figure 3.2 you can see the whole device roughly, we use Xe lamp as the light source to
simulate a wide spectrum of solar incident light, then light pass a convex lens by a guiding

fiber, this allows light to show about horizontal to pass the aperture of the integrating sphere.

The horizontal light pass the aperture of the integrating sphere then illuminate the sample
on the fixture in the integrating sphere. The reflected light is not absorbed by the sample will
be limited to points inside the integrating sphere; and then be collected by the light detector at
the rear of integrating sphere. This fixture platform can be set around rotating, and we can use
this rotating to change the incident light angle of sample.illumination. So the angle-resolved

reflection of textured sample can be measured by the integrating sphere easily.

Detector

Aperture Sample “Light concentrator

Figure 3.2 Schematic diagram of integrating sphere in our laboratory.
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3.5 Power conversion efficiency measurement

Solar cell device characteristics measurement and analysis in the laboratory, set up by
self-complete measure machine architecture to achieve. We use the U.S. company
manufacturing Newport's AM1.5G 1000W Class A standard solar simulator, the United States
National Renewable Energy Laboratory (NREL) calibrated with international standards set by
the solar spectrum in all bands are within error of only 2%. Before the actual measurement,
using Newport calibration with standard solar cells go after the correction light intensity under
the conditions in 1 sun. We use the temperature controller to maintain the temperature of load
placed at 25°C. And with a Keithley 2400 digital power meter, through a computer Labview

program to control the 1-V measurement system. Here is our measuring machine architecture:

Solar cell IV Measurement

1KW
Power Supply

Class A
AM1.5G

Simulator

Figure 3.3 Schematic diagram of energy conversion efficiency measurement, including a solar
simulator, a Keithley 2400 digital power meter for the measurement of electrical

characteristics, and a computer with Labview program to process the measurement data.
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Energy conversion efficiency of solar cells is measured the I-V characteristics under
simulated sunlight illumination conditions (AM1.5G). We can learn about the important
parameters through the conversion efficiency of solar cells, including short-circuit current (ls),
open-circuit voltage (Voc), fill factor (FF), power conversion efficiency (n ), Maxima power

voltage (Vmax), Maxima power current (Imax), series resistance (Rs), and shunt resistance (Rsp).

3.6 External quantum efficiency measurement

The external quantum efficiency (EQE ())), also known as spectral response (SR (X)), is
very important to understanding the .carrierr generation, recombination, and diffusion of
photovoltaic devices. External Quantum Efficiency (EQE) is the ratio of the number of charge
carriers collected by the solar-cell.to the number of photons of a given energy shining on the
solar cell from outside (incident photons). The unit-of frequency response is wattage
generated per unit current amperage ‘(A/W), can be converted into quantum efficiency by

under equation:

_ 9SRM®)
QEQ) = =~ (3-1)

As under the assumption of the short-circuit point is same the maximum power operating
point, Frequency response measurement is usually measured in the short-circuit conditions.
Solar cell research has developed several sets of external quantum efficiency measurement
system, for example: interference filter and grating-based monochrometer. In terms of single
junction solar cell, single-frequency light generate optical flow into AC voltage signal and
then through the lock-in amplifier to measure. The laboratory uses grating-based
monochrometer system, and its set up as Figure 3.4 [17]. It is applicable to broadband spectral

measurements (300-1800 nm) and for high spectral resolution. The single-frequency light can

25



be obtaind by the Xe lamp with broadband spectrum through the grating, and then out from

the slit through the monochrometer focused on the solar cell. The problem of aberration can

be solve by a spherical mirror or a parabolic mirror.

W or Xe
source

Filters

Three-single
gratings

GPIB interface

Vacuum stage (5-100°C)

Sync. from

Computer

chopper

E

Liock-in
amp.

Focusing
Mirror

Reference
detector

TwoV
converter

Figure 3.4 The erection diagram of grating-based monochrometer for the quantum efficiency

[17].
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IV. Light Management

4.1 Minimizing Reflection

4.1.1 Optical properties of semiconductor

The optical properties of a solid are described by the dielectric constant, € . € sis a

complex quality and obeys

JE& = ng — ikq (4-1)
where ng in the refractive index of the material and the imaginary part ks is related to the

absorption coefficient of the material through

__ A4Amkg )
a=— (4-2)

In general, € s, nsand kgare wavelength dependent, and may be direction dependent.

Differences in refractive index.determine the reflection and transmission of light at the
interface between two materials. For ‘thin films, light should be treated as coherent, and
Maxwell’s equations can be solved to find the relative amplitudes of transmitted and reflected
waves. In the simplest case, that of a plane boundary between materials of refractive index ng

and ng, light striking the interface at normal incidence is reflected with probability

R = (M)Z (4-3)

ngo+ng

For a semiconductor, ns is typically 3~4 at visible wavelengths (Table 4.1), so that some

30~40% of light normally incident on the surface from free space will be reflected.
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Table 4.1 Refractive indices of selected semiconductors and AR coat materials.

Refractive index

Material (at ca. 1.5 eV)
Si 3.44
se 4.00
GaAs 36
Alo sGag 2As 3.2
AlAs 30
T1;05 2.1
ZnO 2.02
Sizg Ny 1.97
Si07 1.46

At oblique incidence the reflectivity is angle and polarization dependent. If the incident
ray makes an angle © o with the surface normal, and the transmitted ray an angle 0 s with

the surface normal inside the semiconductor then

2
_ (Mo s )
R= (no+ns) (4-4)
where
Ns = NgsecBs (4-5)

for p polarized light (with the electric field vector in the plane of incidence) and

Ns = ngcosOg (4-6)
and for s-polarized light (electric field vector normal to the plane of incidence). 8 oand 6
are related through Snell’s law

nysinB, = ngsinBg 4-7)

For unpolarized light, considered as an equal mix of s and p polarizations, the net
reflectivity generally increases with angle (for the s polarized component it increase while for
the p component it has a minimum), approaching one at large angles. The minimum
reflectivity of a semiconductor surface to unpolarized light occurs at normal incidence and is
given by Eq. 4-3. At 30~40%, this is unacceptably high for efficient photovoltaic energy

conversion.
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Snell’s law also means that travelling within the semiconductor towards the surface at an

angle greater than the critical angle, 8 ¢, is internally reflected. For an air-semiconductor

interface the critical angle is given by

0, = sin™?! (ﬁ) (4-8)

Ng

For the air-silicon interface 6 . = 16.9". In the presence of an optical coating ng in Eq.

4-8 is replaced by the refractive index of the coating and 0 . is increased.

4.1.2 Anti-reflection coatings

|

R_| T

Figure 4.1 Single layer anti-reflection coating. When the thickness of the dielectric layer is
equal to one quarter wavelength, the incident and reflected waves interfere destructively to

cancel out the reflected ray at the outer surface [18-21].

Reflectivity of the air-semiconductor interface can be reduced using an anti-reflection

(AR) coating. An AR coat is a thin film of a dielectric with refractive index n; intermediate
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between those of the semiconductor (ns) and free space (ng). By considering forward and
backward travelling waves in each medium it can be shown that the reflectivity of the film for

light of wavelength A is given by

2
_ (no—ns)2+("3—‘115—n1) tan®§,

s (4-9)
(no+ns)2+(%+n1)tan281
where ® ; is the phase shift in the film,
§, = Zadacosdy (4-10)

A

0 1 is the angle between the light ray and the normal within the film, and d; is the film
thickness. R clearly has its minimum value when & 1 = 11 /2. For normal incidence, this first
happens when d; is equal to a quarter wavelength in the thin film material. (In those
conditions the waves reflected from the front-and rear interface of the thin film are out of

phase and interfere destructively.) R vanishes when.it is also true that

ny = /Ngng (4-11)

So by coating our semiconductor with a thinlayer of a medium with refractive index
\/n_s, we can reduce the reflectivity to zero at some particular wavelength, A o. Since the solar
spectrum is broad, this wavelength should be chosen to lie towards the middle of range of

wavelengths which can be usefully absorbed for that semiconductor, and this determines the

2
AR coat thickness. Close to A o, R increases with wavelength approximately like (i—k) , and
0

at wavelengths where the phase shift becomes a multiple of 1, R reaches its maximum value
equal to the natural reflectivity of the uncoated interface. This means that an AR coat
optimized at one visible wavelength may be quite highly reflecting at others. AR coats on
silicon solar cells are usually optimized for red light, where solar irradiance is strong, and
become reflective in the blue. For this reason silicon solar cells often appear violet or blue.
Similarly, the reflectivity of the AR coat depends on angle, and increase at wide angles. This
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means that AR coats are of limited use in diffuse light or for non-planar surface. Figure 4.2
shows how an AR coat which is tuned for normal incidence at a certain wavelength becomes

reflecting at other wavelengths and angles.
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Figure 4.2 Calculated reflectivity of single layer AR coat as function of wavelength at
different angles of incidence 8 = 0°, 30", 60°. Notice how the minimum of reflectivity lifts
and shifts to shorter wavelengths at wider angles of incidence. Calculated for a 100 nm layer

of refractive index n, = V3.3 on top of a semiconductor of refractive index ng = 3.3.

In the above treatment of AR coats, we neglect the absorption of the optical materials.
This is usually a good approximation since, for most semiconductor, the absorption visible
wavelength is sufficiently weak that kg <« ng. For reflection from an absorbing medium, ng
should properly be replaced by the complex refractive index ng — 4kg in Egs. 4-5~4-9 and R

calculated with complex arithmetic. The incident medium should of course be non-absorbing.
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According to Eqg. 4-11, the ideal AR coat material for silicon should have a refractive
index of around 1.84, and for GaAs, 1.90. Good materials are silicon nitride which has n; =
1.97 and tantalum oxide with n; = 2.1. These give relectivities of less than 1% at normal

incidence at the optimum wavelength.
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Figure 4-3 Calculated reflectivity of double layer AR coat, optimized for 700nm. The

reflectivity of a single layer is presented for comparison.

Improved reflectivity over a band of wavelengths can be achieved with two or more thin
films. The greater the number of layers, the greater the range of wavelengths over which the
reflectivity can be minimized. Multiple layers are not usually practical for solar cells, given
their cost and the sensitivity to angle of incidence, but double layers are used on some hith
efficiency cells. Layers should be deposited so that refractive index increases consecutively

from air (ng) to first coat (n;) to second coat (n,) to semiconductor (ns). Reflectivity vanishes
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when both films have quarter-wave thickness and

(3)2 = = (4-12)

ng Ng

This condition allows a little more flexibility in choice of materials than the single layer
case. In some cell designs, where a wide band gap window layer is present for improved
carrier collection, a double layer AR coat can be made simply by choosing an optical coating
with refractive index n; satisfying Eq. 4-12 where n; is the refractive index of the window
layer, and choosing appropriate thicknesses. This has been done with GaAs devices having a

high aluminium content AlGaAs window. [6]

4.2 —Light confinement

In contrast to anti-reflection coats, which increase the fraction of photons admitted to the
cell, and concentration which increase the incident flux, light confinement techniques increase
the path length of photons inside the cell, once admitted. Increasing the path length increases
the probability of photogeneration per incident photon, particularly when the absorption
coefficient is small, increasing the absorbed fraction. Light trapping is normally considered in
the regime of geometrical optics where structures are large compared to the coherence length
of the light, and light rays with different history do not interfere. This is a good approximation
in silicon where cells are hundreds of microns thick. In micron scale structures, light should
be treated as coherent and interference becomes important. In such systems, classical ray
tracing approaches are not valid, and the photogeneration rate must be found from the

gradient of the Poynting vector.
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The simplest light trapping scheme is to introduce an optical mirror at the rear surface of
the cell, either by metallising the rear cell surface or by growing the active layers on top of a
Bragg stack. The mirror typically reflects over 95% of rays striking the rear surface. Rays
which subsequently reach the front, semiconductor-air, surface are likely to pass through
since the reflectivity of that interface must be small for efficient light capture. So the rear
mirror effectively doubles the path length of the light. For an ideal mirror (with R = 1) and

ideal front surface (with R = 0) the path length is 2w.

The simplest is where one surface is tilted relative to the other. Consider a rear surface
tilted at an angle O g relative to the planar front surface, as in Figure 4.4. When 0 4; >
1/2*8 ., normally incident rays will be reflected from the rear surface at an angle greater than
0 ¢, and be totally reflected at the front. If a ray strikes the same portion of the rear surface on
the second pass, it will be reflected at-an even wider angle, and trapped again. For uniform
cell width, both positive and negative tilt angles must be present, so that trapped rays will
eventually be reflected at narrower angles and escape. If the positive and negative tilt angles

are equal, then each ray makes a multiple of four passes across the cell.

Figure 4.4 Light trapping structure with a tilted rear surface, illustrating a ‘double bounce’

light path. [6]
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V. Rigorous Coupled-Wave Analysis Method [22]

The diffraction of electromagnetic waves on periodic structures is an important problem
with numerous physical and engineering applications. The core algorithm, which is based on
Rigorous Coupled-Wave Analysis (RCWA), is a rigorous, fully-vectorial solution of
Maxwell's equations [2-2][2-3]. The Rigorous Coupled-Wave Analysis (RCWA) method
calculates the diffraction efficiency and field distribution for a 2D or 3D periodic structure. It
helps in the design process of applications such as sub-wavelength structures, photonic band
gap crystals, and other grating-assisted devices. The RCWA method splits the simulated
structure into several parts with optical properties independent in the main propagation
direction (i.e., the z direction in this study).-Figure 5.1 shows a simple case with only one

grating layer. The simulated region is defined by surperstrate, grating, and substrate region.

)
- .
Substrate region
Grating region
X
EEEEE I-‘ .
& Superstrate region
0;
k k
TM Polarization H TE Polanization E
E H

Figure 5.1 The schematic picture of a simple case in the RCWA method. The light is launched
from the superstrate region. The analyzed structure is a grating. In the algorithm of RCWA

method, all the periodic structures will be split up many such simple grating forms.
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By factoring out an assumed time harmonic factor exp(-iot) , Maxwell’s equations can

be expressed as:

5} 5}

EEZ - EEY = /L(A)}J.HX

0 0 .

EEX - &EZ = /L(Dl.lHy

0 0 ,

&Ey - a_yEX = ’L(A)IJ.HZ

0 0 .
O_yHZ - aHy = —’LQ)EEX
0 0 .

o, Hx — 5 -H; = —iweEy
0 0 .

7 Hy _EHX = —iweE,

By substituting Egs. (5-3)(5+6) into Egs. (5-1)(5-2)(5-4)(5-5),

transverse format of Maxwell’s equations:

9 E. = iiliHX+ (iili+/l:(x)|.1) Hy

9z X w 0x € 0y @ 0x £ dx

2= (H2120 )i lity

oz Y w 0y € dy ® dy € 0x Y
d i d 0 —-i d 0

“Hy= ———E (————ms)E
oz X wpoxdy X T Wl 0xX 0xX y

d (’L 0 , i 0 0

—H, = ———+/Lu)£)E +———

oz Y wp dy 0 X poyox Y

(5-1)

(5-2)

(5-3)

(5-4)

(5-5)

(5-6)

we derive the following

(5-7)

(5-8)

(5-9)

(5-10)

In order to solve these equations, we need to break the grating structure into simple

building blocks with a vertically homogenous region (i.e., a region with value of constant ¢ in

the z direction). A complicated multilayer periodic structure can be decomposed into stacks of

such basic building blocks. Then, the RCWA method applies the Fourier wave expansion in a

homogeneous layer and Block wave expansion in a periodic structured layer, where has a

variation of permittivity in the lateral direction. According to Bloch’s Theorem, field

components in a periodic layer can be expressed as:
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Ey = exp(iky X + iky 0y) Xp Xq €xp <’L 2: X+ 14 —qy m Axmp,qlfm€xp(ikmz) + gmexp(—ikyz)]  (5-11)

Ey = exp(ikyox + iky0y) Xp Xq €Xp <’L i: X + /L— y) YmaympqlfmeXp(ikmz) + gmexp(—ikyz)]  (5-12)

Hy = exp(ikyox + 1ky 09) By Zq exp (455 px + 437qy) En by mpalfnexp(itn2) = gmexp(—ixnz)] (5-13)
Hy = exp(ikyox + 1ky05) Zp Zq exp (¢ 55px + 4570y ) T by mpalfmexp(in2) — gmexp(—ix2)] (5-14)

The number of expanded waves is theoretically infinite. However, this is impractical in
real numerical calculation. The wave expansions have a truncation called the Fourier
harmonic number, which indicates the number of the expanded waves to solve the simulation.
Then, the |p| and |g| are the integers smaller than the Fourier harmonic number. The complex
permittivity of the grating region is also. defined by the summation of Fourier series. These
waves are coupled to each other.and the full vectorial Maxwell’s equations to be solved in the
Fourier domain. The diffraction efficiencies are.then calculated at the end of simulation. The
spatial field distribution with each Fourier harmonic number can be derived and then the total
electromagnetic field is a sum over these fields. A detail derivation of the RCWA method and

its open questions can refer to Ref. [23].
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VI. Application of embedded sub-wavelength substrate on

amorphous silicon thin film solar cell

Photovoltaic technology has received increased attention as one of the most promising
approach to carbon-free energy production. In recent years, almost 90% of the photovoltaic
industry market is dominated by traditional wafer-based silicon solar cells. But the cost of
wafer-based silicon solar cells be limited by the cutting technology and is very difficult to
reduce. Si-based thin-film solar cells have been a rising star in the photovoltaics industry in
the last few years, owing to the advantages of less material usage and large area production
[24]. Moreover, using nanostructures is also an appealing solution for increasing
performances or lowering manufacturing- cost ~of photovoltaic devices. However, the
efficiency of thin film silicon solar cellscritically depends on optical absorption in the silicon
layer since silicon has low absorption coefficient in the red and near-infrared (IR) wavelength
ranges due to its indirect bandgap nature. In-typical thin film cells the thickness of the
absorbing layer is governed by a.tradeoff: the absarber must be optically thick to absorb a
significat fraction of the incident photons at the same time the material has to be good enough
to enable minority carrier collection lengths larger than the material thickness. These dual
requirements largely define the cost per Watt of photovoltaic power. Therefore, for such
thin-film structures, shortage of optical absorption length and insufficient optical coupling
into the photo-active layer are the major challenges. Efficient light management of reducing
the surface reflection as well as increasing the optical path for low energy photons are

important, especially in the performance improvement and cost reduction.

In the past, a multilayer antireflection coating (ARC) was commonly used to reduce
surface reflection [25][26]. On the other hand, light trapping also provide another method to

increase the photon absorption, utilizing geometries to increase the optical path of the photons
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near the band edge of the photo-active layer. Conventional light trapping scheme of thin film
solar cells focuses on engineering the backside structures, which scatter or diffract the
incompletely absorbed photons to oblique angles and hence enhance the propagation length
within the absorption layers [27]-[29]. However, the backside structures only passively
increase the optical path without the function of antireflection that actively introduce more
photons into the cell. Therefore, geometries that simuntaneously reduces the broadband
surface reflection and provides light trapping are highly desirable for high efficiency solar

cells.

This section describes using the silicon nitride sub-wavelength structure on amorphous
silicon solar cell to enhance the light flux, light trapping effect and power conversion
efficiency. In traditional fabrication processes, first deposit an ITO layer as the front contact,
and the thickness is about 80 nm. This-thickness of the ITO layer is for the best anti-reflection
effect of thin film at 600 nm wavelength. Sequentially. it deposited the p, i, n layers of
amorphous silicon on the ITO layer. Finally are another ITO layer as rear contact and an Al
metal layer as back reflector. However, these-each layer of tradition structure is constituted by
flat films, and then it is undesirable of anti-reflection and light trapping effects. Therefore, we
hope that a silicon nitride layer is added between the first ITO layer and glass. At the same
time we make the sub-wavelength structure on the silicon nitride layer. This can maintain the
shape of sub-wavelength structure on the following deposition films. We hope using a
structure to meet the function of light trapping and anti-reflection effect. It is expected that
this nanostructure can improve the short-circuit current density and power conversion

efficiency of solar cells.

We combine both antireflection and light trapping mechanisms by using front
pre-patterned nanostructures on the substrate to fabricate a-Si:H solar cells. The pre-patterned

nanostructures were fabricated on the SiNx layer utilizing polystyrene (PS) colloidal
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lithography, which is suitable for large area production. Then the following standard
structures are reproduced layer by layer during the deposition of a-Si:H cells. We believe this
novel patterning method is not restricted to a-Si:H solar cells, but is also widely applicable to

other thin film materials.

6.1 Fabrication processes

The fabrication of our structure was done on a SiNy layer deposited on a glass substrate
using colloidal lithography followed by a reactive ion etching technique [30]-[33]. The choice
of SiNx patterning could function as an index matching layer, while avoid potential damages
resulting from patterning the frontal transparent conductive oxide. As illustrated in Figure
6.1(a), a 500 nm thick silicon-nitride (SiNy) layer was first deposited on a glass substrate via

plasma-enhanced chemical vapor deposition (PECVD).

(a) (b)ce
A

SiNx SiNx

Glass Glass

Figure 6.1 In this study, the process of pre-prepared samples. (a) The silicon nitride (SiNy) of
500 nm was deposited on a glass substrate by using plasma-enhanced chemical vapor
deposition (PECVD). (b) The polystyrene (PS) nanospheres was spun on the surface of the
SiNy layer, forming a close-packed monolayer mask, and then shrink the size of the PS

spheres.
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Figure 6.2 The top view SEM images of the closely packed polystyrene nanospheres on the

SiNy layer.

Then, polystyrene (PS) nanospheres with a plurality of 10 wt.% and diameter of 600 nm
was spun-coated on the surface of the SiNx layer, naturally arranging into a closely packed
triangular lattice, which served as a self-assembled monolayer mask, and the SEM is shown in
the Figure 6.2 [34]-[49]. Subsequently, inductively-coupled-plasma reactive ion etching
(ICP-RIE) with incident oxygen (O) plasma was-performed to shrink the size of PS spheres in
order to facilitate the etching of SiNy. The flow rate was set to be 20 sccm with a chamber
pressure of 0.06 Pa and an RF power of 100 W. It is worth noting that the positions of PS
spheres did not change during the size shrinking, as shown in Figure 6.1(b). The separations
between PS spheres increased as their sizes decreased. Next, the ICP-RIE was performed on
SiNy and PS spheres with a CHF3 /O, flow rate of 5/5 sccm, a chamber pressure of 1.33 Pa,
and an RF power 150 W. The residual PS nanospheres were then removed by dipping into
acetone with sonification for 5 min., as schematically shown in Figure 6.3(a). Figures 6.3(b)

to 6.3(d) illustrate the deposition of a single-junction a-Si:H solar cell.
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Figure 6.3 The device fabrication process of front pre-pattern substrate a-Si solar cell.

First, an 80 nm thick indium tin oxide (ITO) layer was deposited by DC sputtering. Then,
the a-Si:H active layer with a total thickness of 292 nm (p/i/n=12/260/20 nm) was deposited
using a high-density-plasma chemical-vapor-deposition (HDP-CVD) system with a growth
temperate of 200°C, a constant total pressure at 900 mTorr, and a plasma power density of
0.06 W/cm?. Finally, an 80 nm-thick indium tin oxide (ITO) layer and 500 nm of aluminum
were capped on top as the back electrode and reflector. Control cells were also fabricated on a
flat glass substrate with a sputtered ITO layer and a commercially available Asahi U-type
glass, denoted as the flat and the Asahi U cell, respectively. Figure 6.4(a) is the scanning

electron microscopic (SEM) images of the resulting SiNx nipple nanopattern.
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Figure 6.4 Scanning electron microscopic (SEM) images of the fabricated SiNx nipple arrays:

(a) a 45-degree tilted top view and (b) a cross-sectional view.

The bottom width and height of nipple pattern can be controlled by varying the etching
duration and conditions. As shown in Figure 6.4(b), the height and the bottom width of the
patterns are ~450 nm and =300 nm, respectively. Figure 6.5 shows a cross-sectional
transmission electron microscopic (TEM) image of the fully fabricated solar cell on the pre-
patterned substrate. The conformal - deposition of ‘individual layers is clearly resolved

without cracks or voids that could adversely affect the device characteristics.

Figure 6.5 The cross-sectional TEM image of a fabricated solar cell on the pre-patterned

substrate.
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By the way, the commercial Asahi U-type substrate is a simple glass combined with one
layer TCO. And the TCO layer is composed of SnO,:F. However, this type of TCO layer will
produce naturally variable degrees of surface roughness during the deposition. And the
roughness R.M.S. is about 40nm. The extent of these surface roughnesses is random and not
easy to control. The surface SEM image is shown in the Figure 6.6, and Figure 6.7 is the

AFM image.

200.0 nm

100.0 nm

0.0 nm

Figure 6.7 AFM image of the Asahi U-type sample
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6.2 Experimental results and discussions

Our experiment structure is a embedded front pre-patterned nipple-shaped structure. This
structure is mainly expected using the gradient refractive index effect (see Figure 6.6) to
achieve anti-reflective and producing light trapping effect at the same time [50]-[56]. The
light trapping effect is produced when the light touch to the nano-structure which bring the
phenomenon of diffraction and scattering. This can change the travel direction of light and let
the light have a longer optical path when it passes in the active layer. At the interface due to
the relationship of incident angle is more prone to total reflection, and thus light can be

confined to the active layer, to provide more opportunities for long-wavelength light

absorption.
A High air density spacing< A ray
Height
—>
Nett.
Index Profile Substrate

Figure 6.8 Schematic diagram of the sub-wavelength structure for antireflective by gradient
refractive index. When the nano-structures is less than the wavelength of incident light, this
anti-reflective nano-structure layer can use spatial gradient structure to achieve the effect of
graded refractive index. The structure close to the end of air is a higher air ratio and a low
refractive index, but the structure close to the end of structure is a lower air ratio and a high

refractive index.
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6.2.1 Integrating sphere reflectance measurement

To characterize the effects of antireflection and light trapping on these PPS solar cells,
this shows the absorption spectrum measured (A=1-R) by an integrating sphere at normal
incidence (see Figure 6.7). The cell that utilizes pre-patterned substrate shows superior
absorption in the entire spectrum than that of the flat cell. The absorption enhancement is
substantially increased in the wavelength range between 600 nm and 800 nm, resulted from
the both light trapping and antireflection effects of the pre-patterned substrate. The PPS
structure scatters the incident photons and enhances the transmittance of the substrate
simutaneously. In addition, the enhanced absorption at the short wavelength range (A<600nm),
is resulted from antireflection effect by the effective refractive index only since the optical

length for complete absorption is smaller than the thickness of p-i-n absorber layer.
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Figure 6.9 The spectrum of cell absorption at normal incident.
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6.2.2 External quantum efficiency measurement

Figure 6.8 is the external quantum efficiency (EQE) of three type structures. The EQE
enhancement indicates the increased optical absorption. We also can see the enhancement
cover most of the solar spectrum that is absorptive to a-Si:H solar cells. The same obvious
phenomena of antireflection effect at short wavelength and light trapping at long wavelength

also can be found in the EQE spectrum.

400 500 600 700 800
Wavelength {nm})

Figure 6.10 The external quantum efficiency (EQE) of the cell for three type substrates.

Figures 6.9(a) and 6.9(b) present the calculated enhancement factors of EQE of textured
cells with respect to the flat control cell for wavelengths below and above 600 nm,
respectively, where the enhancement factor is defined as A EQE=EQE/EQEFRr 4. It can be seen

in Figure 6.9(a) that the antireflection property of the PPSs increases the photocurrent
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generation by roughly 20% for wavelengths between 400 nm and 575 nm, which is better than
the Asahi U cell in this spectral range. For wavelengths longer than 575 nm, the photocurrent
generation of the PPS cell achieves 2 to 12-fold enhancements, compared to the control cell,
shown in Figure 6.9(b). The significant improvement in the infrared region indicates that the

PPS can also effectively enhance the absorption by light trapping as well as the Asahi U.
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Figure 6.11 The improvement factors of the EQE (A EQE) for EBN and Asahi U, (a) between

400 nm and 600 nm, and (b) between 600.nm and 800 nm.

Figure 6.12 is the internal quantum efficiency (IQE) of the cell for three type substrates.
Since we cannot directly measure the 1QE of cells, so we obtained the result by through the
calculation of EQE/absorption. From the figure, it can be seen that the three types of cells
have almost the same IQE in the short wavelength. This situation shows that three
components have almost the same growth characteristics of materials. But the flat cell curve
has some ripple between the wavelength range of 575nm and 675nm. Speculated that the
ripple is caused by the fluctuations of absorption curve, and this may be influenced by the

constructive interference or destructive interference of light wave in the glass or SiNx layers.
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Figure 6.12 The internal quantum efficiency-(IQE) of the cell for three type substrates.

6.2.3 Power conversion efficiency measurement

The J-V measurement was performed under a simulated AM1.5G illumination condition
(Oriel Class A 1000W) at room temperature following standard calibration and measurement
procedures (see Figure 6.10) [57]. The detail electrical information is in the Table 6.1. The
open voltage and fill factor for the PPS and flat cell remain aproximately the same. The
increased efficiency (from 5.36% to 8.38%) is resulted from the enhanced short-circuit
current density (from 12.89 mA/cm? to 19.77 mA/cm?). The PPS cell also shows superior
conversion efficiency and current density to the cell that utilized with commerciallized Asahi

U-type substrate.
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Figure 6.13 J-V measurements of the-flat reference, PPS, and Asahi U cells.

Table 6.1 The detail electrical-information of J-VV measurements.

Flat PPS Asahi U
V.. 0.74 0.75 0.86
e 12.89 19.77 17.24
FF. 56.18 56.25 51.94
| 5.36% 8.38% 7.70%
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6.3 Angular absorption

Furthmore, we measured the angle-resolved absorption spectroscopy of the reference flat
cell and the PPS cell (see Figure 6.11). From the absorption color maps, it can be clearly seen
that the PPS cell exhibits less dependency on wavelengths and incident angles than the flat
cells. The PPS structure serves as an omnidirectional antireflective layer, which sufficiently
couples the broadband oblique incident waves into the the absorber layer, up to 60°. The

results guarantees sufficient light harvesting for the entire day.
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Figure 6.14 The angle-resolved absorption spectroscopy for the cell with the (a) flat substrate

and (b) PSS substrate.

6.4 Simulation

We also optimize the frontal pre-patterned substrate structures based on the theoretical
calculation using a three-dimensional rigorous coupled wave analysis (RCWA) method. The

approach has been utilized to investigate the diffraction and transmission properties of
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nano-scale structures. In our simulation, we focus on the optimization of the polystyrene
nanospheres of 600 nm period. So the simulated structural parameters include the bottom
width and height of SiNx nipple pattern, as shown in Figure 6.12. In the implementation, the
bottom width of SiNx nipple pattern can be controlled by the shrink size of the PS spheres
before the etching process and the height of SiNx nipple pattern can be adjusted by the

etching time.

Al
ITO

A\ Tes63)

Figure 6.15 The cross section of simulation model structure and the modulation parameters.

The simulated unit cell consists of 3x3 elements in a hexagonal array. Moreover, the
material dispersion of each layer is also considered for wavelengths between 300 nm and 800
nm. Accordingly, we calculate the a-Si layer absorption which is a function of the bottom
width varying between 400 nm and 600 nm, and the etching height of SiNx nipple pattern
from 50 nm to 500 nm. The resulting short-circuit photocurrent (Js) is calculated using the
following equation, taking into account the AM1.5G spectrum and the material response, i.e.

internal quantum efficiency:

I __ e 800 nm
SC ™ hcJ300nm

A XIQE() X Agim(A) X Iam1.56(A)dA (6-1)

where Ag;,,(A) denotes the value of calculated absorption.
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In the calculation result, we can clearly see that a relative maximum value appearance
(see Figure 6.13). The enhancement scale bar is compare with the flat cell current density of
simulation. The optimal Js is obtained for the bottom width and height of 500 nm and
400~450 nm, respectively. According to our previous experimental results, now the height of
the actual device patterns is 300 nm and the bottom width of the patterns is 450 nm. Therefore,
if the fabrication parameters can be precisely controlled, higher Js. can be obtained by more
significant antireflection and light trapping effect. Overall, the simulation technique is

powerful and allows customized absorption engineering for solar cells with nanostructures.
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Figure 6.16 The calculated short-circuit current density enhancement compared to the
reference flat cell as a function of the bottom width (W) and height (H) of SiNx nipple

pattern.

53



VIL. Conclusion

In summary, we demonstrate a pre-pattern substrate on a-Si thin film solar cells, to serve
both anti-reflectance and light trapping. The fabrication of the PSS is based on the colloidal
lithography and the reactive-ion etching technique, which is applicable for large area
production. The pre-patterned structure embedded in the amorphous materials demonstrates
sufficient light coupling at normal incidence, enhancing the photon absorption. The power
conversion efficiency of the pre-patterned cell was measured 8.38%, which showed 56.34%
and 8.83% enhancement compared to the reference cell with a flat substrate and the
commercialized Asahi U-type substrate, respectively. Angle-resolved absorption spectroscopy
measurements also show enhanced light-coupling to the cells at oblique angle of incidence.
This result can directly impact the attainment of scalable renewable energy from a-Si
thin-film solar cells. Finally,-we_obtained the optimized pattern by rigorous coupled wave
analysis method. The best structure on our pre-patterned substrate is 500 nm bottom width
and 400~450 nm height of SINX.nipple pattern. The resulting light management effects
directly enable high-efficiency a-Si:H"solar cells and are also broadly applicable to other
common thin film solar cells such as poly- and micro-crystalline Si, CdSe, and organic solar

cells.
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