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Abstract

In order to improve the optical losses of spherical silicon solar cells, new fabrication designs
were presented. The new device structures are fabricated based on integration of nanostructures
into spherical silicon solar cells. These new device structures include: spherical silicon solar cells
integrated with nanostructured antireflection coating layers, spherical silicon solar cells with

hemispherical nanopit texturing, and cells integrated with colloidal quantum dots.

Silicon spheres were characterized by means of transmission electron microscopy (TEM), single-
crystal x-ray diffraction and x-ray powder diffraction to establish the crystallinity nature of the
silicon spheres. Furthermore, the material properties of silicon spheres including surface
morphology, microwave photoconductivity decay lifetime, and impurity elemental distributions

were studied.

Silicon nitride antireflection coating layers were developed and deposited onto the spherical
silicon solar cells, using a PECVD system. A low temperature hydrogenation plasma technique
was developed to improve the passivation quality of the spherical silicon solar cells. The spectral

response of silicon spheres with and without a silicon nitride antireflection coating was studied.

We have successfully developed and integrated a nanostructured antireflection coating layer into
spherical silicon solar cells. The nanostructured porous layer consists of graded-size silicon
nanocrystals and quantum-size Si nanoparticles embedded in an oxide matrix. This layer has
been characterized by means of scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Scanning tunneling TEM, energy filtered TEM, transmission electron
diffraction (TED), electron energy loss spectroscopy (EELS), energy dispersive x-ray (EDX),

Raman spectroscopy and photoluminescence spectroscopy (PL).

We developed a novel technique of electrochemical etching for silicon surface texturing using a
liquid-phase deposition of oxide mask. Using a focus ion-beam (FIB) technique, cross-sectional
TEM samples were prepared to investigate the nature of texturing and the composition of the
deposited mask. The hemispherical nanopit texturing was successfully integrated into spherical

silicon solar cells and the etching mechanisms and the chemical reactions were discussed.

CdSe colloidal quantum dots with diameter of about 2.8nm were integrated into a graded-density
nanoporous layer. This structure was implemented on the emitter of the spherical silicon solar

cells and the spectral response with and without incorporation of QDs was studied.
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Chapter 1

1.1 Introduction

Among renewable energy resources, photovoltaics (PV) are an attractive technology since it can
directly convert solar energy into electrical energy without involving any moving parts such as a
turbine. As a long-term, environment-friendly, and reliable energy source, solar photovoltaic is a
promising technology for the future. According to Photovoltaic Technology Status and Prospects
Canadian Annual Report (2006), growth in the Canadian sector has been more than 20%
annually between 1993 and 2006. However, with a price of about 20 cents/kWh, photovoltaic
power is still an expensive source of energy. Therefore, cost reduction and conversion efficiency

improvement through technological advances is required to make PV a major energy source.

1.2 Solar energy

Crystalline Si solar cells have remained a dominant technology in the photovoltaic (PV) industry
due to their high reliability and high conversion efficiency.? Although the single-crystal cells
offer high efficiencies, due to the high cost of solar-grade Si wafers, cost reduction through
technological advances is required to make PV a major energy source. During past decades,
various alternatives such as thin film solar cells,*® organic PV devices,® solar cells based on

nanostructured material*°, etc., have been widely considered to develop less expensive



technologies. Thin film technologies mainly amorphous silicon (a-Si), cadmium telluride (CdTe)
and copper indium gallium selenide (CIS/CIGS) have been industrialized and are produced by
many companies. These technologies, as compared to crystalline silicon, require less expensive
material and fewer steps to fabricate. However, the main drawback is lower efficiency and lack
of stability. Organic solar cells can be processed from solution and have shown conversion
efficiency improvement in recent years (close to 9%). However, due to the lack of stability, they

are still far from PV market.

In spite of all attempts to increase the conversion efficiency and to decrease the production cost
of solar cells, the price per watt of solar energy is still several times higher than the electricity
produced by other resources such as natural gas, oil, hydroelectric, coal, and nuclear.

1.3 Motivation of this research

The spherical Si solar cell is relatively new technology based on crystalline silicon spheres with
a diameter of about 1mm. This technology has been a research goal due to the low-cost
fabrication process, high performance, and mechanical flexibility when embedded into flexible
aluminum foils.1** In this technology, small single-crystal Si spheres with different qualities
from metallurgical to semiconductor grade are produced by the melting and recrystallization of
Si feedstock. Therefore, silicon spheres can be obtained directly from molten Si without a cutting
or polishing process, which makes them a promising candidate for low-cost PV modules.
Furthermore, Si spheres can be embedded in transparent substrates to manufacture semi-
transparent silicon solar cells.

Optimization of the optical losses of spherical silicon solar cells is one of the most important
techniques for improving the short-circuit current density and hence the efficiency of these cells.
However, due to the shape of the silicon spheres embedded in aluminum foil, conventional
deposition methods cannot easily be applied to make a uniform antireflection coating (ARC)
layer on spherical silicon solar cells. Furthermore, texturing of silicon spheres embedded in
aluminum foil is not feasible using established texturing methods.

Nanoporous Si layers have been successfully used as an effective anti-reflecting coating in
crystalline silicon solar cells. Furthermore, nanoporous layers can be fabricated by an

electrochemical etching process and can be uniformly coated over the silicon spheres. We could



successfully develop and integrate a nanoporous layer into spherical silicon solar cells. This layer
in initial studies showed incredible properties such as significantly high luminescence and
suppression of reflectivity at a wide range of spectral response. By development of this layer, a
nanostructured porous layer consisting of graded-size silicon nanocrystals and quantum-size Si
nanoparticles were obtained. The graded-size structure explains the suppression of reflectivity at
wide range of spectral response (black silicon) and quantum-size silicon nanoparticles with
dimensions less than 2nm justify the significantly high luminescence. This layer, due to the
quantum confinement effects, shows incredible properties such as enhanced luminescence, light
trapping, photon shifting and band-gap opening. Band-gap opening in the emitter structure
minimizes the absorption of photons in the dead layer and improves the short circuit current.
This layer has been extensively characterized and the solar cell characteristics, integrated with
this nanostructured anti-reflecting coating, were studied.

In a different design, we also pursue the nanotexturing of sphere silicon solar cell. Texturing is a
basic and a fundamental step in the fabrication of silicon solar cells which improves the light
trapping and hence the short circuit current. However, conventional texturing methods cannot be
applied to silicon spheres. We have developed a hemispherical nanopit texturing based on
electrochemical etching of silicon spheres in a solution of hydrofluorosilicic acid (H2SiFs). Since
H>SiFs is a byproduct of etching of silicon in hydrofluoric acid (HF), this solution is normally
not used for etching of silicon. However, using electrochemical etching without any lithography
step, a uniform surface nanotexturing with etch pits of about 300-700nm depth is performed.
This novel method of texturing was extensively studied and the characteristics of spherical
silicon solar cells textured by this method were investigated.

Next generation photovoltaic technology based on quantum dots and concepts such as down-
conversion and down-shifting is promising a significant increase in the conversion efficiency of
solar cells. Therefore, investigation and development of methods for the integration of quantum
dots (QDs) to silicon solar cells may lead to photovoltaic devices which can harvest the solar
energy more efficiently. We have studied different methods of arrangement, assembly and
integration of QDs into spherical silicon solar cells. We successfully fabricated a QDs-embedded
layer by processing colloidal QDs into a graded-density nanoporous silicon layer. This structure
is implemented on top of the emitter of spherical silicon solar cells and the spectral response with

and without QDs incorporation was studied. However, the promising efficiency improvement



that the theory of quantum dots predicted was not observed but absorption of optically active
quantum dots, along with the enhancement of high-energy photons conversion efficiency was

observed.

1.4 Objectives of this research

» Characterization of silicon spheres to establish the crystallinity nature of silicon
spheres. Furthermore, material properties of silicon spheres including surface
morphology, microwave photoconductivity decay lifetime, and impurity elemental
distributions will be studied.

> Development of silicon nitride layers using PECVD technique, to improve
passivation/ARC layers for silicon spheres.

» Process development to fabricate spherical silicon solar cells with selective emitter
structure. The depth of junction in spherical silicon solar cells is higher than
conventional solar cells which are fabricated on flat silicon wafers. In order to reduce
the shunt problem across the p-n junction where aluminum foil is thermally bonded to
the silicon spheres, the depth of junction is kept above 0.7um.

> Integration of nanostructured antireflection coating layers to suppress the reflection in a
wide range of spectral response.

> Integration of QD-embedded thin films into spherical silicon solar cells with high
luminescence in the range of optimum quantum efficiency of the device.

> Development of novel nanotexturing techniques that can be applied as a post-process
method to spherical silicon solar cells. Texturing of silicon spheres embedded in
aluminum foil is not feasible using established texturing methods.

» To study and develop different methods of processing and embedment of
semiconductor QDs

> Integration of the CdSe colloidal QDs into silicon spheres and study of the effect of
CdSe QDs on the spectral response of spherical silicon solar cells.



1.5 Thesis outline

The following chapters of this thesis are dedicated to brief literature review (Chapter 2),
experimental results of material characterization of silicon spheres (Chapter 3), baseline
fabrication process and fabrication of new designs (Chapter 4), development of SiNx
passivation/ARC layers for spherical silicon solar cells (chapter 5). The new device structures are
fabricated based on integration of nanostructured layers into spherical silicon solar cells.
Spherical silicon solar cells integrated with nanostructured antireflection coating layers are
investigated in Chapter6. Hemispherical nano-pit texturing structure and integration of colloidal
QDs into spherical silicon solar cells will be discussed in Chapter 7 and Chapter 8, respectively.
In Chapter 2 (literature review), the methods of formation of silicon spheres are reviewed and the
fabrication process of spherical solar cells is explained. Furthermore, the advantages of Spheral
silicon technology, as compared to other technologies are discussed. Since the developed
nanostructured layers and nanotexturing are based on electrochemical etching techniques, the
electrochemical etching of silicon and formation of nanoporous silicon has been reviewed.
However, there is no previous study of porous silicon on spherical silicon solar cells. Also, there
is no literature review on the texturing of silicon in H,SiFs solution. In this chapter we also
briefly review the quantum confinement effects in semiconductor nanocrystals.

Chapter 3 discusses the experimental results of material properties and characterization studies
performed on silicon spheres. The scanning electron microscopy was used to study the shape and
surface morphology of the silicon spheres as well as surface defects. Crystallinity of silicon
spheres was investigated by means of single-crystal x-ray diffraction (XRD), x-ray powder
diffraction, and transmission electron microscopy. Elemental distribution on the polished surface
of silicon spheres was studied using the secondary ion mass spectroscopy (SIMS) imaging
technique. The microwave Photoconductivity decay technique was used to obtain the minority
carrier recombination lifetime in silicon spheres.

Chapter 4 covers the baseline fabrication process of silicon spheres and fabrication of new
designs. These new device structures include: spherical silicon solar cell integrated with
nanostructured porous layer, sphere silicon solar cells with hemispherical nano-pit texturing, and
cells integrated with colloidal quantum dots.

In Chapter 5, silicon nitride passivation/ARC layers are developed and deposited onto spherical

silicon solar cells. Furthermore, a low temperature hydrogenation plasma technique was
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developed to improve the passivation quality of spherical silicon solar cells. The cell
characteristics were studied.

In Chapter 6, the result of characterization studies of graded-density nanoporous layer with Si-
QDs embedded layer is presented. This layer has been characterized by the means of scanning
electron microscopy (SEM), transmission electron microscopy (TEM), Scanning tunneling TEM,
energy filtered TEM, dark-field TEM, transmission electron diffraction (TED), electron energy
loss spectroscopy (EELS), energy dispersive x-ray (EDX), Raman spectroscopy and
photoluminescence spectroscopy (PL). Furthermore, we have successfully integrated this layer
into silicon spheres, and the solar cell characteristics were studied.

Chapter 7 covers the integration of hemispherical nanopit texturing to spherical silicon solar
cells. The etching simultaneously occurs during liquid-phase deposition (LPD) of a mask on the
surface of the silicon, without requiring any lithography process. Using a focus ion-beam (FIB)
technique, cross-sectional TEM samples were prepared to investigate the nature of texturing and
the composition of the deposited mask. The related chemical reactions responsible for LPD SiOx
deposition and electrochemical etching of silicon were studied. The cell characterizations
including external quantum efficiency were presented.

In Chapter 8, we discuss different methods of processing and embedment of semiconductor QDs.
These methods are mainly based on embedment of colloidal quantum dots in metal oxide layers.
We also successfully fabricated a QDs-embedded layer by processing colloidal QDs into a
graded-density nanoporous silicon layer. The spectral response measurements with and without
QDs incorporation was studied.

The whole work is concluded in Chapter 9 of the thesis.



Chapter 2

Literature Survey

Among silicon solar cell technologies, spherical Si solar cells have been a research goal due to
their low-cost fabrication process, high performance, and mechanical flexibility when embedded
into flexible aluminum foils.!1* In this technology, small single-crystal Si spheres with different
qualities from metallurgical to semiconductor grade are produced by melting and
recrystallization of Si feedstock. Therefore, silicon spheres can be obtained directly from molten
Si without a cutting or polishing process, which makes them a promising candidate for low-cost
PV modules. Furthermore, Si spheres can be embedded in transparent substrates to manufacture
semi-transparent silicon solar cells.

In this chapter the methods of formation of silicon spheres are reviewed and the fabrication
process of spherical solar cells is discussed. Due to the shape of the silicon spheres and
embedment of spheres in a perforated aluminum foil (non-planar), conventional methods cannot
easily be applied in the fabrication process of silicon solar cells. For instance, texturing of silicon
spheres and also deposition of a uniform ARC layer onto the spherical silicon solar cells are
challenging steps. We have developed a novel method of texturing based on the electrochemical

etching of silicon which has been applied to silicon spheres to create a uniform hemispherical



nanopit texturing. Also, for the first time, we have applied nano-porous Si layers to silicon
spheres. Since these methods are based on the electrochemical etching of silicon, in this chapter
we also review the electrochemical etching process including its application in solar cells.

In section 2.1, the formation methods of silicon spheres including dropping method and
spheroidization by surface tension, are explained and the fabrication process of solar cells is
discussed. In section 2.2, the electrochemical etching of silicon and formation of porous silicon
reviewed. Alternative methods to produce porous Si are also discussed briefly.

In section 2.3, semiconductor QDs and their application in solar cells as a down-shifting layer

are discussed.

2.1. Spherical solar cell technology

Compared to other methods such as FZ technology®®, CZ technology*® or the cast silicon method,
spherical silicon is relatively new technology. In ingot technologies, the silicon wafer is obtained
through cutting and polishing processes which produce waste material. Although ingot
technologies produce high quality silicon, due to the waste, further cost reduction is difficult. In
this technology, silicon spheres can be produced in different sizes (1-2mm) directly from molten
silicon at high speeds. Also, different silicon qualities, from metallurgical grade to solar grade,

can be used as a source material.

2.1.1 Dropping method

In the dropping method'’-?!, p-type silicon is melted in a quartz boat and the molten silicon is
instilled from the top of the tower. By traveling in an inert gas, the droplets are solidified into
silicon spheres. The schematic in Fig. 2.1 shows the formation process of silicon spheres by the
dropping method. Spheres obtained by this method are multicrystalline and they may contain
defects and impurities, affecting solar cell efficiency. The correlation between the crystallinity of
spheres and solar cell performance was studied by Omea et. al*’. Hydrogen plasma treatment
has been reported as an effective method to passivate the bulk defects and to improve the solar

cell performance?.
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Figure 2.1: (a) Fabrication process of silicon spheres by dropping method. (b) SEM image of obtained silicon
sphere.*’
Fig. 2.2 shows the cell characteristics before and after hydrogen plasma treatment. Furthermore,

other methods have been suggested to improve the crystalline quality of silicon spheres 2.

2.1.2 Spheroidization by surface tension

This technique invented and developed by Texas Instruments (TI), is based on spheroidization of
molten silicon by surface tension?*?. In this technique, a very small amount of silicon powder is
heated above the melting point and moved towards a lower temperature zone using a high power

arc lamp. Due to the surface tension of molten silicon, the silicon powder agglomerates and turns
into a spherical shape.
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Figure 2.2: I-V characteristic and spectral response of spherical cells before and after hydrogen plasma treatment?2,
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Figure 2.3: Schematic showing the melting and recrystallization steps to improve the crystalline quality and purity
of silicon sphere. Gr-Si (granular silicon) is obtained from metallurgical grade silicon and pf-Si (piriform Si) is
obtained from optically fused powder silicon.?

Crystalline silicon spheres with a size of Imm or smaller can be obtained by this method. The
crystalline quality and purity of the spheres can be improved by sequential melting and
recrystallization steps (Fig. 2.3). In this process, spheres (optically fused or granular beads) are
covered with a layer of thermal oxide and during the melting step, due to the segregation
between solid and liquid, impurities move towards the surface layer. This oxide layer is etched
away by chemical etching and the process is repeated until the desired quality is obtained?°.
Surface morphology of Silicon spheres after Dash etch (mixture of 1:3:10 hydrofluoric, nitric,

and acetic acids) is shown in Fig. 2.4.

Figure 2.4: SEM images showing surface morphology of Silicon spheres after Dash etch of (a) piriform-Si sphere
(optically fused clusters), (b) granular Si, and (c) recrystallized sphere.?®
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2.1.3 Fabrication process of spherical silicon solar cells

Fig. 2.5 shows fabrication process steps of spherical silicon solar cells. This technique was
developed by Texas Instruments with the trade mark of Spheral Solar™. In this technology, Si
spheres with diameter of about 1mm are embedded and thermally bonded into an aluminum foil.
Each sphere is p-type in the bulk with n-type diffusion over the surface. The emitter is formed all
over the sphere surface using a high temperature (above 900°C) diffusion step from an infinite
phosphorus doping source. After junction formation, the silicon spheres are pressed on an
aluminum (Al) foil and bonded by a thermo-mechanical process at a temperature around 500°C.
Once this emitter (cathode) contact is formed, the n* layer from the portion of the sphere below
the Al-foil bonding is chemically etched away to expose the p-type bulk for base (anode) contact.
In order to provide a contact to the p-type sphere, a thin layer of polyimide as an insulating layer
has been deposited to separate the front and back foils. Subsequently, the polyamide layer is
cured to a solid form and patterned to open a via to access p-Si. A front side thin (FST) process
can be used to remove the heavily doped region. A selective dissolution (SED) process was used
to form an insulator layer on shunted spheres. The SED process anodizes the shunted or shorted
spheres to isolate them from the circuit. This process doesn’t affect the other spheres. Finally,
back aluminum foil is bonded to the spheres and an anti-reflection coating of TiO2 is deposited.

1. LOAD | 4. POLY | 7. SED
LA A Sy -

2. FB | 5. VIA | 8. BB
mmnO.mam WO?M ) i

3. BSE | 6. FST | 9. A/R

Wﬂﬂ@ﬂﬂm m’m‘.m:m /WJZ‘WM A

Figure 2:5. Fabrication process of spherical silicon solar cells®®




2.2 Porous Si (on silicon wafers)

Since the efficient luminescence of porous silicon (PS) was reported by Canham,3! PS has been
widely studied by many researchers resulting in the publication of various extended review
articles and books. In spite of extensive studies, the mechanisms of the etching process as well as
parameters involved in the chemical reactions are still not fully understood. Under controlled
conditions, porous silicon layers consisting of disordered micro-pores and network of silicon
interconnections can be formed.32-3* Nanoporous layers with quantum confinement effects can
show properties such as enhanced luminescence, light trapping, and photon shifting (light
transformation from ultraviolet to longer wavelengths).>**! It has therefore been a potential
candidate for applications in optoelectronics, micro-electronics and photonics.34243 It is well
known that porous Si layers can successfully be used as an effective antireflecting coating (ARC)
in crystalline silicon solar cells.*+4®

Generally nanoporous layers have been formed and studied using three different etching
techniques: electrochemical etching of Si in an HF-based solution (anodic etching);37-3% 45
chemical etching of Si in an HF/HNOz aqueous solution without applying any bias (stain
etching);*%® and introducing metal nanoparticles, such as Au, Pt, Ag, etc. to the Si surface prior
to immersion in an HF solution.*®3 The latter known as metal-assisted chemical etching of

silicon results in the formation of very long pores (nanoholes) with high aspect ratios.

2.2.1 Electrochemical etching of silicon wafers

Porous layers have mostly been formed by electrochemical etching of c-Si in an aqueous solution
of HF. The anodization process is performed in a single tank with an aluminum plate as back
contact or double cell with electrolytic backside contact. Circulation of the HF solution helps to
obtain good depth uniformity by keeping the HF concentration constant. This might become
more important during the growth of thick PS layers. The structure of PS layer, pore size,
branching and porosity can be controlled by etching parameters. The condition for PS formation
is determined by HF concentration, type of doping (p, n, n*, and p*), current density, anodization
time and illumination. However, the current is generally kept constant during the etching process
to have better control of thickness and structure of the PS layer as well as reproducibility of the

process.
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2.2.1.1 Current-voltage characteristics

By applying potential to cell electrodes, current flows through the Si/interface changing from
electronic to ionic current. Fig. 2.6 shows the typical 1-V curves for p- and n- type silicon in an
HF solution. The I-V curves show similar behaviour as the Schottky diode which is expected at
the interface of Semiconductor/electrolyte. However, in contrast, it can be seen that by changing
the sign of majority carriers between n- and p-type silicon, the chemical reactions occurring at
the interface remain the same. In the anodic region, the first current peak corresponds to the
formation of a surface anodic oxide which results in the electropolishing of Si. At currents lower
than the electropolishing current, pore formation occurs. Therefore, in order to form porous
silicon, the current must be kept below the electropolishing threshold and must be carried by the
injection of holes from Si substrate toward the interface. In the cathodic region, for both n and p-
type substrate, Si does not dissolve in the HF solution and no specific reaction occurs. However,
at high cathodic overpotentials, due to the reduction of water content of the solution at the Si/HF
interface, hydrogen gas is formed. Fig. 2.7 shows the three different dissolution regions. Scale
units are arbitrarily chosen and depend on the etching parameters as well as Si substrate doping.
In region A, at lower currents, silicon pores are formed. In region C, at anodic over-potentials, Si
electropolishing takes place resulting in complete removal of the silicon. The transition zone
between pore formation and electropolishing is labeled B, in which these two mechanisms

compete to determine the morphology of the PS layer.

13



ili ic | Anodic
p-type silicon  Cathodic 1

=
6
‘5 -+
(&)
> 4 —
! 5 10
I .
! Volts

————— — — =

{a)

n-type silicon  Cathodic 1

i

Current

(bl
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2.2.1.2 Silicon dissolution chemistry

Although the exact chemical reactions of Si dissolution in the electrochemical etching process
are still not well understood, given that Si does not dissolve in HF, charge carriers (holes) are
required for both electropolishing and porous layer formation. Lehmann and Gdsele® have
proposed that injected holes from the anode attack the Si—H bonds on the Si surface, resulting in
the substitution of hydrogen by fluorine atom. The silicon dissolution scheme is shown in Fig.
2.8. After substitution of hydrogen by fluorine atom, another fluoride ion attacks the second Si-H
bond resulting in electron injection to the bulk Si and evolution of hydrogen gas which can be
visibly observed during the etching process. Finally, the HF attack to the Si-Si back bonds results
in the formation of a silicon tetrafluoride molecule. The chemical reactions for pore formation
can be written as®-%0:
Si+ 6HF — H,SiFs+ Ho+ 2H" + 2¢° [1]

In the pore formation process only two electrons are involved in the charge transfer process;
while during electropolishing, all four available Si electrons are electrochemically active and the

chemical reaction can be written as:

Si+ 6HF — H,SiFe+ 4H* + 4e [2]

Therefore, by increasing the current density and approaching the electropolishing regime,
production of hydrogen gas is reduced and smoothing of the Si surface begins.
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Figure 2.8: Silicon dissolution mechanism in HF solution resulting in pore formation.3®
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Figure 2.9: mechanism of porous layer formation. Random pores are formed on the surface of silicon by dissolution
of Si atoms in HF solution. Formation of depletion region around pores results in directional growth of pores.®

2.2.1.3 Formation of macropores

Several models have been proposed to describe pore formation during the electrochemical
etching process.®®°¢%1 Fig. 2.9 shows the mechanism of macropore formation in the PS layer.
Assuming that the current density is less than the electropolishing threshold and holes are
supplied (photogenerated), random pores are formed on the surface of silicon by dissolution of Si
atoms in an HF solution. The depletion region formed around the pores, restricts the hole
injection process from bulk Si. However, the etching process continues from the pore tips
resulting in the directional growth of pores. As a result, these macropores can grow with constant
diameters towards the deeper region in bulk Si.

The pore diameters and the size of nanocrystals are related to the depletion layer and the charge
transfer mechanism. While the chemical reactions during the pore formation are not limited by
mass transfer in the solution, in the electropolishing regime, reactions are under mass transfer

control.
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2.2.1.4 Morphology of porous silicon: effect of etching parameters

The structure and morphology of the PS layer strongly depends on the etching conditions and
conductivity of the Si wafer and Si type. Among the morphological features of porous Si, such as
orientation, branching, pore size, spacing, interconnections, etc., pore diameter of the PS is
quantifiable and easily measurable. Direct study of the PS structure and the pore size as well as
the nano-crystallites of the layer can be performed by transmission electron microscopy (TEM).
However, the TEM preparation techniques used for PS samples may affect the final result.
Different methods, such as cleavage, ion milling, and focus ion beam (FIB) assisted technique,
have been used for preparation of PS samples. Among these preparation techniques, cleavage or
scraping of the substrate might be more reliable and less destructive.®”° In order to minimize the
FIB-induced damage and to remove the introduced amorphous Si during sample preparation, the
thinning process should be completed by ion bombardment having energies down to 50eV. Fig.
2.10 shows the transmission electron microscopy images of a mesoporous structure formed by
the electrochemical etching of p~ Si with different porosities from 31% to 79%. As can be seen in
this figure, pores were formed and extended along the [001] direction perpendicular to the Si
substrate surface.

In highly doped n-type Si wafers, charge transfer is dominated by tunneling and therefore, the
size of the pores is determined by the width of the depletion region which is typically about
10nm. While, PS layers formed on p-type Si contain very small pores less than 5nm with a
uniform branching and interconnections. In lightly doped n-type Si wafers (without
illumination), the carrier generation occurs at breakdown (Fig. 2.6) and a PS layer with pore
diameter in the range of 10-100nm is formed. However, macropores with large diameters can be
obtained under illumination. In general, in n-type Si compared to p-doped wafers, pore size and
crystallites are larger. However, the size of pores and crystals decreases by increasing the doping
concentration.

Fig. 2.11 shows the bright-field TEM micrograph of the non-luminescent PS layer with rod-like
branching with diameters less than 10nm. In spite of high porosity, only very weak light
emissions were observed.7 In comparison to Fig. 2.11(a), the porous layers in Fig. 2.11 (b-d)
exhibited a strong photoluminescence (PL) emission. As can be seen in this Figure, the network

of luminescent Si is composed of a nanostructure with Si columns of less than 3nm. As revealed
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Figure 2.10: Transmission electron microscopy images of PS layer formed by electrochemical etching of p- Si
showing a mesoporous structure with: (a) 31% porosity, (b) 51% porosity and (c) 79% porosity.*
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by transmission electron diffraction patterns (DP), the PS layer in Fig. 2.11(a) has a prefect
crystal structure and misoriented nanocrystallites were not observed in DPs. A strong arcing of
the main spots were observed in the DPs of the PS layers in Fig. 2.11(b-d), indicating the
formation of very small isolated nanocrystallites. The latter leads to the conclusion that there is a

correlation between Si nanocrystallites in the PS layer and strong photoluminescence.’
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2.2.1.5 Pore Orientation

Growth of pores is generally anisotropic and depends on the substrate orientation and direction
of the carrier source (current flow). Typically, in a (100) Si substrate regardless of type, pores
grow in <100> direction perpendicular to the surface of the substrate. It has been shown that the
pores in the n-type Si substrate only grow in <100> and <113> directions.®?® This has been
attributed to the slow rate of H-passivation on the surfaces of {100} and {113} planes.®® Fig.
2.12 shows the preferential crystallographic pore propagation, at the pore tips, in n-type Si
substrate (Etching and substrate orientations are shown by arrows). As can be seen in this image,
the main pores propagate straight in the preferred orientation, most likely due to the tendency of
the anisotropic etching along the <100> direction.

<100> <101 1> <100>

<322> <100> <l11><113>

Figure 2.12: Orientation dependence of macropores in n-type Si substrate. Etching and substrate orientations have
been shown by arrows.%
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2.2.2 Stain etching of silicon

Porous silicon layers can be produced by immersing of Si wafers in an HF/HNO3 aqueous
solution without applying any bias.5+% Fathauer et al.%* reported the luminescent silicon formed
by “stain etching” in 1992. Although the method is useful for formation of PS layers on silicon
with high resistivity or Si structures implemented on electrically insulating substrate; PS layers
obtained by stain etching show lower photoluminescence emission as compared to
electrochemically-etched porous silicon.®® In the stain etch process, the same as electrochemical
etching, holes are needed for the initiation of reactions. The surface of the silicon is oxidized by
hole injection from HNOs followed by HF-etching similar to the anodization process. The

reactions during pore formation can be written as:"

3Si + 4HNO3 + 18HF — 3H2SiFs + 4NO + 8H20 + 3(4-n)h* + 3(4-n)e’, [3]
Where n is the average number of holes which is required for dissolution of one Si atom. Fig.
2.13 shows the cross-section, TEM image of the Si/PS interface illustrating the transition
between Si and the PS layer. As can be seen in this Figure, smooth transition from bulk Si to the
high porosity PS layer can be obtained by control of the HNO3z concentration. This becomes very
important when PS layer formation is applied as a post-processing technique to solar cells and

control of emitter thickness is crucial.

Figure 2.13: Cross sectional TEM image of PS layers prepared by stain etching of Si with different HNO3
concentrations. Top - 17s, HNO3=0.024 mol/I; bottom-55 s, HNO3=0.006 mol/I.**
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Figure 2.14: Shows cross-sections of PS layer formed on p-type Si wafer using Ag nanoparticles as the catalyst
(After 30 min etching in a mix solution of HF and H»05). (a) near the surface, (b) in a region about 3um from the
surface, (c) in a region about 40um from the surface, and (d) magnified image in (c).%

2.2.3 Metal-assisted etching of silicon

Long pores with high aspect ratios can be obtained by introducing metal nanoparticles, such as
Au, Pt, Ag, etc. to the Si surface prior to immersion in an HF solution.*®®® This technique,
known as metal-assisted chemical etching of silicon, can be used to produce nanoporous silicon
utilizing metal particles to catalyze Si etching. Introducing nanoparticles to the surface of Si (by
physical deposition techniques such as e-beam, sputtering, etc. or by using chemical solutions
such as HAuUCIs) and immersion of the sample in HF:H202:H20O solution, results in catalytic
decomposition of H>O, at the metal nanoparticle surface and local oxidation of the Si. This
oxide layer is subsequently removed by HF content of the solution resulting in pore formation.

Fig. 2.14 shows the SEM image of a PS layer formed on p-type Si(100) using a metal assisted
etching technique.>® After the deposition of Ag nanoparticles on the surface of Si, samples were
etched for 30 min in a mix solution of 10% HF and 30% H20- in the dark at room temperature.
Fig. 2.14(a) shows the distribution of micropores close to the surface. Fig. 2.14(b) and (c) show

cylindrical nanoholes with high aspect ratios extended to a deeper region of the substrate.
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Figure 2.15: Photoluminescence peak wavelength versus crystal size for PS layer obtained by anodization of p-Si
wafers. The thick line is obtained from first-principle calculations.”

The density of these holes is reduced by moving toward the bulk Si. The latter can be employed

for fabrication of graded-density structures for solar cell applications.

2.2.4 Visible luminescence from porous silicon

Since the discovery of visible luminescence from porous Si,3! the optical properties of the PS
layer have been extensively studied by many researchers. In spite of these efforts, the exact
mechanism of PL emission in nano-structured porous layers has not yet been determined.
Different luminescence mechanisms have been considered and proposed to be responsible for
visible emission of nanoporous silicon. Mainly three different models have been discussed: 1)
luminescence due to native oxide formed in the PS layer or defects in the SiOx; 2) Visible
photoluminescence based on recombination of carriers confined in Si nano-crystallites or
nanoscale interconnections (quantum confinement effect);3*%" 3) surface effect of Si nano-
crystallites.”

Fig. 2.15 shows the correlation between the photoluminescence peak wavelength and size of
nanocrystallites (PS layers have been obtained by electrochemical etching of p-type Si). As can
be seen in this figure, a considerable blueshift in the PL peak occurs by decreasing the size of
crystallites to less than 4.5nm. It has also been reported that the position of the visible peak
depends on the porosity and the applied current density during the etching. Fauchet et al.”

reported that not only the spectral position, but also the PL peak intensity is related to the layer
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Figure 2.16: Photoluminescence spectra of PS layers formed by applying current densities of 25 and 200 mA/cm?
during electrochemical etching process.”

porosity and generally improves for high porosity layers. Fig. 2.16 shows the PL spectra of
porous Si for two different current densities during electrochemical etching. By increasing the
current density, a blue shift of the PL peak as well as increased intensity were observed.
However, according to the quantum confinement model the blueshift can also be attributed to the
bandgap opening.

2.2.5 Porous Si in solar cells: PS as an AR coating

Applications of porous silicon fabricated by both electrochemical and chemical etching methods
have been extensively studied in solar cell structures.***" An optimized PS layer formed on a
diffused emitter of solar cells particularly multicrystalline Si solar cells can efficiently reduce the
total reflectivity to less than 5%. A PS layer, as an antireflection coating of solar cells, can be
considered based on three different aspects: 1) using a graded-density PS layer results in the
efficient suppression of reflectivity in the broad spectral range (less than 2% in the wavelength
region from 400 to 1100nm) which can be a potential candidate for replacing the conventional
antireflection coatings based on interference in silicon solar cells; 2) bandgap opening due to the
quantum confinement effect in nano-PS layer with nanometer-scale network (crystallites and

interconnections). The latter results in highly transparent porous Si minimizing the absorption of
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Figure 2.17: Internal quantum efficiency spectra for conventional cell structures
with a mirror-polished surface and a porous Si layer.*

incident photons inside the PS layer; 3) due to the visible luminescence from nano-structured PS,
the PS antireflection coating can be employed as a down shifting layer to optimize the high
energy photon absorption. Furthermore, the light-diffusing behavior and surface passivating
capabilities of PS layers have been considered as an advantage for application in solar cells.
Surface passivation of p-Si rear contact solar cells by a thin layer of porous silicon can
effectively improve the efficiency of these cells.” Fig. 2.17 shows a significant improvement of
long-wavelength internal quantum efficiencies (IQE) by applying a PS layer to the conventional

silicon solar cells (light diffusing effect).

n**-Si

1. Heavy phosphorus diffusion

Contacts n**-Si

2. Metallization

Contacts Porous Si n**-Si

Figure 2.18: Process sequence for fabrication of selective emitter with porous layer.*
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One of the advantages of the PS layer formation on a diffused emitter is simultaneous
achievement of an efficient antireflection coating and a selective emitter structure. Fig. 2.18
shows a simple, low-cost process sequence for fabrication of a solar cell with a PS selective
emitter. Since the selective emitter is formed after the front-side metallization step, the etching
process in HF solution should be relatively limited to less than a minute or fabricated contacts

must be protected.

2.3 Semiconductor quantum dots

Semiconductor nanocrystals are crystalline particles with a diameter ranging from 2 to 10nm.
Due to the quantum confinement effect in these nano-particles, when the dimensions are smaller
than Bohr radii, they are also referred to as “quantum dots”. At these dimensions, energy levels
are no longer continuous and they are strongly size dependent. UV-VIS absorption spectra of
CdSe QDs with different sizes are depicted in Fig. 2.19. Due to the size-tunable emission and
absorption properties of QDs, these zero dimensional semiconductors have become a potential

candidate for applications in optoelectronic and photonic devices. QDs have been successfully
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Figure 2.19: Absorption spectra of CdSe QDs with different sizes.”™
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Figure 2.20: Density of states in one band of a semiconductor as a function of dimension. Energy levels become
discrete for zero dimensional semiconductors (smaller than Bohr radii).”

applied to different optoelectronic devices, working in visible and infrared regions, such as

lasers,”” light-emitting diodes, "® photodetectors,’® and solar cells.8-82

2.3.1 Quantum confinement effect

When the dimension of QDs is reduced to less than several nanometers, in the range of the Bohr
radii (an average distance of electron and hole during exciton formation), the quantum dots
exhibit a discrete and tuneable structure, in their optical and electrical characteristics. Fig. 2.20
shows the density states of semiconductors as a function of dimension indicating that energy
levels become discrete for zero dimensional semiconductors. Due to the quantum confinement
effects, QDs exhibit remarkable size-dependent physical properties.

Brus® has derived an analytical expression that describes the size-dependence of the effective
bandgap energy:

1 1.8e%

R 2
EQ’ = E, +

1
= 4
9 2R? th4_n% €R 4]

Where, R and & are the radius and the dielectric constant of the semiconductor QD. Therefore,

the bandgap of QDs and hence the emission peaks can be tuned by adjusting the radius of

nanoparticles.
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Figure 2.21: Size-dependence tunability of the absorption spectrum in PbS colloidal quantum dots.®’

2.3.2 Solution-processed quantum dots

Due to their simplicity and stability, colloidal quantum dots have been considered as a potential
candidate for applications in various organic and inorganic optoelectronic devices, such as light-
emitting diodes, optical modulators, photodetectors, and solar cells.84% Fig. 2.21 shows the
correlation between the absorption peak and size of PbS colloidal nanocrystals. By reducing the
QDs diameter to 3nm, the corresponding wavelength of absorption peak decreases to about
800nm. Solution-based QDs can be easily transferred and integrated to any type of substrates or
can be applied as a post-processing step to fabricated devices. Colloidal quantum dots can be
deposited by various methods, such as dip-coating, spin-coating, or inkjet printing on silicon,
glass or flexible substrates.?’

2.3.3 Application of QDs in solar cells
2.3.3.1 Down-shifting layer

The absorption spectrum of colloidal quantum dots integrated into functional oxides, dielectric

matrix, etc. can be matched to the spectrum of the sun’s energy reaching the earth. Colloidal
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guantum dots can be deposited by various methods, such as dip-coating, spin-coating, or inkjet
printing on silicon, glass or flexible substrates. Next generation photovoltaic technology based
on quantum dots and concepts such as down-conversion and down-shifting is promising
significant increases in conversion efficiency. The concept of down-conversion is based on
utilization of high energy photons to produce two or more low-energy photons (ideally above the
band gap) and down-shifting improves the performance of the solar cells by shifting the short
wavelength photons to lower energy photons for which the quantum efficiency is higher.

Furthermore, ability to develop and deploy QD layers, embedded in wide-bandgap matrices such
as SnOy, ZnO, etc., is key to the realization of high efficiency third generation solar cell
architectures, such as multiple exciton devices, intermediate bandgap structures, hot carrier

devices etc.

2.3.3.2 QDs-sensitized solar cells

Dye-sensitized solar cells (DSSCs) based on nanostructured metal oxides have been considered
as a potential candidate for the next generation of solar cells.®88° Dye molecules, deposited onto
a high porosity metal oxide structure, absorb optical photons and inject electrons into the metal
oxide conduction band upon excitation. Although conversion efficiencies of about 11% have
been obtained, further improvement of DSSCs efficiency is possible by employing inorganic
guantum dots (QDs) such as CdS, CdSe, PbS, etc., which optimize the photon absorption in the
entire spectral range. These photovoltaic devices, which are based on the sensitization of
nanostructured metal oxide films using quantum dots, are called QD-sensitized solar cells
(QDSSCs).%0-92
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Chapter 3

Experimental results of material properties and
characterization studies of silicon spheres

3.1 Introduction

Spherical silicon technology as compared to other methods such as FZ technology, CZ
technology or the cast silicon method, is relatively new technology. In ingot technologies, the
silicon wafer is obtained through cutting and polishing processes which produce waste material.
Although the ingot technologies produce high quality silicon, due to the waste, further cost
reduction is difficult. In spherical silicon technology, silicon spheres can be produced in different
sizes (1-2mm) directly from the molten silicon at high speeds. The crystalline quality and
impurity level of fabricated spheres are important and affect the electronic properties of the
silicon and hence the cell performance. In this chapter we discuss the material properties and
results of characterization studies performed on silicon spheres. Section 3.2 covers the scanning
electron microscopy (SEM) study of the silicon spheres distributed on a carbon tape. The SEM
images reveal the shape and surface morphology of the silicon spheres as well as surface defects.
In section 3.3 we investigate the crystallinity of silicon spheres by means of a single-crystal X-
ray diffractometer and an X-ray powder diffraction (XRD) machine. Single-crystal X-ray
diffraction analysis can provide detailed information about the crystallinity, lattice of crystalline
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structure and also defects in a single sphere. However, in the powder XRD method a small
portion of the sample (few spheres) is irradiated. Crystallinty of the spheres was also investigated
by transmission electron microscopy (TEM) and it is discussed in section 3.4. Bright-field TEM
images and transmission electron diffraction (TED) measurements can provide direct images of
morphology and crystallinity of the samples. In section 3.5 and 3.6, the result of secondary ion
mass spectroscopy (SIMS) studies and lifetime measurements is presented. In order to access the
bulk of the spheres for SIMS analyses and lifetime measurements, silicon spheres are embedded
in a clear epoxy and polished to the mid-section.

3.2 Scanning electron microscopy study

Silicon spheres used in this research are fabricated by spheroidization of molten silicon. This
technique initially developed by Texas Instruments (TI), is based on spheroidization of molten
silicon by surface tension. The starting material is in poly silicon form and can be powder silicon
or granular silicon. Powder silicon can be obtained from various sources with different quality
levels, such as kerf loss from wafer cutting which has a higher quality and metallurgical grade
silicon which has a lower quality level. Using a high power arc lamp, a small amount of silicon
powder is optically fused and melted to form a spherical shape of about 1mm size. This process
including the melting and solidification is done in a very short time, less than a second.
Therefore, the spheres obtained initially are not single crystal and they are expected more to have
a poly-crystalline structure. Further annealing process at high temperatures (above 1400°C) is
performed to obtain higher crystalline quality and elevated impurity levels. Prior to each
annealing process, spheres are covered by a layer of thermal oxide and this layer of oxide
prevents the spheres from sticking together. During the annealing process and recrystallization,
impurities are moving towards the surface oxide layer and are segregated at the surface of the
spheres. This oxide layer along with segregated impurities is etched away using a chemical etch
process.

Fig. 3.1 shows scanning electron microscopy images of the spheres obtained by the optical
fusing of silicon powder. Size of these spheres is about 600um in diameter. As can be seen in this
image, the shape of these spheres is not perfectly spherical and they tend to adopt piriform shape.

SEM images obtained from surface of crystalline spheres revealed microscopic defects on the
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surface. During chemical etching processes, due to the higher rate of etching, these defects
appear on the surface of the crystalline spheres. Defects on the surface of silicon sphere, mostly
in the form of point defects, may originate from impurity sites such as oxygen or lattice defects
in the crystalline structure of spheres. It is reported that the density of point defects is higher at

the surface of the silicon sphere than central regions.®®
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Figure 3.1: a) Scanning electron microscopy image of silicon spheres distributed on a carbon tape. Size of
theses spheres is about 600um in diameter. b-e) After melting and recrystalization process, due to the
surface tension, optically fused powder silicon turns to a silicon sphere. However, shape of these spheres
is not perfectly spherical and they tend to adopt piriform shape. f) Microscopic defects can be observed on
the surface of spheres.
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3.3 Investigation of the crystallinitiy of silicon spheres by X-ray
diffraction

The crystalline structure of silicon spheres has been investigated using two different methods of
X-ray powder diffraction and single-crystal X-ray diffraction. For powder XRD, spheres must be
arranged on a substrate, while the crystallographic structural analysis of single sphere can be
performed by the single-crystal X-ray diffraction method. Single-crystal XRD can provide
detailed information about the crystallinity, lattice of crystalline structure and also defects in a

single sphere.

3.3.1 X-ray powder diffraction

Powder XRD is a common technique used to analyze the crystalline structure of powder
samples, thin films coated on substrates, and sintered pellets. In this technique, the x-rays
generated in an x-ray tube are directed to the sample and diffracted x-rays are collected and
counted by a detector. The principle is based on Bragg’s law ((nA=2dn sin 0), in which dh is the
distance between a family of planes and 6 is the angle between the incident beam and the sample.
The wavelength, A, is constant and depends on the type of source which is used for x-ray
generation. In this experiment, we use a CuKa source with a wavelength of approximately
1.54A. At specific angles, at which Bragg’s law is satisfied, the interaction of the incident x-rays
with the sample creates constructive interferences which are collected by the detector. These
constructive interferences generate a peak in the XRD pattern which belongs to a family of the
planes of atoms. The powder XRD analysis is more suitable for samples with polycrysatlline
structure. In a polycrystalline sample, we assume that there is enough number of crystallites
which are randomly oriented and each represents a set of planes that diffract the incident x-ray at
a specific angle. Therefore, by scanning the sample over a proper range of 26 angle, all peaks of
polycrystalline structure will appear in the XRD patern.

In the case of the silicon spheres arranged on a substrate, only a few spheres will be irradiated by
the x-ray beam and only a small fraction of the scattered x-ray can be collected and counted by
the detector. If there is poly-crystalline structures or defects in the silicon sphere structure,
powder XRD can easily reveal that in the collected XRD pattern. However, if the structure is
close to the single-crystal form or multi-crystal only few peaks or even no peaks might be

observed in the x-ray spectrum.
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Figure 3.2: X-ray diffraction pattern of silicon spheres arranged and embedded on a flexible polymer
substrate. Only the peak corresponding to (111) planes appeared in the XRD pattern. The inset shows the
optical image of the arranged silicon spheres and the polymer substrate used for XRD measurements.

Fig. 3.2 shows the x-ray diffraction pattern of silicon spheres arranged and embedded on a
flexible polymer substrate. The spheres are closely packed to have more spheres irradiated by the
incident x-ray beam. However, the widest divergence slit was chosen for the experiments; only a
few silicon spheres (10 to 15) will be irradiated by the incident x-ray. As can be seen in Fig. 3.2,
only the peak corresponding to (111) planes appeared in the XRD pattern. Most of the x-ray
diffraction patterns collected through this method only revealed one peak or no peaks was
observed in the XRD pattern. This indicates the structure of silicon spheres is close to single-
crystal or multi-crystal. The inset in this figure shows the optical image of the arranged silicon
spheres and the polymer substrate used for XRD measurements.

The same experiment was performed on the silicon spheres embedded in an aluminum foil. The
samples were chosen among the fabricated cells with an emitter diffusion. Fig. 3.3 shows the x-
ray diffraction pattern of silicon spheres embedded in an aluminum foil. As can be seen in this
Figure, a strong peak corresponding to (311) Si planes and a very small peak corresponding to
(111) planes appeared in the XRD pattern of silicon spheres. The (311) peak at 56° (26 angle)
consists of K1 and Kq2 doublet and a very small peak due to the Kp diffraction was observed in
the XRD pattern. In short, based on the x-ray powder diffraction patterns, the structure of silicon
spheres is close to single crystal. Therefore, we also carried out single-crystal x-ray diffraction

analyses on individual spheres.
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Figure 3.3: X-ray diffraction pattern of silicon spheres embedded in an aluminum foil (One of the
fabricated cells). A strong peak corresponding to (311) planes and a very small peak corresponding to
(111) planes appeared in the XRD of silicon spheres. The inset shows the schematic of silicon spheres
embedded in a perforated aluminum foil.

3.3.2 Single-crystal x-ray diffraction

Fig. 3.4 shows an individual silicon sphere mounted on a thin glass fiber for single-crystal XRD
measurements. A silicon sphere attached to the thin glass fiber and mounted on a goniometer can
rotate to different angles while the silicon sphere is centered in the x-ray beam. The x-ray beam
generated in an x-ray tube is directed to the sample and the diffracted x-ray is collected by a
CCD (charge-coupled device) detector. In this image, the distance between concentric circles is
about 100um. Since the glass fiber structure is amorphous the diffracted x-ray will not interfere
with the diffractions from the crystalline structure of silicon spheres.

Figure 3.4: Shows an individual silicon sphere mounted on a thin glass fiber and centered in the x-ray
beam for single-crystal XRD measurements. The x-ray beam generated in an x-ray tube is directed to the
sample and the diffracted x-ray is collected by a CCD (charge-coupled device) detector.
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For this characterization experiment, samples are irradiated by monochromatic x-ray and more
than 1000 shots are collected at different angles. Fig. 3.5 shows the collected 2D diffraction
patterns from the crystalline structure of silicon spheres. If the structure is single crystal,
separated bright spots are expected in the 2D diffraction pattern. However, in the case of
polycrystalline or amorphous structure, rings are formed. Fig. 3.5 (a) and (b) show strong
reflections from single crystal silicon while at other angles, (c) and (d), twin-crystal diffractions
were observed. In most of the images, twin-crystal diffractions corresponding to a different

crystal orientation were observed.
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Figure 3.5: 2D diffraction patterns of the crystalline silicon structure collected by the CCD detector. (a)
and (b) show the diffractions from single crystal silicon. The intensity of the reflections (bright spots) is
depicted in the insets showing strong symmetric peaks. (c) and (d) are showing diffractions from twin-
crystals. The insets illustrate a high and low intensity peaks for each of these reflections.
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Figure 3.6: Simulated XRD pattern of crystalline structure of the silicon spheres showing the cubic phase

crystal structure. The XRD simulated by Apex2 software program using the collected reflections (bright
spots) from different family of planes in the crystal structure.

Based on the 2D diffraction patterns obtained by single-crystal XRD analyses, we can conclude
the structure of silicon spheres is close to single crystal however, twin-crystals exist in the
structure.

Since each diffraction spot corresponds to a specific family of parallel planes and the angle and
the intensity of each peak is recorded, the crystalline structure of the sample can be obtained
using the Apex2 software program. The simulated x-ray diffraction pattern is shown in Fig. 3.6.
The crystalline structure corresponds to cubic phase crystal structure. The position and intensity
of the peaks for cubic structure, obtained from the XRD database, is shown in table 3.1. As can

be seen in the simulated XRD pattern and the table, (111) reflection has the highest intensity.

No. h k 1 d [A] 2Theta[deqg] I [%]
1 1 1 1 3.13 28.44 100.0
2 2 2 0 1.92 47.30 55.0
3 3 1 1 1.63 56.12 30.0
4 4 0 0 1.35 69.13 6.0
5 3 3 1 1.24 76.38 11.0
9 4 2 2 1.10 88.02 12.0
7 5 1 1 1.04 94 .95 6.0
8 4 4 0 0.96 106.71 3.0
9 5 3 1 0.91 114.09 7.0

10 6 2 0 0.85 127.54 8.0

11 5 3 3 0.82 136.89 3.0

Table 3.1: Intensity and peak position for silicon cubic phase structure (obtained from XRD data base).
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Single-crystal XRD can also provide detailed information about the lattice structure and unit cell
of the crystal. However in this case, due to the twin crystals in the structure, interpretation of data
is difficult. The reflections in three-dimensional reciprocal space have been shown in Fig. 3.7.
The reflections in reciprocal space can be related to the crystalline lattice in real space by an
inverse Fourier transform. Using the Apex2 software program, the reflections are refined (Fig.
3.7 (b)) and lattice parameters are obtained as a= 5.4234+(0.0067)A and V = 159.52 A3,

BN -5 448, o=90.00", V=1614°
Sl 444 B=50.00°, Cubic P
c=5.444, y=90.00"

(b)
Figure 3.7: (a) Collected reflections in the three-dimensional reciprocal space. Each reflection

represents diffraction from specific family of parallel planes in the crystal. (b) Using Apex2
software program, the data is refined and the lattice parameters are obtained.
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3.4 Transmission electron microscopy study of silicon spheres

Transmission electron microscopy can provide direct images of morphology and crystallinity of
the samples. Due to sample preparation difficulty, bright-field TEM study and transmission
electron diffraction (TED) measurements can be performed only on a small portion of the
sample, which has been thinned to a few tens of a nanometer. For TEM characterization studies,
samples were prepared by the focused ion beam (FIB) technique. In order to minimize the FIB-
induced damage and remove the introduced amorphous Si during sample preparation, the
thinning process was completed by ion beam milling with energies less than 30eV. TEM
observations were carried out using FEI Titan 80-300 microscope operating at an accelerating
voltage of 300kV. Fig. 3.8 shows the result of TEM study of the sample prepared by the FIB
method. The length of the prepared sample is about 20um which is attached to a FIB grid. The
bright-field TEM images taken from the sample showed the single crystal structure. The aperture
size for TED measurements was about 300nm and diffraction patterns showed single crystal
structure of silicon. TEM studies on the crystallinity of silicon spheres verify the result from x-

ray diffraction analyses.

Figu.8 ( rlght-fleld TEM image showmgthe silicon crystal structure. The FIB sample
was prepared from the surface of the silicon spheres. (b) Selected area transmission electron
diffraction pattern of samples showing prefect single crystal structure.
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3.5 Secondary ion mass spectroscopy imaging of elemental
distribution in the bulk of silicon spheres

Impurities in the bulk of silicon spheres can affect the electronic properties of material and also
form point defects in the silicon crystal structure. Secondary ion mass spectroscopy (SIMS) is
the most common technique to analyze the impurity levels in semiconductor and thin films.
Detection limits of SIMS depends on the element and may vary from parts per billion to parts per
million. In this technique, using a primary ion beam, species are ionized and sputtered from the
surface of the sample. The ejected secondary ions are accelerated through a mass spectrometer to
determine the elemental composition of the surface. This technique provides qualitative
information about the elemental distribution in the samples; however, quantification is possible
by use of standard samples. Previous SIMS depth profile studies on silicon spheres have shown
high concentrations of Al and Co and low impurity levels of Cu, Fe, Cr, and Ti in the crystalline
silicon structure.®® °* In this section we focus on SIMS imaging of elemental distribution in the
bulk of silicon spheres. In order to access the bulk of spheres for SIMS characterization, silicon
spheres are embedded in a clear epoxy and polished to the mid-section (Fig. 3.9). For SIMS
imaging, it is important to prepare samples with a smooth surface. Therefore, the polishing
process started with sandpapers of different grit numbers and finished by using diamond paste
with a particle size of less than 0.25um. Subsequently, for the removal of damage induced by the
mechanical polishing, the surface of the silicon hemispheres was etched away in a solution of
hydrofluoric and nitric acid.

(a) (b)

Figure 3.9: (a) Cross-sections prepared from silicon spheres embedded in a perforated aluminum foil
(optical image). (b) Individual spheres are embedded in a clear epoxy and are polished to the mid-section,
forming silicon hemispheres.
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SIMS images of elemental distribution in negative mode were collected in Fig. 3.10. In order to
obtain the surface scans, the focused primary ion beam is rastered across the sample and
secondary ion intensities are recorded at each position. Prior to surface scans, the sputtering was
carried out for 10min using a Cs ions beam on an area of 400x400um2. Due to the angle of the
Cs ion beam, a larger area was chosen to ensure the scanned area would be uniformly sputtered.
As can be seen in this figure, microscopic defects can be observed in the elemental distribution

map for carbon and oxygen.
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Figure 3.10: SIMS images obtained by scanning 200x200um? area of the polished surface of silicon
spheres. The elemental distribution and total count (TC) for each element can be seen in this figure. Prior
to surface scans, sputtering was carried out for 10 min using Cs ions beam on an area of 400x400um?,

MC: 50; TC: 8.185e+005
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Due to the fabrication process of silicon spheres, a high concentration of oxygen exists in the
bulk of silicon spheres and can act as a lifetime Killer. Both interstitial and substitutional oxygen
atoms create lattice imperfections and point defects in the crystalline structure of silicon. A high
concentration of oxygen can also cause SiO; precipitation. ®® In order to investigate the elemental
distribution at different depths, surface scans were obtained after different periods of sputtering
time. Fig. 3.11 shows SIMS images from the same area after an extra 5mins of sputtering by a Cs

ion beam.
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Figure 3.11: SIMS images obtained from the same area as in Fig. 3.9 after sputtering using a Cs ion beam
for 15min (5min more).
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As can be seen in this image the total count for carbon is decreased and less microscopic defects

are observed in the elemental distribution map of oxygen.

3.6 Minority carrier lifetime in silicon spheres

Minority carrier lifetime measurements have been carried out using the microwave
photoconductivity decay (u-PCD) method. Photoconductivity decay is a common technique to
measure the carrier recombination lifetime in silicon substrates. In this technique, a laser pulse is
illuminated to the sample which results in the generation of excess carrier concentration in the
bulk of the semiconductor. The decay of excess carrier concentration is monitored through
microwave reflections from the surface of the semiconductor. For photoconductivity decay
measurements, silicon spheres are embedded in a clear epoxy and are polished to the mid-section
(Fig. 3.9(b)) to form silicon hemispheres. Since the measured carrier lifetime is affected by both
bulk and surface properties, only when the surface recombination velocity (SRV) is significantly
suppressed, the measured lifetime can be considered as the bulk lifetime. Therefore, the exposed
surface of silicon hemispheres embedded in a clear epoxy is chemically passivated using diluted
hydrofluoric acid solution (2% HF). The map of lifetime measurements from few spheres closely
packed and embedded in the epoxy is shown in Fig. 3.12. Based on microwave reflection
photoconductivity decay measurements, the average minority carrier lifetime in the silicon
spheres varies from 0.2 to 1us. However, higher minority carrier lifetimes can be obtained by
using high quality silicon as a source material.

Surface [%)]

0.08 0132 0154 0.236 0.268 0.34

O Lifetime [uz] [F]

Figure 3.12: Microwave reflection photoconductivity decay measurements performed on a few silicon
spheres closely packed and embedded in a clear epoxy. The inset shows the lifetime map.
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3.6 Conclusion

The material properties of silicon spheres included surface morphology, crystallinity, lattice
structure, microwave photoconductivity decay lifetime, and impurity elemental distributions
were studied. SEM images obtained from the surface of silicon spheres revealed microscopic
defects on the surface of crystalline silicon spheres. Due to the higher rate of etching, these
defects can be formed on the surface of crystalline spheres during chemical etching processes.
These defects may originate from impurity sites such as oxygen or lattice defects in the
crystalline structure of spheres. Crystallinity of silicon spheres was investigated by means of a
single-crystal x-ray diffractometer and an x-ray powder diffraction machine. Most of the x-ray
diffraction patterns collected by the x-ray powder diffraction (XRD) method only revealed one
peak or no peaks were observed in the x-ray diffraction pattern. This indicates silicon spheres do
not contain polycrystalline silicon and the structure is single-crystal or multi-crystal. However,
2D diffraction patterns obtained by Single-crystal XRD method illustrate twin-crystal reflections
from silicon spheres. TEM studies on the crystallinity of silicon spheres verify the result from x-
ray diffraction analyses. Elemental distribution was studied using SIMS imaging technique.
Microscopic defects were observed in the elemental distribution map for carbon and oxygen.
High concentration of oxygen is expected in the bulk of silicon spheres as they undergo
sequential melting and re-crystallization steps to achieve high crystalline quality. High
concentration of oxygen can act as a lifetime killer, create lattice imperfections, or cause SiO>
precipitation. Photoconductivity decay technique was used to obtain the carrier recombination
lifetime in silicon spheres. Based on microwave reflection photoconductivity decay

measurements, the average minority carrier life time in the silicon spheres varies from 0.2 to 1ps.
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Chapter 4

Baseline fabrication process and fabrication of new
designs with integration of novel nanostructures into
silicon spheres

4.1 Introduction

Spherical solar cells are based on embedment of silicon spheres of about 1mm size into a flexible
aluminum foil. The spheres used in this research are produced by spheroidization of molten
silicon. This technique was initially developed by Texas Instruments (TI). In this technique,
using a high power arc lamp, a small amount of silicon powder is optically fused and melted to
form spherical shape of about 1mm in size. Powder silicon can be obtained from various sources
with different quality levels, such as kerf loss from wafer cutting which has a higher quality and
metallurgical grade silicon which has a lower quality level. This process including the melting
and solidification is done in a very short time. Therefore, the spheres obtained initially are not
single crystal and they are expected to have more of a poly-crystalline structure. Further
annealing process at high temperatures (above 1400°C) is performed to obtain a higher
crystalline quality and elevated impurity levels. Prior to each annealing process, spheres are

covered with a layer of thermal oxide and this layer of oxide prevents the spheres from sticking
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together. During the annealing process and recrystallization, impurities are moving toward the
surface oxide layer and are segregated at the surface of the spheres. This oxide layer, along with
segregated impurities is etched away using a chemical etching process. Subsequently, the emitter
is formed all over the sphere surface using a high temperature (above 900°C) diffusion step from
an infinite phosphorus doping source. This chapter deals with the fabrication process of spherical
silicon solar cells. The emitter diffusion process, embedment of sphere in an aluminum foil and
realization of back aluminum contact are explained. The silicon spheres used in this research are
produced by ATS solar cell company. Each sphere was p-type in the bulk with a uniformly
diffused emitter over the surface.

In this Chapter, we explain the baseline fabrication process of silicon spheres and present the
fabrication process of new designs with the integration of nanostructures into silicon spheres.
These new device structures include: spherical silicon solar cell integrated with nanostructured
porous layers, sphere silicon solar cells with hemispherical nanopit texturing, and cells integrated

with colloidal quantum dots.

4.1 Baseline fabrication process

A 3D schematic of silicon spheres with diffused emitter is illustrated in Fig. 4.1. Silicon spheres
are embedded and thermally bonded to an aluminum foil. The back and front contacts to silicon
spheres as well as the insulator layer can be seen in this figure. Fig. 4.2 shows the 2D schematic

of the spherical silicon solar cells. Each sphere is p-type in the bulk with n-type diffusion over

Figure 4.1: 3D schematic of a silicon sphere with diffused emitter thermally bonded to aluminum foil.
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Figure 4.2: Schematic of spherical silicon solar cells.

the surface. The emitter is formed all over the sphere surface using a high temperature (above
900°C) diffusion step from an infinite phosphorus doping source. After junction formation, the
silicon spheres are pressed and thermally bonded into an aluminum (Al) foil. The bonding
process is performed by a thermo-mechanical process at a temperature around 500°C. Once the
contact to the emitter (cathode) is formed, the n* layer from the portion of the sphere below the
aluminum foil bonding is chemically etched away to expose the p-type bulk for base (anode)
contact. In order to provide a contact to the p-type sphere, a thin layer of polyimide as an
insulating layer has been deposited to separate the front and the back foil. Finally, the back
aluminum foil is bonded to the spheres to create the p-contact. However, ohmic contacts can also
be applied to p-type silicon spheres by using e-beam deposition technique.

Fig. 4.3 shows the SEM image of Si spheres with a diameter of about 700um embedded and
thermally bonded into an aluminum foil. The hexagonal-shape reflector used as the n-electrode
significantly reduces the dead area (off silicon) among the spheres.

Figure 4.3: SEM image of the crystalline Si spheres with a diameter of about 700um embedded and
thermally bonded into an aluminum foil.
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Figure 4.4: Spherical silicon solar cells with PECVD SiNy layers. Silicon nitride passivation/ARC layers
have been developed and deposited onto spherical silicon solar cells. Furthermore, a low temperature
hydrogenation plasma technique was developed to improve the passivation quality of spherical silicon
solar cells.

4.2 Development of SiNx passivation/ARC layers for silicon
spheres (chapter 5)

A schematic of spherical silicon solar cells with silicon nitride antireflection coating layer has
been shown in Fig. 4.4. Silicon nitride antireflection coating layers were deposited onto spherical
silicon solar cells, using Oxford Plasmalab PECVD system. By control of the plasma condition
(gas flow ratio, power and pressure) silicon nitride layers were optimized. Furthermore, a low
temperature hydrogenation plasma technique was developed to improve the passivation quality
of spherical silicon solar cells. The spectral response of silicon spheres with and without silicon

nitride antireflection coating has been studied.

4.3 Integration of a graded-density nanoporous Si layer with
guantum-size Si nanoparticles (Chapter 6)

Fig. 4.5 shows the schematic of silicon spheres with integrated graded-density nanoporous Si
layer. This layer consists of graded-size silicon nanocrystals and Si quantum dots embedded in
an oxide matrix. After the baseline fabrication process, using an electrochemical etching
technique, nano-PS layers were successfully formed on the silicon spheres. The anodization
process was performed in a conventional single tank Teflon cell under ambient light. A platinum
grid was used as the cathode and a mixture of HF and ethanol was prepared as the electrolyte

solution.

49



Integration of graded-density
nanoporous silicon with
quantum size Si nanoparticles

n’-emitter P

Front contact foil |\ /
(reflector) ——, \ i

Isolating layer

Aluminum back —
contact (p-electrode)

Nanostuctured antireflection

coating layer integrated into

silicon spheres Luminescent quantum-size Si
nanoparticles on top of the
nanoporous layer (Si-QDs with
orange illumination)

Graded-size silicon
nanocrystals in nanoporous
layer (graded n-PS)

n+ emitter

(b)

Figure 4.5: (a) Schematic of spherical silicon solar cells with integrated graded-density nanoporous Si
layer. (b) This layer consists of graded-size silicon nanocrystals and Si quantum dots embedded in an
oxide matrix.

The samples were mounted by screw pressure at the bottom of a Teflon cell with an opening of
about 2-inch diameter. The applied current to the spherical solar cells is varied 0.5 to 2A. The
current density was kept constant during the etching process to have better control of thickness
and structure of the PS layer as well as reproducibility of the process. The anodizations were

performed at room temperature with a constant current for the periods of less than 60 seconds.
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4.4 Integration of hemispherical nanopit texturing into silicon
spheres (Chapter 7)

A conventional single tank system was used for the electrochemical etching process. In order to
obtain the hemispherical nanopit texturing, silicon spheres electrochemically etched in a solution
of hydroflourosilicic (Fig. 4.6). A platinum grid was used as the cathode and a mixture of diluted
H>SiFs (35% with H20) and ethanol was prepared as the electrolyte solution. The samples were
mounted by screw pressure at the bottom of Teflon cell with an opening of 2-inch diameter. A
constant current of 550 mA was imposed in the anodization tank and the forming voltage during
the anodization process was 3.5 V. However, the voltage slowly increased during the anodization
process due to the silicon texturing and changes at the surface of silicon. The schematic of
silicon spheres with hemispherical nanopit texturing on the emitter is shown in Fig. 4.7. As can
be seen in this Figure, nano-texturing of silicon spheres with a diffused emitter results in a

selective emitter solar cell.

constant current

Figure 4.6: In order to obtain the hemispherical nanopit texturing, silicon spheres electrochemically
etched in a solution of hydrofluorosilicic acid under constant current.

51



“-emitter

n
n"-emitter /

Front contact foil
(reflector)

Selective emitter
structure
/V

Isolating layer

Aluminum back —
contact (p-electrode)

Figure 4.7: Schematic of silicon spheres with hemispherical nanopit texturing on the emitter. Nano-
texturing of silicon spheres with a diffused emitter results in selective emitter solar cells.

4.4 Integration of colloidal CdSe-QDs into silicon spheres
(Chapter 8)

We have successfully fabricated a QDs-embedded layer by processing colloidal QDs into a
graded-density nanoporous silicon layer (Fig. 4.8). The proper concentration of CdSe quantum
dots in toluene solution was prepared and spherical silicon solar cells with a nanoporous layer
were immersed in the solution using an ultrasonic system. The CdSe quantum dots are dispersed
in the pores of the nanoporous Si structure. Subsequently, the cell is washed with toluene
solution to remove the CdSe quantum dots precipitated on the surface of the nanoporous layer.
The spectral response of spherical silicon solar cells with and without CdS-QDs incorporation

was studied.

Integration of CdSe QDs from a
colloidal source into graded-density
nanoporous layer implemented on
the Si spheres emitter
CdSe quantum dots
dispersed in the pores
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Luminescent quantum-size Si
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Graded-size silicon
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{3 c%e% layer (graded n-PS)

.."*‘ .t.z‘." t-/‘t 1{‘2".1-/‘
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Figure 4.8: Incorporation of colloidal QDs into graded-density nanoporous layer.
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Chapter 5

Development of SiNy passivation/ARC layers for
spherical solar cells

5.1 Introduction

Optimization of the optical losses of spherical silicon solar cells is one of the most important
techniques to improve the short-circuit current density and hence the efficiency of the cells.
Deposition of antireflection coating (ARC) layers and texturing of the silicon surface are the
most common methods to improve the optical losses of silicon solar cells. Single layer ARCs
such as ZnO, ITO, SiOx, and SiN based on a destructive interference of reflected waves
minimize the reflection at one single wavelength (Amin). Single ARC layers can reduce the
overall reflectivity of the crystalline silicon to less than 10%. However, using multilayer coatings
can further reduce the reflection in a wider spectral range; however, this increases the cost and
adds additional steps.%

Dark-blue silicon nitride layers deposited by a plasma-enhanced chemical vapor deposition
(PECVD) method have been widely used as an industrial process to improve the reflectivity of
silicon solar cells. However, due to the shape of silicon spheres and their embedment in

aluminum foil, the deposition process is different to flat silicon wafers.
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In this short Chapter, we optimize PECVD deposited silicon nitride layers to obtain dark-blue
SiNx coated spheres. Furthermore, a low temperature hydrogenation plasma technique was
developed to improve the passivation quality of spherical silicon solar cells. The spectral
response of silicon spheres with and without silicon nitride antireflection coating is studied.

5.2 Experimental results

Silicon nitride layers were deposited using Oxford Plasmalab 80 Plus PECVD system. In order
to optimize the SiNx layers, they were initially deposited onto glass and flat silicon substrates.
The reflection and transmission spectra of the SiNx films were obtained and the optical constants
were extracted using PUMA software program. The optimized SiNx layer exhibited different
properties once deposited onto spherical silicon solar cells. This is attributed to the shape of
silicon spheres and aluminum foil, changing the plasma condition at the surface of the silicon
spheres and hence producing different SiNx layers. It was observed the working pressure and the
size of the sample (edge effect) significantly affect the properties of deposited layer. Optical
images of silicon solar cells obtained by two different process conditions are shown in Fig. 5.1.

The process conditions for each sample are summarized in Table 5.1.

(@) (b)

Figure 5.1: PECVD deposited SiNy layers obtained at different plasma conditions. (a) at pressure of 0.6
Torr, and (b) at pressure of 0.2 Torr. As can be seen in this image, dark-blue SiNy-coated spheres were
obtained at higher pressures. However, at both process conditions, blue color SiNy layers were obtained
on flat silicon wafers.
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Sample Pressure Temperature (°C) Power (W) SiH.4 (sccm) NH; (sccm)
(mTorr)
Sample (a) 600 280 25 20 30
Sample (b) 200 280 21 10 20

Table 5.1: Process condition for PECVD nitride deposition
Theses layers were first optimized on the silicon wafers to obtain a high quality uniform SiNx
layer with refractive index of about 1.95 and subsequently were deposited onto the silicon
spheres. As can be seen in this image, dark-blue SiNx-coated spheres were obtained at the
working pressure of about 0.6 Torr (Fig. 5.1(a)). While, non-uniform deposition of silicon nitride
layers were observed at lower pressures. Fig. 5.1(b) shows the sample coated with a silicon
nitride layer at working pressure of 0.2 Torr. Light-blue spheres can be observed at the edge of

the sample and poor deposition of SiNx was observed in the centre.

5.3 Development of a hydrogenation plasma process to improve

the surface passivation quality

Silicon nitride layers can also be used as an efficient surface passivation layer to improve the
surface recombination velocity and therefore, minority carrier lifetime in silicon solar cells. In
general, high quality silicon nitride layers are deposited at temperatures of about 400°C.
However, since in the fabrication process of the spherical silicon solar cells insulating polyamide
layers as well as aluminum bonding have been used, the deposition process temperature should
be kept below 300°C. In order to improve the passivation quality of the silicon nitride layers we
have developed a hydrogenation plasma process at a low temperature of 175°C. The process
condition for the hydrogenation plasma treatment is summarized in Table 5.2. In order to study
the passivation quality improvement, silicon nitride layers were deposited on the both sides of a
p-type silicon wafer and photoconductivity decay measurements were performed. Based on
microwave reflection measurements, the average minority carrier lifetime of about 5.5us was
obtained (Fig. 5.2(a)).

time Pressure (mTorr) | Temperature (°C) Power (W) H> (sccm)

15 min 200 175 120W 100

Table 5.2: Process condition for Hydrogenation plasma
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Figure 5.2: Lifetime measurements of a CZ silicon wafer showing the improvement of surface passivation
using the developed hydrogenation plasma process at low temperature of (175°C), (a) after deposition of
SiNy layers on both sides of the wafer, (b) after hydrogenation plasma process (c) lifetime measurements
after 20h.
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Figure 5.3: Spherical silicon solar cells with PECVD SiNy layer. Silicon nitride passivation/ARC layers
have been developed and deposited onto spherical silicon solar cells. Furthermore, a low temperature
hydrogenation plasma technique was developed to improve the passivation quality of spherical silicon
solar cells.

Subsequently, the sample was placed in the Oxford PECVD system and the hydrogenation
plasma treatment, based on the process condition in Table 5.2, was performed. The
photoconductivity decay measurements revealed significant improvement in the minority carrier
lifetime. Fig. 5.2(b) shows the lifetime map of the sample after the hydrogenation plasma
process. In order to study the stability properties of the passivation layer, the photoconductivity
measurements were repeated after 20h resulting in the same minority carrier lifetime. Fig. 5.2(c)
illustrates the lifetime map after 20h. Since at low temperatures, less than 300°C, hydrogen
diffusion to the bulk of silicon is low, the lifetime improvement is attributed to the improvement

of surface quality passivation.??

5.4 Reflectance and spectral response of spherical solar cells with
SiNx ARC layer

The schematic of spherical silicon solar cells with silicon nitride antireflection coating layer is
shown in Fig. 5.3. Reflection measurements of spherical silicon solar cells were carried out using
a UV/Vis spectrophotometer equipped with the integrated sphere. Reflectance spectra of the
spherical silicon solar cells are depicted in Fig. 5.4. Single layer ARCs based on a destructive
interference of reflected waves, minimize the reflection at one single wavelength. Due to the
dark-blue color of the silicon spheres, the minimum of the reflectance spectra is expected to be at
higher wavelengths. This is attributed to the effect of silicon nitride layers deposited over

aluminum foil. Since aluminum foil is a reflector for silicon spheres, this is not favorable.
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Figure 5.4: Reflectance characteristics of spherical silicon solar with and without SiNx antireflection
coating layer.

The selective removal of silicon nitride layer from aluminum foil is difficult; therefore, this
counts as a drawback for PECVD silicon nitride layers. In the next Chapter we investigate the
integration of the graded-density n-PS layer which is selectively formed over silicon spheres and
can suppress the reflectivity in a wide range of spectral response.

External quantum efficiency spectra of silicon spheres with and without SiNx layer are collected
in Fig. 5.5. Due to the improvement of optical losses, spectral response of silicon spheres with
SiNx layer showed significant improvement. Furthermore, silicon nitride layers improve the
passivation quality of the spherical solar cells resulting in the enhancement of the spectral
response in lower wavelengths. The latter is more noticeable in solar cells with shallow emitter

structures.
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Figure 5.5: Spectral response measurements of spherical silicon solar cell with and without SiNx
antireflection coating layer.
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5.5 Conclusion

Silicon nitride antireflection coating layers were deposited onto the spherical silicon solar cells,
using a PECVD system. By control of the plasma condition (gas flow ratio, power and pressure)
dark-blue SiNx coated spheres were obtained. However, silicon nitride layers developed at low
pressures on silicon wafers, exhibited poor uniformity and a low deposition rate once deposited
onto silicon spheres. Furthermore, a low temperature hydrogenation plasma technique was
developed to improve the passivation quality of spherical silicon solar cells. The spectral
response of silicon spheres with and without the silicon nitride antireflection coating has been

studied.
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Chapter 6

Integration of a graded-density nanoporous Si layer
with quantum-size Si nanoparticles

6.1 Introduction

Since the discovery of visible luminescence from porous Si,®! it has been widely studied by
many researchers resulting in the publication of various extended review articles and books.
However, in spite of extensive studies, the mechanisms of the etching process as well as
parameters involved in the chemical reactions are still not fully understood. Under controlled
conditions, porous silicon layers consist of disordered micro-pores and network of silicon
interconnections can be formed.®2-3* Nanoporous layers with quantum confinement effects can
show properties such as enhanced luminescence, light trapping, and photon shifting (light
transformation from ultraviolet to longer wavelengths).332° It has therefore been a potential
candidate for applications in optoelectronics, micro-electronics and photonics.34243 It is well
known that porous Si layers can be successfully used as an effective antireflection coating (ARC)
in crystalline silicon solar cells.+-4¢

Black silicon has been proposed as a potential candidate to replace conventional antireflection

coatings based on interference in silicon solar cells. Single layer ARCs such as ZnO, ITO, SiOy,
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and SisN4 based on a destructive interference of reflected waves minimize the reflection at one
single wavelength (Amin). For photovoltaic applications, this Amin IS Optimized to lie in the range
of 650 to 700nm, which corresponds to the peak of energy in the solar spectrum. Although using
multilayer coatings can further reduce the reflection in a wider spectral range, it increases the
cost and adds additional steps.

Optimization of the optical losses of spherical silicon solar cells is one of the most important
techniques to improve the short-circuit current density and hence the efficiency of the cells. As it
was addressed in the previous chapter, conventional deposition methods cannot easily be applied
to make a uniform ARC layer on spherical silicon solar cells. In contrast, growth of a graded-
density porous Si (PS) layer is a single-step, low cost, high performance and fast process (less
than 60s). Integration of this graded-density nanoporous Si layer with quantum-size Si
nanoparticles not only provides a black silicon solar cell but also due to the quantum
confinement effects and band gap opening, the light absorption in the emitter layer is reduced.

In this Chapter, we study the characterization of graded-density nanoporous layer with a Si-QDs
embedded layer. This layer has been characterized by the means of scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Scanning TEM, energy filtered
TEM, dark-field TEM, transmission electron diffraction (TED), electron energy loss
spectroscopy (EELS), energy dispersive x-ray (EDX), Raman spectroscopy and
photoluminescence spectroscopy (PL). Furthermore, we successfully integrated this layer into
silicon spheres, and the solar cell characteristics were studied.

6.2 Experimental details

Using an electrochemical etching technique as a post-processing step, nano-PS layers have been
successfully formed on the silicon spheres. The anodization process was performed in a
conventional single tank Teflon cell for electrochemical etching (Fig. 6.1). A platinum grid was
used as the cathode and a mixture of HF and ethanol was prepared as the electrolyte solution.

The samples were mounted by screw pressure at the bottom of the Teflon cell with an
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Figure 6.1: Cross-sectional view of the single-tank anodization cell used for PS coating of silicon spheres.

opening of about 2-inch diameter. The applied current to the spherical solar was varied from 0.5
to 2A. The current density was kept constant during the etching process to have better control of
thickness and structure of the PS layer as well as reproducibility of the process. The anodizations
were performed at room temperature with a constant current for the periods of less than 60

seconds under ambient light.

6.3 Scanning electron microscopy: Surface morphology of the
graded-density nanoporous layer

Fig. 6.2 shows the SEM image of the microstructure of the PS layer formed on silicon spheres.
Fig 6.2(b) and (c) show the surface morphology of the porous layer on the top and side of the
sphere indicating the formation of a uniform layer around the Si sphere. Homogenously
distributed pores with the same nanostructure and very fine interconnections can be observed on
the top and sides of spheres. The magnified image (Fig. 6.2(d)) illustrates the distribution of the
micropores and Si interconnections with a size of less than 5nm. Obtaining high quality HRSEM
images from the surface of microporous silicon is not easy as the conductivity is low plus the
oxidation of the surface in the ambient atmosphere would make it even more difficult. Formation
of macro- or micropores in porous silicon strongly depends on the anodization current, type of
silicon and doping density (heavily or lightly doped). The applied current for the porous layer in
this image was 0.55A and not a significant change in the morphology of the nanoporous layer
was observed by increasing the current. However, it was noticed that obtaining a clear SEM
image from samples prepared with higher anodization current is more difficult. This can be

attributed to the formation of a thicker nanoporous layer with quantum size nanoparticles
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Figure 6.2: a) SEM image of a single crystalline Si sphere embedded into a perforated aluminum foil. b)
SEM micrograph of PS layer formed on crystalline silicon spheres. ¢) SEM image taken from side of
sphere, showing uniform formation of porous layer around the sphere. d) HR-SEM image magnified from
image (b) showing distribution of micro-pores with silicon interconnections of less than 5nm in width.

at higher currents. Due to the oxidation of the samples in ambient atmosphere, these quantum
size nanoparticles (<3nm) are embedded in an oxide matrix which has poor conductivity.

Fig. 6.3 shows the porous layer formed with an applied current of 0.7A. The morphology and
nanostructure of the porous layer including the pore diameters and the size of nanocrystals are
related to the depletion layer and the charge transfer mechanism. In n* Si wafers, charge transfer
is dominated by tunneling and therefore, the size of the pores is determined by the width of the
depletion region which is typically around 5-10nm. While, PS layers formed on p-type Si contain
very small pores less than 5nm with uniform branching and interconnections.
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Figure 6.3: SEM micrograph of PS layers formed on silicon spheres with an applied current of 0.7A.

6.4 Cross-sectional TEM study of graded-density n-PS layer

Cross-sectional TEM observations (bright-field) were carried out using FEI Titan 80-300
microscope operating at an accelerating voltage of 300kV, and Dark-field TEM images were
obtained by JOEL 2010F at 200kV. Sample preparation for the TEM study was performed using
a focused ion beam (FIB) technique. In order to minimize the FIB-induced damage and remove
the introduced amorphous Si during sample preparation, the thinning process was completed by
ion bombardment having energies down to 30eV. Fig. 6.4(a) shows the bright-field TEM image
of the graded-density porous layer obtained with an anodization current of 0.55A. The
microstructure of the PS layer is composed of a network of silicon nanocrystals and
interconnections of less than 10nm at the silicon interface which gradually decreases toward the
air/film interface. The size of these nano-crystallites at the surface of the porous layer is less than
2nm. The PS layer with graded-size nanocrystals results in a graded-index PS layer on top of the
emitter layer which can efficiently suppress the reflectivity in a broad spectral range. Fig. 6.4(b)
shows the dark-field TEM cross-sectional image of the PS layer formed on the diffused emitter
of single-crystal spheres. The changes in the nanocrystalline structure of the PS layer can be
observed more clearly in the dark-field TEM imaging demonstrating the graded-density structure
of the PS layer. The substrate has been used for beam alignment along [220] direction and bright
reflections represents diffracting nanocrystallites. Random branching of pores starts from silicon
interface and the feature sizes becomes smaller by moving toward the surface. Fig. 6.4(c) shows
the cross-section, TEM image of the Si/PS interface illustrating a smooth transition between Si
and the PS layer forming a uniform interface.
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Figure 6.4: (a) Bright-field TEM image of nanoporous Si layer showing the graded nanostructure of PS
layer (the dashed line shows the interface of Si/n-PS and the direction toward the surface). (b) Dark-field
TEM image of the nano-PS cross-section showing the diffracting nano-crystallites. By moving from the
silicon/PS interface along the diagonal and toward the surface, the size of Si nanocrystals decreases. (c)
TEM image from the Si/PS interface illustrating the smooth transition between Si and PS layer and
uniform interface. (d) HRTEM image of the porous layer showing nano-crystallites of about 5nm in size.

One of the advantages of the anodic etching technique over metal-assisted etching is the smooth
interface of silicon and PS film. In metal-assisted technique, metal nanoparticles, such as Pt, Ag,
etc. are distributed on the surface of the silicon prior to immersion in an HF solution. Metal
nanoparticles used as the etching catalyst generate cylindrical holes, a few times larger than the
nanoparticle size, into the silicon substrate.®” ® Therefore, these nanoparticles can diffuse to the
substrate deeper than the junction level. The latter becomes more important when PS formation
is applied as a post-processing technique and control of emitter thickness is crucial.
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Figure 6.5: Bright-field TEM image showing the isolated Si nanocrystals close to the surface.

Diffracting Si nano-crystallites with dimensions of about 5nm can be observed. By getting closer
to the surface the size of nanocrystalline decreases to less than 3nm and they become isolated in
an amorphous matrix (Fig. 6.5).

The scanning transmission microscopy (STEM) image of the n-PS layer at the silicon interface is
shown in Fig. 6.6(a). The structural morphology of the PS layer including the pores size,
interconnections and branching pattern can be seen more clearly in the STEM image. Random
branching of silicon interconnections of less than 10nm starts from the silicon interface and pores

with sizes of about 5 nm is observed.

Figure 6.6: a) Scanning tunneling electron microscopy image of n-PS layer showing the growth
morphology (branching) of the PS layer. b) Dark-field TEM image of the crystallites close to the Si
interface.
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Fig. 6.6(b) shows the dark-field image of the crystallites close to the Si interface. Si nanocrystals
which are fringing can be observed in this image. The nanocrystal network is not continuous and
many defects and amorphous structures can be observed in the nanoporous network. Amorphous
silicon in the PS layer can easily oxidized and form an oxide matrix.

Cross-sectional TEM images of nanoporous layer formed under higher anodization current of 1A

are illustrated in Fig. 6.7. The BF-TEM image shows graded-size nanocrystals and Si-QDs layer.

Figure 6.7: a) Cross-sectional, bright-field TEM image of nanoporous layer formed under higher
anodization current of 1A. The brighter part of Porous layer is marked as Si-QDs. This layer contains
quantum size Si nanoparticles less than 2nm which are isolated and distributed in an oxide matrix. b)
Dark-field TEM image taken from the interface of Si-QDs layer and graded-size Si nanocrystal layer.
This image clearly shows crystallite size gradually decreases and crystallites are isolated close to the
surface.
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As can be seen in this image the colour of the Si-QDs layer is brighter in the structure of
nanoporous Si. This can be attributed to the high content of oxygen in the Si-QDs layer coming
from the oxide matrix. The detailed elemental study of this layer is performed by means of
EELS, EDX and energy filtered TEM.

Fig. 6.7(b) shows dark-field TEM image taken from the interface of Si-QDs layer and graded-
size Si nanocrystal layer. This image clearly shows that the crystallite size gradually decreases
and crystallites are isolated close to the surface. In compression with the nanoporous layers
obtained at lower currents (0.55A, Fig. 6.4), the size of crystallites at the interface of Si/n-PS is
larger and also the Si-QDs layer formed on top the nanoporous layer is thicker. However, the
graded-size network of nanocrystals has a same pattern as in samples anodized with different
currents.

High resolution TEM images of the graded-density nanoporous layer formed at current of 1A are
collected in Fig. 6.8. These images are taken from four spots marked in Fig 6.7 (a). They show
the nanostructure of the porous layer in high resolution by moving from the Si/n-PS interface
towards the surface of the nanoporous layer. Pore nucleation starts from surface of silicon and
propagates to the crystal volume. It has been reported that the mechanism of the pore growth
depends on the crystalline orientation of the silicon substrate. In a (100) Si substrate regardless of
type, pores grow in <100> direction perpendicular to the surface of the substrate. It has been
shown that the pores in n-type Si substrate only grow in <100> and <113> directions.%%3
Directional growth of pores was also observed in silicon spheres.

Fig. 6.8(b) shows a nanostructured crystalline network of n-PS and the propagation of pores in
crystal volume. The pore growth direction can more clearly be observed in scanning TEM
images. Isolated Si nanocrystals with dimensions of less than 2nm were observed in the Si-QDs
layer (marked in Fig. 6.8(d)). However, due to the thickness of TEM samples, fringing in Si-QDs

with dimensions of less than 2nm can hardly be observed in bright-field images.
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Figure 6.8: High resolution TEM images of graded-density nanoporous layer formed under higher
anodization current of 1A. Images are taken from four spots as marked in Fig 6.7(a) (corresponding to a,
b, ¢, and d). (a) Formation of pores with dimensions of about than 10nm in crystalline silicon structure (b)
Nanostructured crystalline network of n-PS and propagation of pores in crystal volume. (c) Formation of
isolated Si nanocrystals. (d) Isolated Si nanocrystals with dimensions of less than 2nm.

The result of the transmission electron diffraction (TED) study is shown in Fig. 6.9. The smallest
aperture, with a size of about 250nm, was used to study the diffraction patterns. Selected area
diffraction patterns (SADP) were obtained from the bulk of spheres, graded-size nanocrystal
layer and Si-QDs embedded in the oxide matrix. The SADP obtained from the bulk of the Si
sphere illustrated a perfect crystal structure. However, diffraction patterns obtained from the
graded-size nanocrystal layer showed slight crystal imperfection. Arced reflections were
observed in TED patterns obtained from the Si-QDs embedded layer.
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Figure 6.9: Transmission electron diffraction (TED) pattern of Si obtained from the bulk of spheres,
graded-size nanocrystal layer and Si-QDs embedded in oxide matrix. Arcing only observed in TED
pattern of Si-QDs embedded in oxide matrix. This can be attributed to the misoriented nanocrystals
embedded in an oxide matrix.

This can be attributed to the misoriented nanocrystals in this layer. Since these Si-QDs are
embedded in an amorphous matrix, misoriented nanocrystals with slight deviation from the
crystal structure can cause arced reflections.

The result of the elemental study on different areas of nanoporous layer has been shown in Fig
6.10. EDX spectrum scans were collected from an area of 100x100nm? on the bulk of Si spheres,
graded-size nanocrystal layer and Si-QDs layer. As can be seen in these spectra, the peak
corresponding to oxygen is significantly increased in the spectrum obtained from Si-QDs layer.
Ga, Cu, and C were also observed in the spectra. Ga has been induced from the FIB sample
preparation and Cu is coming from the TEM grid. High carbon contamination in the Si-QDs

layer is induced from the carbon capping layer.
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Figure 6.10: EDX spectrum scan of 100x100nm? area from (a) bulk of Si spheres, (b) graded-size
nanocrystal layer and (c) Si-QDs. As can be seen in these spectra, oxygen content in Si-QDs layer is
significantly increased. Ga, Cu, and C were also observed in the spectra. Ga has been induced from the
FIB sample preparation and Cu is coming from the TEM grid. High carbon contamination in Si-QDs
layer is induced from the carbon capping layer.
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Figure 6.11: Scanning tunneling electron microscopy images of nanoporous layer formed by anodization
current of 1A, showing the growth morphology and pore branching in the PS layer.

Scanning TEM is more favorable when studying the morphology and pore propagation in
nanoporous layers. Fig. 6.11 shows the STEM images of the n-PS layer obtained by anodization
current of 1A. The pore propagation and crystallite size in nanoporous silicon is controlled by
different factors such as anodization current, doping concentration, and the type of substrate. As
can be seen in this figure, the crystallites sizes are significantly larger at the interface of Si/n-PS.
These spheres are p-type Si and uniformly doped by phosphorous to make a junction of about
0.7um depth. The porous layer thickness of the samples anodized by 1A is about 0.7um which is
comparable to the junction depth. The lower doping concentration close to the junction can affect
the pore formation mechanism and also crystallite size. The change in the pore dimensions and
crystallite size might induce a significant stress to the porous layer. Fig. 6.12 shows the
nanoporous layer detached and separated from the bulk of the sphere close to the junction depth.
This can be attributed to the stress between nanoporous layer formed in the n+ emitter region and
lower doping concentration region close to the junction. This can also explain the drop of

external quantum efficiency of spherical cells anodized at currents higher than 1A.

72



Figure 6.12: STEM image of nanoporous layer formed at anodization current of 1A. The nanoporous
layer is broken and separated from the bulk of sphere. This can be attributed to the stress between
nanoporous layer formed in n+ emitter region and lower doping concentration. This can also explain the
drop of external quantum efficiency of spherical cells anodized at currents higher than 1A.

6.5 EDX and EELS line scan analyses: linear graded-density PS

Fig. 6.13 shows the cross-sectional STEM image of the nanoporous layer obtained using an
anodization current of 0.7A. During the FIB preparation process a thin layer of Pt was deposited
onto the surface of the n-PS layer using an electron-beam. This Pt layer protects the surface of
the nanoporous layer from any damage during ion milling. The electron-beam Pt deposition is
carried out on samples where studies of features close to the surface are of interest. The capping-
Pt layer on top of the PS layer is observed to be brighter than other layers in the scanning TEM
image. Since the rate of Pt-deposition by electron beam is low, subsequently, a thicker layer of
carbon is deposited by an ion-beam technique.

Same as other investigated nanoporous layers, the nanostructure of this layer is consisting of
graded-size nanocrystals and Si-QDs embedded layer. In order to study the elemental
composition and intensity of Si and O along the graded-density nanoporous layer, EELS and
EDX line scans, spot analyses, and spectrum scans were performed. The EDX line scans show
the intensity of elements along the nanoporous layer; while, EDX spot analyses are required to
reveal the elemental compositions of the nonporous layer.
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Figure 6.13: (left) STEM image showing morphology of graded-nanoporous layer obtained by
anodization current of 0.7 A. (Right) Positions of EDX spot analysis and line-scan along the graded-
density nanoporous layer have been marked.

Depth profiles obtained by EELS measurements confirm the data collected from the EDX
analyses. The result of EDX line scan analysis along the nanoporous layer, from the surface
towards the Si interface, is depicted in Fig. 6.14. The position of the line scan is marked in Fig.
6.13 by an arrow. The Si intensity in the bulk of silicon is constant and gradually decreases in a
linear form along the graded-size nanocrystal layer. By getting closer to the surface (about

200nm), the Si intensity decreases more slowly. As observed in DF-TEM and BF-TEM images,

300 400 500 600 700

nm

Figure 6.14: EDX line scan analysis along the nanoporous layer, from the surface towards the Si interface
(The position of the line scan is marked in Fig. 6.13).
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Figure 6.15: EDX line scan analysis along the nanoporous layer, from the surface towards the Si/n-PS
interface performed on another area of this sample.

the size of silicon nanocrystals decreases to less than 2nm in the Si- QDs layer and Si intensity
changes slowly in this layer. Oxygen intensity is also constant in the bulk of Si spheres (close to
zero) and gradually increases to the maximum in the Si-QDs layer close to the surface. EDX line
scan analysis performed on another area of this sample is illustrated in Fig. 6.15. In both
analyses, silicon intensity gradually decreases along the nanoporous layer and oxygen intensity
increases reaching its maximum close to the surface.

The result of elemental composition study is collected in Table 6.1. The spectra were obtained
from the ten spots marked in Fig. 6.13. Based on the collected data, a small amount of oxygen
exists in the crystal Si (S8, S9, S10) which is attributed to the native oxide formed on the surface
of the thinned sample.

()

Spectrum(1) 43.92 56.07 57.89 42.10
Spectrum(2) 42.74 57.25 100 56.71 43.28
Spectrum(3) 43.53 56.46 100 57.51 42.48
Spectrum(4) 31.92 68.07 100 45.15 54.84
Spectrum(5) 24.44 75.55 100 36.22 63.77
Spectrum(6) 19.74 80.25 100 30.16 69.83
Spectrum(7) 14.31 85.68 100 22.67 77.32
Spectrum(8) 4.80 95.19 100 8.14 91.85
Spectrum(9) 3.24 96.75 100 5.56 94.43
Spectrum(10) 3.43 96.562 100 5.88 94.11

Table 6.1: Result of EDX spot analyses marked in Fig. 6.13.
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m Weight% O | Weight% Si | W% Total Atomic% Si

Spectrum(1) 34.12 65.87 47.63 52.36
Spectrum(2) 30.44 69.55 100 43.45 56.54
Spectrum(3) 31.93 68.06 100 45.16 54.83
Spectrum(4) 31.89 68.10 100 45.11 54.88
Spectrum(5) 20.66 79.33 100 31.38 68.61
Spectrum(6) 14.57 85.42 100 23.04 76.95
Spectrum(7) 10.21 89.78 100 16.65 83.34
Spectrum(8) 1.06 98.93 100 1.85 98.14
Spectrum(9) 0.84 99.915 100 0.14 99.85
Spectrum(10) 1.02 98.97 100 1.7 98.21

Table 6.2: Result of EDX spot analysis from another area of the sample anodized with 0.7A. The data is
slightly different but still confirms the result of EDX study collected in Table 6.1.

The ratio of oxygen to silicon (weight %) gradually increases along the nanoporous layer and
reaches to 67% close to the surface. It is observed that the oxygen ratio to silicon is almost
constant in the Si-QDs layer (S1, S2, and S3). Table 6.2 shows the result of EDX spot analysis
from another area of this sample. The data is slightly different but still confirms the result of the
EDX study collected in Table 6.1. As it can seen in this table, the oxygen ratio to silicon is about
1% on the crystal silicon and increases to about 53% close to the surface.

Elemental depth profile of the nanoporous layers has also been studied by means of transmission
EELS. The principle of the energy loss spectroscopy is based on the inelastic interaction of the
TEM electron beam with atoms in the specimen. The elastic interactions will form the zero-peak
loss in the spectrum; while inelastic interactions including plasmon excitations and inner-shell
ionizations provide detailed information about the elements in the sample. Transmission EELS,
as compared to EDX analysis, is more accurate and spectra with an energy resolution of less than
1eV can be collected.

The Si intensity depth profile obtained by EELS analysis is depicted in Fig. 6.16. Depth profiles
in this figure were collected from different areas of the sample anodized at 0.7A. In the C-Si
region, the Si intensity is almost constant and linearly decreases along the nanoporous layer. By
getting closer to the surface, the Si intensity decreases more slowly and two regions with
different slopes can be observed. These regions are assigned to graded-size nanocrystal layer and
Si-QDs embedded layer. The latter is clearer in Fig. 6.16(b).
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Figure 6.16: Si-intensity depth profiles of nanoporous layer, obtained by energy loss spectroscopy
analysis. (a) and (b) are collected from different areas of the sample anodized at 0.7A (same sample used
for EDX analyses).
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6.5 EELS investigation of Si quantum dots embedded in nanoporous
oxide: stability properties of oxide matrix

EELS spectra recorded from Si-QDs embedded in oxide matrix, before and after irradiation with
a high energy electron beam (300KeV), are depicted in Fig. 6.17. The core-loss EELS spectra are
obtained through inelastic interaction of the electron beam with inner-shell electrons of atoms in
the specimen where the energy loss is recorded by the spectrometer. The collected spectra show
the Si L edges and the oxygen K edges from the unirradiated and irradiated silicon quantum dots
embedded in oxide matrix. The characteristic edge structure of pure Si with an edge at 100eV
and first maximum at 102eV as well as SiO2 with an edge onset at 106eV and strong peaks at
108 and 114eV can be seen. The Si-L; edge of silicon quantum dots and SiO» matrix were
observed at 152eV and 157eV, respectively. No significant change was observed in the intensity
of the O-K edge (~540eV) of silicon oxide after irradiation. This indicates the oxide matrix
formed in nanoporous layer is stable and it is not sensible to the electron beam. However, it is
reported that the oxide formed in the macroporous silicon layer containing pores in the micron
size is sensible to the electron beam and the O—K signal almost disappears after irradiation.*

_ Before irradiation

after Smins irradiation
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Figure 6.17: Energy loss spectra showing Si L edges and the oxygen K edges from the unirradiated and
irradiated silicon quantum dots embedded in oxide matrix. The back ground is subtracted to highlight the
Si L edge.
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6.6 Energy filtered TEM study of Si nanocrytals in n-PS layer

Since plasmon peaks of Si and silicon oxide are positioned at different energies, 16.8 and 23 eV,
energy filtered TEM is a useful technique to study the Si nanostructures in the oxide matrix. The
EFTEM imaging technique is based on filtering of the electron beam by energy slit (~2eV) to
form the image of a specific element in the specimen. The EFTEM image produced from the
plasmon peak of Si at 16.8eV, with 2eV energy slit, is shown in Fig. 6.18. The porous silicon
network is bright, and the oxide matrix appears dark. The pore branching close to the crystal Si
(C-Si) and isolated Si nanocrystals close to the surface are observed in this image. These
quantume-size silicon nanocrystals are dispersed in an oxide matrix. However, the EFTEM image

doesn’t give any information about the crystallinity of the samples.

6.7 Raman spectroscopy

Raman spectra of samples with and without n-PS ARC layer, measured in broad range of 200-
1200, are shown in Fig. 6.19. Unpolarised Raman spectra were collected at room temperature
using an Ar ion laser excitation source, operating at 488nm wavelength. In order to reduce the

laser-induced heating effect on nanoporous Si layers, the average laser power was about 1mW at

Figure 6.18: Energy Filtered TEM image showing filtered image of the plasmon peak of Si at 16.8 eV.
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the sample surface. In comparison with bulk, the Raman peak in the n-PS silicon layer noticeably
downshifted toward lower frequencies and asymmetrically broadened. In bulk crystalline silicon,
because of conservation of phonon momentum g, only phonons at the centre of the Brillouin
zone can take part in the Raman scattering process resulting in a narrow zone-centre optical
mode around 520cm™ at room temperature. However, in nanocrystalline silicon, localization of
phonons in small grains relaxes the k-selection rule and allows phonons with q70 to contribute to
Raman spectra.1%1%1 Therefore, in the n-PS layer with silicon interconnections (wires) and
crystallites of about a few nanometers, the wave function of optical phonons is no longer a plane
wave; and due to participation of phonons with q#0 in Raman scattering process, the red shift
and broadening of the Raman peak occurs.’%?1% |t has been established that the Raman peak
shift toward lower frequencies is more pronounced with the decrease of nanocrystals size. There
is also a shoulder appearing close to 480 cm™ which corresponds to the position of the strong TO

band in a-Si.
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Figure 6.19: Room temperature Raman spectra of silicon spheres with and without graded-nanoporous
layer. The silicon sphere spectrum without a PS layer is similar to standard bulk crystalline silicon with a
peak around 521cm™. As can be seen in inset, Raman peak found to be broadened and downshifted in the
silicon sphere spectrum with an n-PS layer.

80



— 30

20

Counts (x 1e3)

~
§
440 &

D
N
420 O
Y
4
S

éb
Ly

400

380

600
700

;\\,0
800 360 oF
Wavelengt, (hm) 00

Figure 6.20: Photoluminescence spectra of Si-QDs.

6.8 Luminescence properties of graded-density nanoporous Si

The photoluminescence spectra of the graded-density n-PS layer formed on silicon spheres are
collected in Fig 6.20. The PL spectra were collected with different excitation wavelengths at
room temperature. Two strong peaks at wavelengths of 640nm and 690 were observed in the
photoluminescence spectra which are independent of the excitation wavelength. Figure 6.21
shows the excitation spectrum of the emission intensity at 640nm. By changing the excitation
wavelength the intensity of the emission peaks significantly changes. As can be seen in this
spectrum the excitation wavelengths from 350 to 500, which are corresponding to high energy
photon wavelengths in the solar spectrum, create strong emission peak at 640nm. Furthermore,
the emission peaks lie in the high conversion efficiency region of spectral response of crystalline
silicon solar cells.

Different luminescence mechanisms have been considered and proposed to be responsible for
visible emission of nanoporous silicon. Mainly three different models have been discussed: 1)

luminescence due to native oxide formed in the PS layer or defects in the SiOx; 2) Visible
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Figure 6.21: Excitation spectrum of the emission intensity at 640nm.

photoluminescence based on recombination of carriers confined in Si nano-crystallites or
nanoscale interconnections (quantum confinement effect);*1%" 3) surface effect of Si nano-
crystallites.”? Fig. 6.22 shows the optical image obtained by digital camera from luminescence of
nanoporous layer formed on silicon spheres. An area of about 0.5x0.5 cm? was illuminated by

monochromatic light (380nm) from a xenon lamp.

Figure 6.22: Optical image obtained by digital camera from luminescence of nanoporous layer formed on

silicon spheres. An area of about 0.5x0.5 cm? was illuminated by monochromatic light (380nm) from a
xenon lamp.
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6.9 Light trapping and external quantum efficiency of spherical
silicon solar sells

Fig. 6.23 shows the schematic of silicon spheres with the integrated graded-density nanoporous
Si layer. As seen in this image, the graded-density layer consists of graded-size silicon
nanocrystals and quantum-size Si nanoparticles. These Si-QDs are embedded in an oxide matrix
with high orange luminescence; therefore, they are shown with orange dots. The reflectance
characteristics of spherical silicon solar cells with and without the n-PS ARC layer are depicted

in Fig. 6.24.
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Figure 6.23: Schematic of spherical silicon solar cells with integrated graded-density nanoporous Si layer.
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Figure 6.24: Reflectance characteristics of spherical silicon solar integrated with graded-density n-PS
layers obtained by different anodization currents.

As can be seen in this Figure, in contrast to the regular PS layers, the graded-density film can
uniformly suppress the reflectivity in the entire visible spectral range. However, due to the
reflections from aluminum foil, the reflectivity of the cells with n-PS coating does not become
zero. The refractivity of regular PS layers can be controlled by etching conditions to obtain a
quarter-wavelength antireflection coating, which results in reduced reflectivity in certain
frequencies. However, it is difficult to obtain a layer for efficient suppression of reflection in a
broad spectral range. Also visible in this Figure, the reflection of cells integrated with n-PS
anodized with currents less than 1A has reduced to less than 15% in a wide range of spectral
response (400-100nm). The samples anodized by high current of 2A showed different reflection
behavior. This can be attributed to the decrease of the graded-size nanocrystal layer thickness at
high currents as well as the separation of the n-PS layer from silicon crystal (Fig. 6.12). The
suppression of the reflectivity in a wide range of the spectral response has been explained by
Stephen and Cody'%® based on the graded refractive-index structure. Stephens and Cody have
developed a model demonstrating a graded-textured surface with features smaller than the light
wavelength can efficiently suppress the reflection through the entire usable spectrum. Fig. 6.25

to 6.29 show the external quantum efficiency spectra of silicon spheres integrated with graded-
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intensity n-PS layer obtained by different anodization currents. The EQE measurements were
performed on the same cell with and without ARC (before and after anodization). Spherical
silicon solar cells integrated with graded-density n-PS obtained by anodization current of less
than 0.7A, showed significant improvement in the whole range of spectral response. At higher
anodization currents, due to the decrease of the effective emitter thickness and poor conductivity,
the cell performance is degraded.
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Figure 6.25: Spectral response measurements of spherical silicon solar cell with anodization current of
0.55.
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Figure 6.26: Spectral response measurements of spherical silicon solar cell with anodization current of
0.6A.
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Figure 6.27: Spectral response measurements of spherical silicon solar cell with anodization current of

0.7A.
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Figure 6.28: Spectral response measurements of spherical silicon solar cell with anodization current of
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Figure 6.29: Spectral response measurements of spherical silicon solar cell with anodization current of

2A.
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The significant improvement of the spectral response is attributed to the light trapping and light-
diffusing behavior of graded-density n-PS as well as the bandgap opening in this layer. Due to
the quantum confinement effects of Si-QDs in the nano-PS layer, the bandgap opening results in
highly transparent porous Si layer minimizing the absorption of incident photons inside the PS
layer. The high luminescent Si-QDs embedded layer can be employed as an efficient down-
shifting layer to improve the absorption of high energy photons. However, efficient optical
capping layers are required to prevent the escape of re-emitted photons from the surface of the
silicon.

By increasing the anodization current, less improvement in blue spectral response were observed.
This can be attributed to the effect of the shallow emitter and increase of the surface

recombination velocity due to the induced defects.

6.10 Conclusion

We successfully developed and integrated a graded-density nanoporous layer into spherical
silicon solar cells. This layer has been characterized by the means of scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Scanning tunneling TEM, energy
filtered TEM, dark-field TEM, transmission electron diffraction (TED), electron energy loss
spectroscopy (EELS), energy dispersive x-ray (EDX), Raman spectroscopy and
photoluminescence spectroscopy (PL). Due to the quantum confinement effects, this ARC layer
shows incredible properties such as enhanced luminescence, light trapping, photon-shifting and
bandgap opening. The nanostructured porous layer consists of graded-size silicon nanocrystals
and quantum-size Si nanoparticles embedded in an oxide matrix. The graded-size structure
explains the suppression of reflectivity at the wide range of spectral response (black silicon).
Quantum-size silicon nanoparticles with dimensions less than 2nm justify the significantly high
luminescence. Bandgap opening in the emitter structure minimizes the absorption of photons in
the dead layer and improves the short circuit current. The spectral response of silicon spheres
integrated with graded-density n-PS layers exhibited significant improvement in a wide range of

the spectral response.
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Chapter 7

Hemispherical nanopit silicon texturing: a novel
method of texturing based on etching through a liquid-
phase deposited mask

7.1 Introduction

Currently, in commercial solar cells, the standard process for silicon wafer texturization is to
form random pyramids of about 5 to 10um in size on the Si surface. These pyramids are formed
during an anisotropic etching process and by removal of about 20um from the surface silicon.
Anisotropic etching of Si, using alkaline solutions such as sodium hydroxide (NaOH), potassium
hydroxide (KOH), sodium carbonate (NaCOgs), etc.,, has been extensively studied for
texturization of (100)-oriented single-crystalline Si.1%-1% However, since the method is based on
selective etching of (100) planes, it cannot be applied to multicrystalline Si (mc-Si) with
randomly oriented grains. For texturing mc-Si, several other methods have been proposed, such
as reactive ion etching,'® acidic etching,''? laser cutting, “honeycomb” texturing,'* and porous
Si layer formation.'*> Among these methods, “honeycomb” texturing considerably reduces
optical losses and improves photon trapping. In this method inverted hemispheres are

isotropically etched through patterns (holes) that are formed photolithographically on a thermally
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grown oxide layer. The method developed in this research is cost efficient and requires no
photolithography or mask deposition steps, and it can be applied post-process since it does not
require any mask formation at high temperature.?

In this technique, we use hydrofluorosilicic acid (H2SiFe) as the anodization solution. HzSiFe is
the byproduct of silicon etching in Hydrofluoric acid (HF). Therefore, we can consider this
solution as an HF solution which has reached close to the saturation by dissolving of silicon.
During the anodization process using H2SiFs, two reaction mechanism of silicon etching and
deposition of SiOx, occur simultaneously. The liquid phase deposited SiOx acts as a mask on the
surface of the silicon and hemispherical nanopits are formed by isotropic etching through the
holes in this mask. The key feature of this method is the utilization of an LPD oxide layer which
grows simultaneously during the etching process. An important advantage of this method over all
other texturing methods is removal of less than 1um from the surface of the silicon to produce a
uniform texturing. The developed nanopit-texturing method has also potential applications in
fabrication of selective emitter solar cells and it can be applied as post-processing texturing
method to advance photovoltaic and photonic devices. This novel method of texturing is
extensively studied and the spectral response of spherical silicon solar cells textured by this

method was investigated.

7.2 Surface morphology of nanotextured silicon spheres and
elemental study of LPD mask

A conventional single tank system was used for the electrochemical etching process. A platinum
grid was used as the cathode and a mixture of diluted H.SiFs (35% with H.O) and ethanol was
prepared as the electrolyte solution. The samples were mounted by screw pressure at the bottom
of the Teflon cell with an opening of 2-inch diameter. The anodizations were performed at room
temperature with various constant current densities for periods of up to two minutes. A constant
current of 550 mA was imposed in the anodization tank and the forming voltage during the
anodization process was 3.5 V. However, the voltage slowly increased during the anodization
process due to the silicon texturing and changes at the surface of silicon. During the anodization
process, a SiOz layer is uniformly grown on the Si spheres in an aqueous solution of H,SiFs acid
and at the same time the Si surface texturing with isotropic etch-pits takes place underneath the
oxide layer. Fig. 7.1 shows the SEM image of the oxide layer formed on the surface of Si spheres
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during the anodization process. Fig. 7.1(a) shows the image of the LPD silicon oxide layer
covering the surface of the Si sphere. As can be seen in this figure, micro-pores are formed in the
LPD oxide (Fig. 7.1(b)).

>

,: - - LRS- o s 2 8}
Figure 7.1: (a) SEM image of the LPD silicon oxide layer covering the surface of the Si sphere (image has
been taken from the side of a sphere). Micro-pores can be observed in the oxide layer. (b) SEM image

showing the textured Si surface underneath the silicon oxide layer, after partial removal of the latter (area
marked by white box, used in EDX of figure 7.2(b)).
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Figure 7.2: (a) EDX analysis of the liquid-phase deposited oxide. (b) EDX analysis of the exposed Si
surface (marked by white box) of figure 7.1(b).

Fig. 7.1(a) shows the SEM image of the textured Si surface underneath the silicon oxide layer,
after partial removal of the latter. Fig. 7.2(a) and (b) show the energy dispersive x-ray
spectroscopy (EDX) spectra of the surface of the oxide layer of Fig. 7.1(a), and of the exposed
textured Si (white box in Fig. 7.1(b)). While the Si and O are seen in the EDX spectrum of the
LPD oxide layer, only Si appears in the EDX spectrum of the Si surface. Although the exposed
Si surface may have contained a native oxide layer, no O appeared in the EDX spectrum
indicating that the observed O in the spectrum of the LPD oxide layer is from the LPD growth.

Fig. 7.3 shows the SEM image of the thin layer of LPD silicon oxide covering the surface of the
sphere. The thickness of the layer appears to be about 100nm. The solution reaches the surface of
the silicon through the micro-pores and the silicon texturing and LPD oxide deposition

simultaneously occurs.

Figure 7.3: SEM image of the thin layer of LPD silicon oxide covering the surface of the sphere. The
thickness of the layer appears to be about 100nm. The solution reaches the surface of silicon through the
micropores and the silicon texturing and LPD oxide deposition simultaneously occurs.
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Figure 7.4: FTIR transmission spectrum of LPD oxide between 2000 and 600 cm™.

Fig. 7.4 shows the FTIR transmission spectrum of the LPD oxide layer. The absorption bands
around 610 and 735 cm™ are attributed to the silicon substrate. The absorption peaks
corresponding to Si—O-Si stretching and bending vibration modes were observed at around 1085
and 810 cm™, respectively.!*® The absorption band around 1600 cm™ is attributed to H20
vibrations. The 940 cm™ peak for the Si-F stretching vibration was not obviously observed. The
morphology of the textured Si surface after complete removal of the oxide layer is shown in the
SEM image of Fig. 7.5. As can be seen in the Figure, homogeneous Si texturing with
hemispherical etch-pits has been obtained. Under the oxide mask, through random defined pores,
the etching rates in different orientations are the same, resulting in the formation of a

hemispherical structure.
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Figure 7.5: SEM image of the Si surface after removal of the LPD oxide layer showing the homogeneous texture on
the Si surface

AFM studies performed on the textured Si surface revealed etch-pits of up to 1.5 um in size and
0.7 um in depth (Fig. 7.6). The inverted hemispherical texturing was also confirmed, which is an
efficient texturing to not only minimize the reflectance but also increase the effective optical
thickness in photovoltaic devices. Fig. 7.7 shows the 2-D AFM image of hemispherical

structures on the silicon surface.
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Figure 7.6: AFM image of the textured silicon after oxide removal.
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Figure 7.7: 2-D AFM image showing hemispherical structures on the silicon surface.
Etch-pits of up to 1.5 um in size and 0.7 um in depth were revealed.

7.3 Transmission electron microscopy study

Since there is no previous study on the electrochemical etching of silicon using H2SiFs, detailed
investigation is necessary to reveal the nature of nanotexturing as well as the mechanism of the
etching. In order to study the nature of nanotexturing as well as the elemental properties of the

LPD oxide, transmission electron microscopy studies were performed. Cross-sectional TEM
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samples from the nanotextured surface before and after the removal of the LPD oxide were
prepared. Fig. 7.8 shows the cross-section TEM sample preparation from the surface of the
silicon spheres using focused ion beam (FIB) technique. Fig. 7.8(a) shows the carbon layer
deposited ion-beam to protect the surface from ion milling. Using a high beam current (gallium
ion beam), two trenches are formed on both sides of the carbon layer (Fig. 7.8(b) and (c)). In
order to prevent damaging of the area of interest, ion milling is continued with a low current
beam to obtain a thickness of about lum. After this step, Frame Cuts are created and the
membrane is polished to the level of electron transparency (~50 to 100nm). Using a glass needle
and a micromanipulator, the membrane is removed and attached to a TEM grid (Fig. 6.8(d)).
However for the preparation of the sample with the LPD mask, prior to the FIB preparation
process, a thin layer of aluminum was deposited onto the surface using an e-beam system. This
Al layer will protect the surface of the layer from any damage during carbon ion-beam

deposition.

Interface
Siand C

Figure 7.8: Preparation steps of TEM sample from nanotextured surface of silicon using focus ion beam
technique (FIB-prepared cross-section for TEM imaging).
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Figure 7.9: Scanning TEM image of an isotropic etch-pit from the surface of the nanotextured Si. No pore
formation or branching was observed.

The cross sectional TEM analysis performed on the samples revealed the isotropic nature of the
texturing and no pore formation was observed (Fig. 7.9). Therefore, the mechanism of this
nanotexturing is different to porous silicon formation. In the PS formation process, random pores
are formed on the surface of the silicon by dissolution of Si atoms in an HF solution. The
depletion region formed around these pores, restricts the hole injection process from bulk Si and
branching continues from the tip of the pores. The arrows in this figure are indicating that the
etch-pit is formed by the merging of the smaller etch-pits, which is corresponds to the nature of
the isotropic etching of silicon.

Fig. 7.10 shows the cross-sectional bright-field TEM image of the silicon, oxide mask and Al-
capping layer for surface protection from FIB-induced damage. The dashed-line (which is
parallel to the Si surface) shows the interface of deposited Al and oxide mask. However, due to
the high porosity of the LPD oxide mask, Al is diffused to the oxide layer and there is no clear
interface between Al and the LPD oxide mask. As can be seen in this figure, a thin layer of oxide

is formed directly on the surface of silicon and a thicker layer has just covered the etch-pit.
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Figure 7.10: The cross-sectional bright-field TEM image of silicon, oxide mask and Al capping layer for the
surface protection from FIB-induced damage.

The solution can reach the surface of the Si through the micro-pores in the oxide layer and the Si
texturing and LPD oxide deposition simultaneously occurs. Fig. 7.11 shows the high-resolution
TEM image of the silicon/oxide mask interface indicating that no pore formation process has

occurred. Therefore, the etching mechanism is different to the porous silicon formation process.

Figure 7.11: High-resolution TEM imag of silicon/SiOy interface (no pore formation was observed).
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Figure 7.12; High—reslution TEM image showing the formation of very small etch-pits on the Si surface.

On some parts of the sample formation of very small etch-pits was observed which is shown in
Fig. 7.12. The scanning TEM image of the SiOx layer formed on the summits of the textured
surface is shown in Fig 7.13. As can be seen in this figure, a thick layer of silicon oxide is
formed on the summit, acting as a mask during the etching process. Assuming two competing
mechanisms exist during the texturing process, etching and deposition of LPD oxide, the
isotropic etching of silicon can be explained based on a higher deposition rate of LPD oxide on
the summits. By initiation of the reactions, random etch-pits are formed on the surface of silicon
and subsequently, summits are covered by an LPD oxide mask and isotropic etching continues
inside the etch-pits. In order to investigate the elemental composition of the LPD mask, EDX
analyses were carried out. In this image, the mask layer is highlighted by dashed-lines (in the
inset) and the arrow shows the direction of the EDX line scan. The spectra show the EDX line

scan for oxygen and silicon along the arrow.
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Figure 7.13: Scanning TEM image of mask layer formed on the summits of textured surface. The mask
layer has been highlighted by dashed-lines in the inset and the arrow shows the position of the EDX line
scan. The spectra show the EDX line scan for oxygen and silicon along the arrow.

Fig. 7.14 shows the SEM image of the Si textured surface showing a pentagonal (symmetric)
etch-pit with sub-wavelength dimensions. The mechanism of the formation of this pentagon is
explained using the schematic. The etching starts through the generated holes in the liquid phase
mask layer deposited at the initial stage of the etching. Isotropic etching of silicon through these
holes and simultaneously deposition of LPD SiOx results in the formation of the pentagonal

texture.
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Figure 7.14: (Left) SEM image of the Si textured surface showing a pentagonal (symmetric) etch-pit with
sub-wavelength dimensions. (Right) the schematic shows generated holes in the mask layer at the initial
stage of the etching. The etching continues through these holes and a pentagonal surface texture is
created.

7.4 Etching mechanism and chemical reactions

Different LPD techniques, such as immersing silicon wafers in saturated hydrofluorosilicic acid
(H2SiFe)4115 and anodic oxidation in diluted H,SiFs solution® %7 have been investigated for
silicon oxide growth. The chemical reaction responsible for LPD oxide growth has been
proposed as follows:116: 117

H2SiFs +2H20 - 6HF +SiO2 [1]

However, due to the HF content of the solution, etching of SiO2 may occur during the oxide
growth. Thus, there are two competing mechanisms during the liquid-phase oxide deposition.
Since we are not using a saturated H»SiFs acid solution, it is supposed that the oxide etch rate in
this method is higher than in LPD oxide methods. The etching of SiO> occurs due to the

following chemical reaction:*®
SiO2 + 6HF > SiFe> + 2H0 + 2H* [2]

The oxide etching and the hydrogen bubbles released from the surface of Si during the Si
texturing are responsible for the rough surface and the micro-pores in the oxide layer. As
discussed in Chapter 2, in the electrochemical etching process, if the current density exceeds a

critical value (electropolishing threshold) the anodization results in complete removal of the Si
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and smoothing of the surface.!*® 2% However, in our method the LPD oxide acts as a mask for
the eletropolishing process resulting in isotropic etch-pits formation. The chemical reaction for

electropolishing can be written as:

Si + 6HF = H.SiFs + 4H" + 4e [3]

The by-product of Si dissolution in Hydrofluoric acid (HF) is H2SiFe acid. The solution reaches
the surface of the Si through the micro-pores in the oxide layer and the Si texturing and LPD
oxide deposition simultaneously occurs. H2SiFs acid, as a by-product of Si etching, shifts the Eq.
5 to right and the hydrogen production shifts the Eq. 6 to the left, both resulting in a higher oxide

deposition rate.

7.5 Reflectance characteristics and external quantum efficiency of
silicon spheres with hemispherical nanopit texturing

The schematic of silicon spheres with hemispherical nanopit texturing on the emitter is depicted
in Fig. 7.15. As can be seen in this image, nanotextuing is performed on the emitter and the
emitter is not yet removed. Development of a texturing method that can be applied as a post
process to form a selective emitter structure has potential applications in optoelectronic and
photovoltaic devices. This texturing method requires removal of less than 0.5um from the

surface of the emitter, while creating an efficient texturing to suppress the reflectivity.
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Front contact foil
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Figure 7.15: Schematic of silicon spheres with hemispherical nanopit texturing on the emitter. Nano-
texturing of silicon spheres with a diffused emitter results in selective emitter solar cells.
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Figure 7.16: Reflectance characteristics of spherical silicon solar cells integrated with hemispherical
nanopit texturing.

Fig. 7.16 shows the reflectance spectra of spherical silicon solar cells integrated with
hemispherical nanopit texturing. The Spectral response measurements of spherical silicon solar
cells with integrated hemispherical nanopit texturing are collected in Fig. 7.17. The EQE of
spherical silicon solar cells integrated with nanopit texturing showed improvement in the whole
range of spectral response. However, the less improvement observed in the UV region is

attributed to the increase effect of surface recombination in shallow emitter structure.
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Figure 7.17: Spectral response measurements of spherical silicon solar cell with integrated hemispherical
nanopit texturing.
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7.6 Conclusion

We developed a novel technique of electrochemical etching for silicon surface texturing using a
liquid-phase deposition of oxide mask. An aqueous solution of hydrofluorosilicic acid (34%) and
ethanol was used as an electrochemical etching electrolyte. During the anodization process, two
reaction mechanisms of the silicon etching and the deposition of SiOy, simultaneously occur. The
liquid phase deposited SiOx acts as a mask on the surface of the silicon and hemispherical
nanopits are formed by isotropic etching through the holes in this mask. The obtained
nanotextured surface is considerably uniform and the etching rate can be successfully controlled.
Using a focus ion-beam (FIB) technique, cross-sectional TEM samples were prepared to
investigate the nature of texturing and the composition of the deposited mask. The hemispherical
nanopit texturing was successfully integrated into spherical silicon solar cells and the etching
mechanisms and the chemical reactions were discussed. The spectral response and reflectance

characteristic of silicon spheres integrated with nanopit texturing were studied.
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Chapter 8

Integration of colloidal quantum dots into spherical
silicon solar cells

8.1 Introduction

When the dimensions of quantum dots(QDs) is reduced to less than several nanometers in the
range of the Bohr radii, quantum dots exhibit discrete and tunable structure in their optical and
electrical characteristics. Due to the quantum confinement effects, QDs exhibits remarkable size-
dependent physical properties. The absorption spectrum of colloidal quantum dots integrated into
functional oxides, dielectric matrix, etc. can be easily matched to the spectrum of the sun’s
energy reaching the earth. Colloidal quantum dots can be deposited by various methods, such as
dip-coating, spin-coating, or inkjet printing on silicon, glass or flexible substrates. Next
generation photovoltaic technology based on quantum dots and concepts such as down-
conversion and down-shifting is promising significant increases in conversion efficiency.
However, until now, there is no experimental evidence of fabricating solar cells with higher
efficiencies than current generation photovoltaic solar cells. The concept of down-conversion is

based on utilization of high energy photons to produce two or more low-energy photons (ideally
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above the band gap silicon) and down-shifting improves the performance of the solar cells by
shifting the short wavelength photons to lower energy photons for which the quantum efficiency
is higher.

Therefore, investigation and development of methods for the integration of quantum dots (QDs)
to silicon solar cells may lead to photovoltaic devices which can harvest the solar energy more
efficiently. We have studied different methods of processing and embedment of colloidal QDs
into metal oxide layers. Since a simple method of the deposition of quantum dots is spin-coating,
in the first approach we try to arrange different QDs in a monolayer form using a spin-coating
process. Subsequently, in order to encapsulate the QDs, a metal oxide layer is deposited on the
monolayer of QDs using electron-beam technique. In another approach, CdSe colloidal quantum
dots are processed into a graded-density nanoporous layer using an ultrasonic system. In this
method by immersion of the nanoporous layer in the solution of quantum dots with proper size,
the quantum dots are dispersed in the pores of the n-PS layer. This method was successfully
applied to the spherical silicon solar cells. Since the first approach is based on spin-coating
technique, due to the shape of silicon spheres and aluminum reflector, it is difficult to be applied
to spherical silicon solar cells.

We successfully fabricated a QDs-embedded layer by processing colloidal QDs into a graded-
density nanoporous silicon layer. This structure is implemented on top of the emitter of the
spherical silicon solar cells and the spectral response with and without incorporation of QDs was
studied. However, the promising efficiency improvement that the theory of quantum dots
predicted was not observed but absorption of optically active quantum dots, along with the

enhancement of high-energy photons conversion efficiency was observed.

8.2 Characterization of colloidal QDs and deposition of closed-packed
QDs monolayer encapsulated by metal oxide layers

Commercial colloidal quantum dots including CdSe stabilized by octadecyl amine (ODA)
ligands, CdSe/ZnS stabilized by ODA ligands and PbS stabilized by oleic acid ligands, were
used in this research. The luminescence quantum efficiency of these quantum dots is about 20 to
30%. The CdSe quantum dots coated with ZnS shell are showing higher quantum efficiency as
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Figure 8.1: Emission and absorption peaks of CdSe quantum dots with size of about 5nm.

compared to CdSe stabilized by octadecyl. ZnS shell with the same crystalline structure as CdSe,
provides an efficient passivation of defects on the surface of the quantum dot resulting in higher
luminescence quantum efficiency. The bandgap of CdSe QDs and the emission peak can be
tuned by adjusting the radius of the nanoparticles. The CdSe quantum dots with different sizes
from 2nm to 6nm emit wavelengths from blue (480nm) to red (630nm), in the visible range of
spectral response. Fig. 8.1 shows the emission and absorption spectra of CdSe quantum dots with
size of about 5nm. As can seen in this graph, the emission and absorption peaks are close to each
other and CdSe QDs absorb wavelengths below the local maximum of the absorption peak. With
excitation wavelengths in high-energy photon region and emissions in high-conversion EQE
region, CdSe QDs are potential candidate for integration into crystalline silicon solar cells.

In order to investigate the crystalline structure, arrangement and size distribution of colloidal
QDs, TEM studies were performed. Colloidal quantum dots were spin coated onto the thin film
carbon TEM grids, using spin-coating technique. By control the concentration of quantum dots
solution and spin-coating process, uniform monolayers were obtained. However, to obtain the
optimum condition many experiments were performed, each involved TEM study. Fig. 8.2
shows the HR-TEM images of different colloidal QDs spin-coated on the thin-film carbon grids.
Fig. 8.2(a) shows the TEM image of CdSe quantum dots with diameter of about 4.8nm. The inset
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(©)
Figure 8.2: (a) HR-TEM image of CdSe quantum dots with diameter of 4.8nm. The inset shows an individual
nanoparticle with wurtzite crystalline structure. (b) Transmission electron micrograph of CdSe/ZnS nanoparticles
exhibiting different crystallographic orientations. The ZnS shell is about 1.6nm. (¢) HR-TEM image of CdS

quantum dots with diameter of about 3nm.
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shows an individual nanoparticle with wurtzite crystalline structure. As seen in this image, QDs
are separated and no agglomeration was observed. Fig. 8.2(b) illustrates the TEM micrograph of
CdSe/ZnS nanoparticles with different crystallographic orientations. The ZnS shell is about
1.6nm. However, since the crystalline structure of the ZnS shell and CdSe are similar, no clear
interface can be observed. This indicates that ZnS is an efficient coating to passivate the
vacancies and defects on the surface of the CdSe nanocrystal. The HR-TEM image of CdS
quantum dots with diameter of about 3nm is shown in Fig. 8.2(c).

However, monolayer of CdSe quantum dots were obtained but close-packed structure was not
observed in large area. The close-pack monolayer structure was only obtained in PbS quantum
dots stabilized by oleic acid ligands. Fig. 8.3(a) shows the bright-field TEM image of PbS
quantum dots arranged in a close-packed monolayer using a spin-coating process. The closed-
pack structure was observed on the large areas of about 1x1mm?. Transmission electron
diffraction (TED) pattern of PbS QDs is shown in Fig. 8.3(b). Random distribution of PbS
nanoparticles with no preferred orientation can be observed. Scanning TEM image of PbS
quantum dots on a TEM grid is illustrated in Fig. 8.3(c). The inset shows an individual
nanoparticle with <220> orientation. In order to encapsulate the PbS quantum dots, a thin layer
of tantalum oxide were deposited on the monolayer of PbS QDs. The scanning TEM image of
PbS quantum dots with a diameter of 5.4nm, capped in an ultra thin film of tantalum oxide is
shown in Fig. 8.3(c). As seen in this image, quantum dots are still arranged in a close-packed
monolayer form after the e-beam deposition. Fig. 8.4 shows EDX analysis of the closed-packed
monolayer of PbS quantum dots covered with ultra thin layer of (~3nm) Ta20s. Mo and C are
from TEM grid. Through this method, multilayer of QDs/metal oxide can be obtained. However,
this method consists of several deposition steps and cannot easily be applied to non-planar

substrates.
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Figure 8.3: (a) Bright-field TEM image of PbS quantum dots arranged in a close-packed monolayer form using a
spin-coating process. (b) Transmission electron diffraction (TED) pattern of PbS QDs. (c) Scanning TEM image of
PbS quantum dots on a carbon TEM grid. The inset shows an individual nanoparticle with <220> orientation. (d)
Scanning TEM image of PbS quantum dots with a diameter of 5.4nm, capped in an ultra thin film of tantalum oxide.

Figure 8.4: EDX analysis of closed-packed monolayer of PbS quantum dots covered with ultra thin layer of (~3nm)
Ta20s. Molybdenum is from TEM grid.
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Integration of CdS QDs from a
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Figure 8.5: Incorporation of colloidal QDs into graded-density nanoporous layer.

8.3 External quantum efficiency of spherical silicon solar cells
integrated with colloidal CdSe-QDs

We successfully fabricated a QDs-embedded layer by processing colloidal QDs into a graded-
density nanoporous silicon layer (Fig. 8.5). Proper concentration of CdS quantum dots in toluene
solution has been prepared and spherical silicon solar cells with nanoporous layer were
immersed in the solution using an ultrasonic system. The CdS quantum dots are dispersed in the
pores of nanoporous Si structure. Subsequently, the cell is watched in toluene solution to remove
the CdS quantum dots participated on the surface of the nanoporous layer. As TEM studies in
Chapter 6 revealed, the pore size of the graded-density n-PS is about 5 to 10nm. Therefore, CdSe
quantum dots with a diameter of about 2.8nm are suitable candidate for dispersion in n-PS
structure. The HR-TEM image of CdSe quantum dots used for dispersion into nanoporous silicon
matrix is shown in Fig. 8.6. Different crystallographic orientations can be seen in this image and
the size distribution is very uniform. The emission and absorption peaks of these QDs are at
wavelengths of 545nm and 580nm, respectively. The emission peak (580nm) is positioned at
high-conversion-efficiency region of the spectral response of spherical silicon solar cells. The
spectral response of spherical silicon solar cells with and without incorporation of CdS-QDs is

collected in Fig. 8.7.
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Figure 8.6: High resolution TEM image of CdSe quantum dots with diameter of about 2.8 nm.

The EQE spectrum of spherical silicon solar cells integrated with CdSe QDs exhibited a local
minimum at the wavelength of about 540nm. The wavelength corresponds to the absorption peak
of the CdSe quantum dots (545nm) indicating that these QDs are optically active in the matrix of
n-PS. Although CdSe quantum dots absorb at all wavelengths bellow the absorption peak (Fig.
8.1), no change in the high energy region (wavelengths below the absorption peak) of the

spectrum was observed. This is attributed to the down-shifting properties of CdSe QDs, red-
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Fig. 8.7: External quantum efficiency spectra of spherical silicon cells integrated with CdSe QDs-embedded layer.
The absorption and emission peaks of CdSe QDs are at wavelengths of 545nm and 580nm, respectively.
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shifting the high energy photons to the wavelengths with higher quantum efficiency; and
therefore, compensating the absorption. This can be the proof of the concept of down-shifting in
CdSe QDs integrated into crystalline silicon solar cells. However, the luminescence quantum
efficiency of the CdSe QDs used in this work was about 20%. Using QDs with higher efficiency
and also employing efficient optical-capping layers to prevent the escape of re-emitted photons,

would further improve the effect of down-shifting.

8.4 Conclusion

Colloidal quantum dots including CdSe stabilized by octadecyl amine (ODA) ligands, CdSe/ZnS
stabilized by ODA ligands and PbS stabilized by oleic acid ligands, were characterized.
Assembly and arrangement of these quantum dots in a close-packed monolayer form was
studied. CdSe quantum dots with diameter of about 2.8 nm were successfully integrated into a
graded-density nanoporous layer. This structure is implemented on the emitter of spherical
silicon solar cells and the spectral response with and without incorporation of QDs was studied.
The concept of down-shifting in CdSe QDs integrated into crystalline silicon spheres was

discussed.
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Chapter 9

Conclusion

The material properties of silicon spheres, which were studied, included surface morphology,
crystallinity, lattice structure, microwave photoconductivity decay lifetime, and impurity
elemental distributions. The crystallinity of silicon spheres was investigated by means of a
single-crystal X-ray diffractometer and a x-ray powder diffraction (XRD) machine. Most of the
x-ray spectra collected by the x-ray powder diffraction (XRD) method, revealed only one peak or
no peaks were observed in the x-ray pattern. This indicates that silicon spheres do not contain
polycrystalline silicon and the structure is single-crystal or multi-crystal. 2D diffraction patterns
obtained by the Single-crystal XRD method illustrate twin-crystal reflections from silicon
spheres. TEM studies on the crystallinity of silicon spheres verify the result from x-ray
diffraction analyses. Elemental distribution was studied using the SIMS imaging technique.
Photoconductivity decay technique was used to obtain the carrier recombination lifetime in
silicon spheres. Based on microwave reflection photoconductivity decay measurements, the
average minority carrier lifetime in the silicon spheres varies from 0.2 to 1ys.

Silicon nitride antireflection coating layers were developed and deposited onto spherical silicon
solar cells, using a PECVD system. By control of the plasma condition (gas flow ratio, power
and pressure) dark-blue SiNx coated spheres were obtained. It was observed that silicon nitride
layers deposited onto flat silicon wafers and silicon spheres, under the same plasma condition,
exhibited different properties. This is attributed to the shape of the silicon spheres and aluminum
foil, changing the plasma condition at the surface of silicon spheres and hence producing
different SiNx layers. A low temperature hydrogenation plasma technique was developed to
improve the passivation quality of spherical silicon solar cells. The spectral response of silicon
spheres with and without a silicon nitride antireflection coating has been studied.
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We successfully developed and integrated a nanostructured antireflection coating layer into
spherical silicon solar cells. The nanostructured porous layer consists of graded-size silicon
nanocrystals and quantum-size Si nanoparticles embedded in an oxide matrix. This layer has
been characterized by means of SEM, TEM, STEM, TED, EELS, EDX, Raman spectroscopy
and photoluminescence spectroscopy (PL). Due to the quantum confinement effects, this ARC
layer shows incredible properties such as enhanced luminescence, light trapping, photon-shifting
and bandgap opening. Quantum-size silicon nanoparticles with dimensions less than 2nm
showed significantly high luminescence in the visible range of spectral response. Band-gap
opening in the emitter structure minimizes the absorption of photons in the dead layer and
improves the spectral response. The external quantum efficiency of silicon spheres integrated
with graded-density n-PS layers exhibited significant improvement in a wide range of the
spectral response (Table 9.1). As compared to SiNx single-ARC layers, the nanostructured PS
layer suppresses the reflection in a wide range of spectral response. Furthermore, graded-density
nanoporous silicon is selectively deposited onto the silicon spheres; however, the SiNy layers are
also deposited on aluminum foil degrading the performance of the Al reflector.

We developed a novel technique of electrochemical etching for silicon surface texturing using a
liquid-phase deposition of oxide mask. During the anodization process, two reaction mechanism
of silicon etching and deposition of SiOx, simultaneously occur. The liquid phase deposited SiOx
acts as a mask on the surface of the silicon and hemispherical nanopits are formed by isotropic
etching through the holes in this mask. Using a focus ion-beam (FIB) technique, cross-sectional
TEM samples were prepared to investigate the nature of texturing and the composition of the
deposited mask. The hemispherical nanopit texturing was successfully integrated into spherical
silicon solar cells and the etching mechanisms and the chemical reactions were discussed.
Different methods of processing and embedment of colloidal QDs into metal oxide layers were
studied. We successfully fabricated a QDs-embedded layer by processing colloidal QDs into a
graded-density nanoporous silicon layer. The spectral response measurements with and without
incorporation of QDs was studied. In the EQE spectrum, a local minum was observed at the
same wavelength (545nm) as the absorption peak of the CdSe QDs, indicating optically active
QDs. Photon-shifting properties of the CdSe QD-embedded layer were discussed.

Highlights in terms of device fabrications and improvement of the external quantum efficiencies

are collected in table 9.1.
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Table 9.1: Summary of the fabricated devices and the improvement of external quantum efficiency
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