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ABSTRACT OF THESIS

INVESTIGATION OF HOST NANOTUBE PARAMETERS FOR ENHANCING THE
PERFORMANCE OF NANOSTRUCTURED CDS-CDTE SOLAR CELLS

Numerical simulations are performed to investigate the effects of host nanotube
parameters (pore diameter and pitch for different CdS coverages) and CdTe doping density
on device performance in nanowire CdS/ CdTe solar cells using SCAPS-1D. This research
finds the optimum values for these parameters in order to achieve the highest efficiency.
Experimentally the effect of anodization voltage and fluoride ion concentration on the pore
diameter and the pitch are studied for the Titania nanotubes host. It is observed that in the
range of 0.3 mL to 2 mL of ammonium fluoride content, pore diameter and the pitch of the
Titania nanotube host matrix, fabricated in ethylene glycol-based electrolyte, is rather
insensitive to the ammonium fluoride concentration. It is also shown that anodization
voltage is the more effective parameter, which can be tailored and optimized to fabricate
Titania Nanotube arrays of desired porosity. The bulk series resistance of the device, in
addition to the CdTe doping density, varies upon varying the pore diameter and the pitch
of the nanotubes for various fractions of CdS coverages. In this work, theoretical absorption
profile was interpolated using the experimentally obtained absorption spectrum for various
fractions of CdS coverages. The highest efficiency for this NW-CdS/CdTe solar cell
structure at 300°K was found to be 25.93% with short circuit current of 28.3 mA cm?,
open circuit voltage of 1.11 V and fill factor of 0.825; this was obtained when the pore
diameter and the pitch of the host nanotube was in the range of 2.35nm — 23.48nm and
100nm — 1000nm respectively and the CdTe doping density was 10*" cm™. Thus, it is
shown that the host nanotube parameters (pore diameter and pitch for different CdS
coverages) and CdTe doping density can be tailored to give optimum device performance.

KEYWORDS: Nanowire Cadmium Sulfide, Cadmium Telluride, Nano porous Titania,
SCAPS-1D, Simulation, Interface States
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CHAPTER 1. INTRODUCTION

The photovoltaic effect was discovered by Edmund Becquerel in 1839. Becquerel
while experimenting with an electrochemical cell consisting of a silver coated platinum
electrode immersed in electrolyte observed the generation of a weak electrical current
when the electrochemical cell was exposed to sunlight. However, it was not until 1954
when the first solar cell in the form of a diffused silicon p-n junction was developed by
Bell Labs researchers Chapin, Fuller, and Pearson [1], quickly followed by the works of

Reynolds, Leies, Antes, and Marburger [2] to develop cadmium sulfide (CdS) solar cell.

1.1 Status of Solar Photovoltaics

Conventional energy resources, such as fossil fuels, will be exhausted within the
next century. In addition, the increasingly serious environmental problems all over the
world have become a core driving force to promote renewable energy. The accelerated
global warming and climate change is one of them, primarily due to the large carbon
consumption from the burning of the fossil fuels since the Industrial Revolution. In 2016,
the world just passed the symbolic 400 parts per million (PPM) threshold of CO2
concentration, and the average temperature is also set to be the hottest year on record [3].
Therefore, renewable energy sources with low carbon emission is strongly desirable to
rectify this situation.

Solar photovoltaics (PV) is a very attractive renewable energy source. According
to one relevant study [4], PV installation on about 0.6% of the land in the US could be
enough to meet the entire country’s electricity need. Since the fabrication of PV modules

consumes energy, some people have questioned PV’s effectiveness on the reduction of
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carbon emission. But this argument is not valid even for current PV technology. The
average energy payback time (i.e., the module power output time needed to compensate
the energy consumed for module production) of PV modules is ~ 1 years and decreasing
with technology advances, but PV industry has widely guaranteed a 25-year product

lifetime (i.e., producing 80% of its power over 25 years).

However, it must be admitted that the stimulation of government incentives and
subsidies has been playing an important role in the PV market. To maintain a long-term
and sustainable growth, and to have a more influential impact on climate change, the solar
industry needs to rely less on the subsidies and develop economically competitive PV
electricity. Many countries such as Spain, Italy, Germany, UK, and Japan, have
encountered or are encountering a boom-bust cycle (i.e., with government subsidies, PV
installation grows very fast in the first few years; but the installation sharply decreases once

governments reduce or cut down the subsidies) due to a strong dependence of the subsidies

[5].

The advancement of PV technology can contribute to reduce the PV system cost.
That is to enable more efficient and durable PV products. For instance, First Solar, the
world largest thin-film CdTe PV manufacturer, has reduced the CdTe module
manufacturing cost from $1.02/Watt in 2010 to $0.51/Watt in 2015 [6] with its large
investment on R&D. Within only 5 years, its cell and module efficiencies have been
boosted from 16.5% to 22.1% and from 14.4% to 18.2% respectively [7]. The cost of PV
systems can be further reduced by improving the reliability and decreasing the degradation

rate of PV modules. The US National Renewable Energy Laboratory (NREL) has pointed



out that extending the PV system lifetime from a more standard expectation of 30 years to

50 years over long-term yields less PV system cost [8].

Overall, by taking its environment-friendly advantage, solar PV can play an
important role in mitigating or even reversing the worsening climate change. With more
efforts being made on technology improvements, it will possess more growth potential both

economically and environmentally.

1.2 Status of CdTe PV

Since this thesis has a focus on CdTe solar cells, this section will give a brief
summary of the current status and historic development of CdTe PV, and its advantages
and disadvantages compared to the traditional Si PV technology (broadly including
monocrystalline and polycrystalline Si). The research of CdTe-based PV devices began in
the early 1960s, studied with a variety of device structures including homojunctions,
heterojunctions, and Schottky barrier cells, and with efficiencies around 10% at that time
[9]. By the middle of the1990s, the cell efficiency increased to 15% for CdS/CdTe
heterojunction configuration [10]. Recently, the cell efficiency has broken the 20%
threshold by enhancing optical absorption and electrical properties [7]. As a result, the
CdTe-based PV technology has become a mainstream PV technology in part due to a
wealth of research advances. Today, First Solar has installed over 13.5 GW CdTe modules

worldwide and continues to grow with ~3 GW of annual pipeline production [11].

Though the conventional Si PV technology occupies most of the PV market share,
CdTe technology still possesses compelling advantages compared to Si and has the

potential to increase the installation capacity. (1) The most obvious advantage of CdTe
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over Si is a much lower material consumption due to its direct bandgap and thus high
absorption coefficient. The typical CdTe absorber layers are usually 1-4 um thick, while
the crystalline Si wafers are over 100 um thick. As a result, CdTe has a shorter energy
payback time than Si cells (~2 years for silicon, but < 1 year for CdTe thin films) [12]. (2)
CdTe has less strict material purity requirement (i.e., 100 times less than Si) and simpler
manufacturing process than Si (i.e., the full process time: < 3.5 hours for CdTe but ~ 3
days for Si) [7]. (3) Since CdTe has a superior temperature coefficient, better spectral
response, and better shading response, CdTe PV devices yield up to 12% higher energy
density than Si in abundant sunshine region [7]. Because of these advantages, the current
cost of CdTe module manufacturing is estimated to be $0.51/W, cheaper than Si with

$0.66-0.74/W.

1.3 Challenges in the CdTe technology

CdTe based thin film solar cells are very attractive because of their low cost and
relatively high efficiencies. CdTe has a close to optimal energy band gap of 1.5 eV for
solar cell applications and a relatively high absorption coefficient (o) value of 10° cm™
[13]. Therefore, it serves as the absorber layer in n-CdS/p-CdTe heterojunction solar cells,
which is a leading thin-film solar cell technology today. Commercial CdTe cells have
already achieved a Power Conversion Efficiency (PCE) of 22.1% [7]. This was achieved
through increased scientific understanding and development of techniques including
cadmium chloride treatment, thinning of the CdS window layer, incorporation of an

interlayer between CdTe and the back electrode, and addition of a buffer layer between



CdS and the transparent electrode [14]. However, further improvements in PCE are needed

to bring down the cost of solar power in dollars per watt.

In the past decade, improvement of efficiency has mostly been achieved by
increasing short circuit current densities (Jsc). However, raising the Voc beyond 900 mV
has been a daunting challenge for the past two decades, due to several technical and
fundamental material limitations associated with CdTe. Metzger et al. [15] has shown that,
among the many characteristics of CdTe, including large lattice constant, low carrier
concentration stemming from doping difficulties, and the lack of suitable 11-VI hetero-
partners to make ideal, lattice matched junctions, the most degrading is the excessively
large interface state concentration at the CdTe-CdS heterojunction. They were able to
demonstrate a VVoc of higher than 1 V by using single crystal CdTe for the absorber material
in their cells. However, even though this single crystal technique is useful for research, it

is not very practical for large-scale production as of now.

1.4  Objectives of this Research Work: Optimal Nanostructures CdTe Solar Cells

Advantages of using nanostructures in solar cell design have been described in the
literature by the Ernst and Konnenkamp group [16], [17]. Also, earlier work in our
Electronic Devices Research Laboratory (EDRL) by Dang et al [14] has shown that the
performance output of CdS-CdTe solar cells can be enhanced by replacing the thin film
CdS window layer in the traditional device design by CdS nanopillars. The above
enhancement was demonstrated with CdS nanopillars of 60 nm diameter spaced to have a
neighbor center to center distance of 105 nm. However, the parameters affecting the power

conversion efficiency were not optimized because that was not the objective of their work.



In our research, an investigation was undertaken to study the various material and device
parameters like CdTe doping level, diameter of the CdS nanopillars and the neighbor center
to center distance for achieving the maximum solar cell power conversion efficiency in

these devices.

More specifically, the ultimate objective of the work presented in this thesis is to study
the effect of host nanotube parameters (pore diameter and pitch for different CdS
coverages) and CdTe doping density on device performance in nanowire CdS/ CdTe solar
cells using SCAPS-1D simulation, and to find the optimal set of conditions that will give
the highest efficiency employing the nanowire CdS/ CdTe device design. An overview of

the structure of the thesis is as follows:

I.  Chapter 2 includes a description of the simple p-n junction theory. Bulk series
resistance formula for the case of planar and nanowire CdS device design have been
derived.

ii.  Chapter 3 describes the experimental procedures and characterization techniques
used. The pore diameter, the pitch and the porosity for the fabricated devices are
investigated by SEM characterization. UV-VIS spectrophotometry measurements
of the fabricated devices are also presented.

iii.  Chapter 4 reviews the nanoporous titania template and details the literature review
to understand the effect of various parameters influencing the formation of Titania
Nanotubes.

iv.  Chapter 5 gives the description of the working of SCAPS-1D package.

v.  Chapter 6 does the analysis of the results obtained.

vi.  Chapter 7 discusses the conclusions and provides the suggestions for future work.



CHAPTER 2.SOLAR CELL THEORY

2.1 Photovoltaic Effect

The Photovoltaic Effect was discovered in 1839 by French Experimental Physicist
Edmund Becquerel. Becquerel while experimenting with an electrochemical cell
consisting of a silver coated platinum electrode immersed in electrolyte observed the
generation of a weak electrical current when the electrochemical cell was exposed to

sunlight.

2.2 Solar cell

The fundamental elements of a solar cell required for the conversion of light energy
into electrical energy owing to the photovoltaic effect are: (i) Junction, where the charge
separation of light induced electrons and holes occurs; (ii) Absorber material, where the
photons gets absorbed; and (iii) contacts, where the electrons and holes are collected to

give electrical current to drive the load.

A solar cell comprises of a p-n junction. The junction formed can be homojunction
or heterojunction. When the p-type and the n-type regions of the same semiconductor is
brought together gives rise to a homojunction. The built-in potential across the p-type and
the n-type semiconductor homojunction in thermal equilibrium is equal to the difference
in the work functions and is given by

kT (NN
Vy; = 7zn< A2D> (2.1)
i




Where N, and N, are the acceptor and the donor concentrations of the p-type and the n-
type semiconductor respectively and n; is the intrinsic carrier concentration of the

semiconductor.

This built-in potential gives rise to the electric field, which in turn separates the

light induced electrons and holes, when the solar cell is connected across the load.

The width of the depletion region which is a function of built-in potential, the
acceptor concentration and the donor concentration. For a two-sided abrupt junction, the

depletion width is given by

1
2

e[

For a one-sided abrupt junction, the depletion width is given by

1

W= [ZVLF 2.3)
qNg

Where Ny = N, or Np, depending on whether N,>>N, or N,<<Nj

When two semiconductor materials of different energy bandgaps are brought
together, the junction formed is termed as heterojunction. The quality of heterojunction
formed depends on (i) the electron affinities of the semiconductor materials, difference in
electron affinities can result in energy discontinuities in the energy bands; (ii) lattice
constant of the semiconductor materials; and (iii) the thermal expansion coefficients.
Interfacial dislocations at the interface gives rise to interface states which acts as trapping
centers, could result from the mismatch in lattice constant and thermal expansion
coefficients of the two semiconductor materials.
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The built-in potential across the p-type and the n-type semiconductor
heterojunction in thermal equilibrium is equal to the difference in the work functions and

is given by
Vi = Eg — (Ef - Ecz) +X2—X1— (Ecl - Ef) (2.4)

Where Eg, Ef, E. and x are the energy bandgap, fermi level, conduction band and the

electron affinity respectively for the semiconductor materials.

In a p-n junction diode in equilibrium, the net electron and hole current is zero.
There are internal electron diffusion current and electron drift current, but they are equal
and opposite. Therefore, the net electron current is zero. Similarly, net hole current is also

ZEero.

The light generated current is contributed by: (i) Holes generated in the n-region by
incident photons, (ii) Electrons generated in the p-region by incident photons and (iii)
Electron-hole pairs (EHP) generated in the depletion region by incident photons. At the
front surface the current is controlled by the surface recombination velocity, the surface
recombination current balances out the diffusion current from the n-region. The
photocurrent contribution from the electron-hole pairs in the depletion region is not
affected by recombination, the electric field is so high that the photogenerated electrons
and holes are immediately swept away by the electric field and there is no time for

recombination.



2.3 1-V Characteristics of a solar cell

[lluminated

Figure.2.1 I-V Characteristics of a solar cell under illumination

Figure.2.1 shows the typical I-V Characteristics of a solar cell under illumination
[19]. At higher illumination intensities the effect of high series resistance, R, becomes
more pronounced while at lower illumination intensities the effect of poor shunt resistance,
Rgp, is more predominant. The shunt resistance, Ry, value can be readily obtained from
the 1V curve by taking the inverse of the slope of the IV curve in the third quadrant. The
series resistance, Ry, can be estimated by finding the inverse of the slope of the IV curve

at the open circuit voltage.

The dark I-V characteristics of the solar cell follow the ideal I-V characteristics of

a diode
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VE
1 =1, [exp"kT -1 (2.5)

Under illumination from sunlight

avr
I =1 [exp’?kT 1= (2.6)

Where I is the light generated current.

2.4 p-n junction solar cell under illumination

The equivalent circuit of an ideal solar cell consists of a constant current source and

a diode.

I+ Vp - 1
N

— 1 —

()
/

Iy

Figure 2.2 Equivalent Circuit of an ideal solar cell

The equivalent circuit of a solar cell consists of a constant current source, a diode,

the series and shunt resistances associated with the diode.
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Figure 2.3 Equivalent circuit of non-ideal device with finite series and shunt

resistances

Case |: Short Circuit

Ve=0 gives
Isc =1, (2-7)
Case Il: Open Circuit
[1=0 gives
kT 1
Voo = 2 n (—L + 1) (2.8)
q Iy
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Case Ill: At load

ave
Iy Iexp'fk"' — 1|

—

ave
r =1, [exp’-”*"‘" - 1] -1

Lk b R e e T P P P P P

-— v +

Figure 2.4 Equivalent circuit of ideal Solar cell under illumination with load RL

Vr
I =1, [expﬂkT - 1] -1

and

kT I
|% =T]Tln(—L+ 1)

2.5 Maximum Power delivered to the load

Power delivered to the load

kT I
P=-VI= (n—>lln<—L+ 1)
q Iy
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The power delivered would be maximum when

ar

= 2.12
dl 0 (2.12)

The maximum current and maximum voltage are given by:

qQV Lm ( nkT)
L, =l —enl =~ [, |1 —— 2.13
m 0T e L av, ( )
h+1
nkT | Iy nkT ( qu>
V., = In ~ Vo ——In{1l+—— 2.14

nkT

The above equation is a transcendental equation. Its numerical solution yields the
value of 1,, that needs to be calculated using iterative method. Then I,,, is found by plugging
in the value of V,,,. Once the values of 1, and I,,, are obtained, those can be used to calculate

the maximum power delivered from the solar cell.

Maximum power obtained is given by:

Pn = Vinlm = Voc * Isc * FF

(2.15)

q qVm\ nkT
~ 1 |V = L1 (1 —)_—
L[OC nan +nkT q
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2.6 Solar cell Parameters

The performance of a solar cell is characterized in terms of open circuit voltage (Vy ),
short circuit current (Is.) and the fill factor (FF). The product of these three quantities gives

the maximum power output of the device.

2.6.1 Open Circuit Voltage

The open-circuit voltage of a solar cell is given by

VOC:_ln _+1

2.16
q Jo ( )

nkT (]sc )

Where 7 is the diode ideality factor, k is the Boltzmann constant, T is the operating
temperature, q is the electronic charge, /¢ is the short circuit current density and J, is the

saturation current density.

The saturation current density is given by

oo [ L [Py L Pe) 2.17

Where N is the density of states of the conduction band, Ny, is the density of states of the
valence band, N, is the acceptor density, D,, is the diffusion length of electrons, ,, is the

carrier lifetime of electrons, Np, is the donor density, D,, is the diffusion length of holes, z,

is the carrier lifetime of holes and E is the band gap of the absorber material.
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2.6.2 Short Circuit Current density

The short-circuit current density over the entire solar spectrum is given by

Amax Amax
Jsc = f (]n + +]d) di=q f F(1—-R)dA (2.18)
Amin Amin

Where A,,in 1S 0.3 um for sunlight, A, is the wavelength corresponding to the absorption
edge of the absorber material, J,, is the electron current density, ], is the electron current
density, J, is the photocurrent density in the space charge region, F is the incident photon
flux and R is the reflectivity of the light at the surface. The approximation in the above
equation is valid when the diffusion length (L) is very large such that aL>>1, where a is

the absorption coefficient of the absorber material.

2.6.3 Fill Factor

Fill Factor represents how close the real solar cell is to ideal solar cell and is a
measure of the "squareness™ of the IV curve and represents the area of the largest rectangle
that will fit the IV curve. FF is defined as the ratio of maximum power from the solar cell

to the product of V. and Ig.

PR - Pmp _ Vmp * Imp
Voc * Isc Voc * Isc

(2.19)

Where P, is the maximum power delivered from the solar cell, 14, is the voltage at the

maximum power point and I,,,, is the current at the maximum power point.

When the parasitic series resistance and shunt resistance, R, and R, both have
negligible effect on the solar cell performance, the fill factor can be approximately
expressed in terms of open-circuit voltage as [18]
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QVoc QVoc
e (0.72 + L20<)

(2.20)

QVoc
1+ T

However, when either the series resistance or the shunt resistance has significant

effect on the device performance the above equation may yield inaccurate results.

2.6.4 Power Conversion Efficiency
Power conversion efficiency (PCE): Power conversion efficiency is defined as the
ratio of maximum power that the solar cell can deliver to the incident power from the

incoming solar radiation.

B,,(Maximum Power that the solar cell can deliver)
PCE (n) =

Incident Power from Sunlight

(2.21)
_ Voc *Isc * FF

P inc

Where P;,. is the incident power from the incoming solar radiation and is given by
3 hc
P, =A f F(A) (—) da (2.22)
0

A is the total device area, F(A) is the incident photon flux and (%) is the energy

associated with each photon.
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2.7 Resistance Calculations for Planar and Nanowire CdS/ CdTe device

configuration

2.7.1 Resistance Calculation for Planar CdS/ CdTe device configuration

. »
: 3
g a
IIIIIIIIIIIIIIII’IIIIII’III’IIIIII/IIIII :‘ :
o
100 nm
100 nm - !
I N Nanowire CdS

Planar CdS

Figure 2.5 Planar CdS/ CdTe device design (left) and Nanowire CdS/ CdTe device

design (right) for deriving the bulk series resistance

N (A) = Ny[e 8% — gma(x+dn)] (2.23)

Where, N; (A1) is the # of photons per sec per cm? incident on CdTe, N (x)dx is the # of

photons absorbed in the strip (x) to (x + dx) and « is the absorption coefficient.
Then,
Ai,(x) = qnN,e~**[1 — e~ %] (2.24)

= gnN,e~**(alx)
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Where, n is the quantum efficiency, R; is the Resistance encountered by Ai,(x) for

reaching the CdS/ CdTe junction and q is the electronic charge.
for Area (A) = 1 cm?

_Px X x (2.25)
Area o, qupp(1cm?)

Then the voltage drop due to Ai,(x)

qnNe™ % (adx) (2.26)
qupp (1 cm?)

AVl =

Therefore, the total voltage drop

tcdre —ax
qnN,e~**(adx) (2.27)
0 qupyp

The effective bulk series resistance for planar CdS/ CdTe cell will be given by

V, N,a (tcare (2.28)

ff nivy _

Reff planar = ; =7 Af xe “dx
L LUpDPA Jy

r B ana xe —ax e—ax]thTe
eff Planar IL,uppA a a2 o
nN;a [te™*t e % 1 (2.29)
Reff planar = LupA| « T g2 + a?
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The expression above gives the effective bulk series resistance encountered by the

window-absorber layer in the conventional CdS/ CdTe device configuration.

2.7.2 Resistance Calculation for Nanowire CdS/ CdTe device configuration

CdTe IF%""%

Ti0, o [ d
NTWall]  Nanowire

e

%

Figure 2.7 Top view of the Nanowire CdS and Titania Nanotube interface for bulk

series resistance calculation
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Figure 2.8 Top view of a single CdS Nanowire and Titania Nanotube Interafce

The photons that are absorbed in CdTe in a region directly above the CdS
nanopillars, do not pose any extra resistance in comparison to planar CdS, the electrons
that contribute a current Iy must travel ‘h’, here ‘h” denotes the thickness of the CdTe layer,
as shown in figure 5(b). However, electron-hole generated by the photons that are absorbed

in CdTe in a region that doesn’t lie directly above the CdS nanopillars will have to traverse
a distance of % - g more, contributes a current I.. The total photo current generated will

be sum of these two currents. Therefore,
The current 11 will be proportional to area of the CdS nanopillars,

o e
1 4

Similarly, the current 12 will be proportional to the area of TiO only, i.e., the

difference in area of the square and the circle,

D? 2.32
12 X L2 - T[T ( )

21



Considering the resistance offered to the electron-hole pairs generated directly

above the CdS nanopillar is Ri1. The extra resistance offered by the electron-hole pairs

generated above the non-CdS region for travelling a distance % - g more will be
L D\ 1
AR = R, (___>*_ (2.33)
v2 2/ h

The total effective resistance offered to the electron-hole pairs that are generated in

a region that does not lie directly above the CdS nanopillar will be

L Dy 1 (2.34)

Now, the effective resistance offered by nanostructured configuration is given by

LRy + R, (2.35)
Reff nanowire = W

nD? L D\ 1
" 1+@‘*[”(ﬁ_7>*ﬁ]
)
Reff nanowire = (2.36)
1 mD?

R V2
2 7D~
4[L Z

Therefore, the effective nanowire resistance will be given by

L D\ 1 2.37

Reff nanowire = Rq * [1 + (ﬁ — E) * E] ( )

Resf nanowire _ [1 + (i - 2) . 1] (2.38)
Reff Planar \/E 2 h
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CHAPTER 3.EXPERIMENTAL PROCEDURES & OPTICAL CHARACTERIZATION

3.1 Experimental Procedures

3.1.1 Substrate Cleaning

Commercially available Indium Tin Oxide (ITO) Soda Lime Glass Substrate (MSE
Supplies 80-85% Transmittance, sheet resistance 12-15 Q/square, 25 x 25 x 1.1 mm) were
ultrasonicated in Acetone (Alfa Aesar ACS 99.5+%) bath and Isopropyl Alcohol (Fisher
Chemical, 2-Propanol Certified ACS Plus) bath for 30 minutes each. The samples were
then rinsed in de-ionized water and dried in nitrogen flow before the microwave induced

plasma etch cleaning.

3.1.2 Microwave Induced Plasma Etch
The ITO glass substrates post cleaning was subjected to microwave induced plasma
etch for 1 minute at 100% power in Argon gas. The samples were then masked using Al

foil, leaving out some area for ITO cathode, before sputtering.

3.1.3 RF Sputtering of Intrinsic Tin Oxide

100nm of Intrinsic Tin Oxide (SnO2, Goodfellow, 99.9%) was deposited by RF
magnetron sputtering using AJA Phase Il J Sputtering System at the Center of Advanced
Materials (CAM) at the University of Kentucky. The deposition rate was maintained
around 1.587nm/min. The deposition parameters used during sputtering are given in Table
3.1. Highly resistive Intrinsic Tin Oxide acts as the buffer layer as they are known to
enhance the open circuit voltage (Voc) and fill factor (FF) when very thin film of CdS

window-layer is used in thin film CdTe solar cells [21].
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3.1.4 DC Sputtering of Titanium
Titanium was also deposited using DC magnetron sputtering using AJA Phase 11 J
Sputtering System at the Center of Advanced Materials at the University of Kentucky.

Different deposition parameters used for depositing Titanium is shown in Table 3.1.

Table 3.1 Tin Oxide and Titanium Sputtering Parameters

Parameters Intrinsic Tin Oxide Titanium
Base Pressure 3-7x 108 Torr 3-7 x 10 Torr
Deposition Pressure 3mTorr 3 mTorr
Deposition Power 30 W 150 W
Deposition Time 63 minutes 36 minutes
Deposition Rate 1.58 nm/min 4.2 nm/min
Stage Temperature 24°C 300°C
Pre-Sputtering Time 2 minutes 2 minutes

3.1.5 Titania Nanotubes formation

The sputtered Titanium samples were used for converting Titanium to Titania
Nanotube array using anodic oxidation. The anodization solution consisted of 98 mL
Ethylene Glycol (Fisher, ACS Grade) and 0.3 mL Ammonium Fluoride (NH4F, 40% by
vol, JT Baker) in a PTFE beaker. PTFE beaker was first cleaned and dried in Nitrogen.
Then a half-inch magnetic stirrer was placed in the beaker. 98 mL of Ethylene Glycol was
measured and poured into the beaker. 0.3 mL of Ammonium Fluoride was mixed in
Ethylene Glycol with the help of a pipette using forward pipetting method. The solution
was mixed at 400 rpm for 30 minutes prior to performing any anodization of the Titanium

samples.
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Table 3.2 Anodization conditions for Titania Nanotube formation

Anodization Solution 98 mL EG + (0.3 - 2 mL) NH4F
Anodization Voltage 40V-60V
Stirring speed during Anodization 200 rpm
Anodization Time Varies from sample to sample, anodization can be
stopped when the current approaches 0.3-0.5 mA
Solution Temperature Room temperature

The solution preparation and the anodization were carried under the fume hood due
to the fluoride ions. A 1”’x1” Platinum electrode was used as the cathode. The Platinum
Electrode was rinsed with DI Water thoroughly (front and back) 2-3 times and was dried
in Nitrogen flow. The Platinum electrode was connected to the positive supply terminal

and the Titanium sample was clipped on to the negative terminal of the supply.

Anodization was carried out using potentiostatic method, the parameters used
are given in Table 3.2. Different anodization voltages between 40V-60V were applied
to obtain Titania nanotubes of different pore diameters. The factors affecting the

formation of Titania nanotubes has been discussed in detail in Chapter 4.

During anodization the color change of the sample in the solution was noticed from
dark purple — blue — green — finally getting transparent. The voltage supply was turned off
when the current approached a very low value of 0.3-0.5 mA, which indicates that the
whole Titanium has been anodized. The sample was taken out of the solution, rinsed

thoroughly in DI water and was dried in Nitrogen flow.
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Anodization Current-Time Curve
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Figure 3.1 LabView recorded - Anodization Current-time profile

3.1.6 Annealing of as-anodized Titania Nanotubes

The as-anodized TiO2 nanotube samples were annealed for 2 hours in Oxygen
environment. The electrical and optical properties of Titania nanotubes are not influenced
significantly by the anodization conditions but can strongly modified by proper heat
treatment. The as-anodized Titania nanotubes are amorphous in nature and can be
converted to anatase or rutile crystalline form by heat treating at a suitable temperature.
Annealing between 350°C-450°C leads to predominant anatase form while annealing
beyond 450°C leads to rutile phase [20]. An increase in peak intensities are observed with
an increase in annealing time leading to better crystallized anatase or rutile structures [21].
Electrical conductivity of anatase phase is significantly higher than that of the rutile phase,

significant increase in conductivity after crystallization to anatase [22].

3.1.7 CdS Electrodeposition
The solution was first prepared by taking 50mL of Dimethyl Sulfoxide (DMSO)

into a beaker of suitable size. Prior to adding DMSO into the beaker half-inch magnetic
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stirrer was cleaned and placed in the beaker. Then elemental Sulfur powder and Cadmium
Chloride powder were measured 0.5 gm each and were poured in the beaker containing
Dimethyl Sulfoxide. The beaker was placed on a hot plate and the hot plate was set to
150°C, close to the boiling point of DMSO. The temperature of the solution was monitored
using infrared thermometer. The solution was stirred at 300 rpm so that the solution is

mixed throughout.

Platinum electrodes which act as anode during electrodeposition was cleaned with
DI water and dried in Nitrogen flow. After cleaning, the Platinum electrode was connected
to the positive terminal of the supply. The TiO> nanotubes samples obtained from the
previous step was connected to the negative terminal of the supply. The electrodes were
then immersed in the saturated solution of Cadmium Sulfide, stirring was stopped. A
current density of 7.5 mA/cm? was applied to the electrodes during electrodeposition. A
constant DC current was applied for ~10 seconds to electrodeposit CdS into TiO2 nanotube

array.

When the deposition is complete the samples were taken out and rinsed with DI water
and were dried in Nitrogen. To enhance the crystallinity of the nanowire CdS the
electrodeposited CdS samples were heat treated in Argon environment at 385°C for 30

minutes.
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3.2 Optical Characterization

3.2.1 Scanning Electron Microscopy
SEM images were taken using Hitachi S-4300 Scanning Electron Microscope and
FEI Helios Nanolab 660 in the Electron Microscopy Center (EMC) located at the

University of Kentucky.
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Figure 3.3 Cross Section SEM image of TiO2 Nanotube anodized at 60V
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Figure 3.5 2" cross section SEM image of CdS Nanowires embedded in TiO2
Nanotube array
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3.2.2 UV-Vis Spectroscopy

Cary 50 UV-Vis Spectrophotometer was used to take the absorption and the

transmission data for the TiO2 nanotubes and Planar CdS.

Absorption vs Wavelength
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Figure 3.6 Absorption Curve generated from UV-Vis Spectroscopy data for Planar

CdS and TiO2 nanotubes with a porosity of 32%.
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Figure 3.7 Transmission Curve generated from UV-Vis Spectroscopy data for

Planar CdS and TiO2 nanotubes with a porosity of 32%.
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CHAPTER 4.HOST NANO-POROUS TEMPLATE — TITANIA NANOTUBES

4.1 Nanoporous Titania

Titanium dioxide is one of the most studied metal oxides. It is also one of the most
explored nanomaterial based on transition metal oxides. Highly oriented vertically oriented
Titania nanotubes find its place in a variety of applications due as they provide large surface
to volume ratio, vertically aligned surface, excellent charge transfer properties in
nanomaterials mainly governed by the quantum confinement phenomenon. Various
methods have been evolved for fabricating TiO2 nanotubes including hydro/ solvothermal
techniques, template-assisted methods, seed growth method, sol-gel method and

electrochemical oxidation method.

Among these direct electrochemical oxidation turns out to be simplest and cheapest
way to fabricating TiO2 nanotubes. Zwilling et al. demonstrated that anodic oxidation of
Titanium foil leads to the formation of self-organized nanotubular structures of Titanium
dioxide [23]. Direct oxidation provides a controllable method of adjusting the shape, size
and the degree of order of the resulting in the formation of self-organized nanostructures.
Depending on the process parameters, direct oxidation of Titanium surface leads to the
formation of a compact structure, ranging from random porous structure to tubular

structure.

Porous Titania nanotubes can be fabricated by anodization of Titanium either in
acidic electrolytes or in basic electrolytes, either under potentiostatic or galvanostatic
conditions. Potentiostatic anodization is more widely used for the fabrication of self-

ordered porous Titania nanotubes. During potentiostatic anodization of Titanium, under
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constant anodic potential a thin compact barrier oxide layer starts to grow over the

Titanium surface.
Ti 4 20%" - Ti0, + 4e” (4.1)

Ti + 2H,0 - TiO, + 4H* + 4e~ (4.2)

The fabrication of Titania nanotube using anodic oxidation of Titanium has been
proposed to involve various stages of reactions [24] leading to the formation self-organized
nanostructures: (i) formation of oxide layer, (ii) pore formation and deepening of the pores,
(iii) incorporation of adjacent smaller pores into bigger pores, (iv) early nanotube array

formation and (v) formation of perfect nanotube array.

During the first stage of anodization the series resistance of the anodization circuit
increases over time with the thickening of the initial barrier oxide layer. After reaching a
certain thickness of the barrier oxide layer the current drops rapidly to reach a minimum
value which is the onset of second stage of anodization (pore initiation stage). For this
stage, the current concentrates on local imperfections existing on the initial barrier oxide
layer, resulting in non-uniform oxide thickening and pore initiation at the thinner oxide

areas [25].

Pore initiation in the growing anodic oxide starts as a result of morphological
instability. Pores develop from initial pits following the etching of the fluorine ion species
penetrating closer to the metal/ oxide interface. As the field-assisted fluorine ions starts to
etch the Titanium dioxide film more and more, the smaller pores start to merge and form

bigger pores. The process continues until an equilibrium is established between the
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formation of Titanium dioxide and the etching of Titanium dioxide film, resulting in the

formation of perfectly well-aligned self-organized Titania nanotubes.

Nanotubular films of TiO> fabricated in aqueous inorganic fluorine sources are

formed through the etching action of TiO> by fluorine ions

TiO, + nH,0 + 6F~ — [TiFg]*>” + (n+2—x)0? + x0H" (4.3)
+ (2n—x)H*
TiO, + 6F~ + (n—x)0? +x0H™ + (2n+4—x)H* (4.4)

- [TiFs]*? + (n+ 2)H,0

Ti+xOH™ - Ti(OH), + xe™ (4.5)

Where, n is used to describe the disassociation rate of water to dissolution of TiO, and x is

used to describe the ratio of Titanium Hydroxides to TiOx.

The balance in the movement rates of the metal/ oxide interface and the oxide/
electrolyte interface governs the steady state pore growth and is achieved by a balance in
the dynamic equilibrium between the oxide dissolution at the oxide/ electrolyte interface
and formation of oxide at the metal/ oxide interface. Several theories have been proposed
to explain the steady-state pore formation mechanism such as average field model, Joule’s
heat-induced chemical dissolution model, field-assisted oxide dissolution model, direct

cation ejection mechanism and flow model.
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Oxidation of Titanium

Ti - Ti*" 4 4e~ (4.6)
Anodic Oxidation
Ti** + 2H,0 - Ti0, + 4H* (4.7
Chemical Dissolution
TiO, + 6F~ + 4H* — [TiF;]?>” + 2H,0 (4.8)

The most widely accepted theory for the Titania nanotube formation is the field
assisted oxide dissolution model [26, 27], which explains the early stage of the anodization
is breakdown of the TiO. layer via the electric field. The balance between the oxide
formation, electric field driven inward movement of O% ions and the outward migration of
Ti" ions at the metal/ oxide interface, and the oxide dissolution maintains the barrier oxide
layer thickness. The ordering of pores is influenced by the magnitude of electrostatic stress
that is developed along the direction of the electric field as a result of the resistance
encountered due to the counter migration and attraction of the ions. Tubular TiO>
nanostructures of various lengths, pore diameters and wall thickness can be formed based

on optimal anodization parameters and solution composition.
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4.2 Parameters influencing the formation of Titania Nanotubes by anodic

oxidation

The formation of Titania nanotubes using anodic oxidation of Titanium is influenced
by the electrolyte, water content, anodization voltage, electrodes, aged electrolyte,

anodization time, electrolyte temperature and the electrolyte pH.

4.2.1 Effect of electrolyte on anodic oxidation of Titanium

The nanotube array formation is significantly influenced by the composition and
concentration of the electrolyte used. There are four different generations of electrolyte
used for fabricating TiO2 nanotube arrays using anodic oxidation of Titanium. The first
generation of electrolyte used for fabricating TiO> nanotube arrays were based on
hydrofluoric acid (HF)-based aqueous electrolytes. The relatively low pH in HF aqueous
solution electrolytes limited the length of the TiO, nanotubes. High acidity of HF
electrolytes results in rapid dissolution of TiO2. The maximum nanotube length achieved

using the first generation of electrolyte was restricted to approximately 500nm [28-30].

The second generation used buffered electrolytes of citric acid or sodium sulfate by
adding weaker acids such as KF or NaF into buffered solution, also the pH was adjusted to
weakly acidic by addition of sulfuric acid or sodium hydroxide. By adjusting the pH to
weakly acidic of the electrolyte the nanotube of length approximately 4.4um were achieved
[31]. In the second generation of electrolytes the pH interferes the electrochemical etching

and chemical dissolution leading to much longer nanotubes in acidic solutions.

The third-generation electrolytes used viscous polar organic electrolytes such as

glycerol, ethylene glycol, diethylene glycol, dimethyl sulfoxide (DMSO) in NH4F, NaF
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and KF based fluoride media. The pore diameter in the third-generation electrolyte can be
influenced significantly by adjusting the fluoride ion concentration in the electrolyte.
Titania nanotube arrays with approximately 1000um long were formed in ethylene glycol
containing 0.6 wt% NH4F and 3.5% water anodized at 60V for 216hr [32]. Ethylene glycol
electrolyte containing water and fluoride ions leads to double walled nanotube structures

[33].

The fourth-generation electrolytes use non fluoride-based electrolytes grow TiO>
nanotube arrays. Hydrochloric acid, Hydrogen peroxide, and their mixtures, Sodium
Chloride, perchloric acid solution and their mixtures and mixtures of Oxalic acid, formic
acid and sulfuric acid in ammonium chloride are used to replace the fluoride ions by
chloride ions to fabricate well-developed nanotube arrays [34,35-37]. For hydrochloric
acid-based electrolytes the only 3 M of acid concentration leads to the formation of

nanotube arrays [35].

4.2.2 Effect of water content on ethylene glycol based Titania nanotubes

The reproducibility of the formation of well-ordered Titania nanotube arrays in a
two-electrode configured anodization is affected by the water content of the electrolyte,
especially when the anodization is carried out for a shorter period of time. The initial water
content in the electrolyte is the key to getting reproducible results. The limiting anodization
potential can be varied by varying the water content in ethylene glycol-based electrolyte.
The initial current density in anodization decreases as the water content in the electrolyte
increases. A minimum of 0.18 wt% of water is required to from well-ordered Titania

nanotube arrays [38]. When the water content is greater than 0.5 wt%, the amount of ridges
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on the circumference of the nanotubes increased [38]. The key to achieve very long

nanotubes is limiting the water content < 5% in the anodization bath [39].

The photoelectrochemical properties of Titania nanotubes can be modified by
varying the water content of the anodization electrolyte. Maximum photon to current
conversion efficiency was achieved using 10 wt% water in ethylene glycol based Titania
nanotubes, however, the higher water content in the electrolyte lead to ridged structures of

TiO nanotubes that are completely separate from each other [40].

4.2.3 Effect of anodization voltage

Anodization voltage is a critical parameter that strongly influences the pore
diameter and the interpore distance. Well-ordered TiO> nanotubular structures can be
grown by applying a suitable range of voltage, below the limiting anodization potential,
across the electrodes. Various studies have been performed to study the effect of applied
voltage on the growth of TiO2 nanotubes. Z. Lockman et al. observed that the pore diameter
and the nanotube length increased with the increase in the anodization potential [41]. After
a certain point further increase in anodization potential lead to the deterioration of the

nanotubular structure forming a spongy-like structure or just randomly porous TiO2.

Y. Alivov et al. reported that the anodization potential does not have any clear
dependence on the pore diameter of the TiO2 nanotubes in glycerol-based electrolyte when
the anodization voltage was varied over the range of 10-240V. The average pore diameter
of 220nm was obtained for 10V, while, the samples grown at 30V, 60V and 120V had the

average pore diameter of 86nm, 156nm and 75nm respectively [42].
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4.2.4 Effect of electrodes

A variety of electrode materials have been used as the cathode material in the
formation of TiO2 nanotubes including Ni, Pd, Pt, Fe, Co, Cu, Ta, W, C, Al and Sn in both
aqueous and ethylene glycol electrolytes [43]. Different cathode material affects the
dissolution kinetics of the Titanium anode leading to formation of TiO2 nanostructures of
different morphologies. The electrical conductivity of the electrolyte increases with the
amount of Titanium dissolved in the solution which in turn helps to prevent the debris

formation.

The aspect ratio of the TiO2 nanotubes vary significantly with the use of different
cathode material as counter electrode. Sreekantan et al. used iron, carbon, stainless steel
and aluminum as the counter electrodes and observed that TiO2 nanotubes formed using
stainless steel counter electrode produced shorter tube lengths that where conical in shape
and are unstable while TiO. nanotubes formed using iron counter electrode produced well-

organized nanotubes of the higher aspect ratio is obtained [44].

4.2.5 Effect of aged electrolyte

Aged ethylene glycol electrolyte when reused leads to the formation of nanotubes
with reasonable quality (i.e. without unwanted debris, or porous oxide layers on the top of
the nanotube layer) [45]. Longer nanotubes are obtained in the solution that was previously
used to perform anodization. The breakdown potential, after which no ordered nanotubular
structures are obtained, increases with the aging of the electrolyte [46]. However, when the
solution is really aged leads to the formation of passive oxide layer instead of nanotubular

structure suggesting the depletion of the in F~ and H¥ions.
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Aged electrolytes used for subsequent anodization leads to the formation low aspect
ratio nanotube arrays. In aged electrolyte subsequent anodization take longer time to
completely anodize same thickness of Titanium samples. The pore diameter increases
while the final nanotube length decreases in aged electrolyte than in fresh electrolyte when

anodization is performed in otherwise similar anodization conditions.

4.2.6 Effect of anodization time

Anodization time greatly influences the formation mechanism of TiO> nanotube
formation. Too short of anodization does not lead to any nanotube formation. The
dimensions of the TiO2 nanotubes increases by extending the anodization time, however,
the average growth rate decreases [47]. Longer anodization time leads to the formation of
rough and cross-linked structure is seen where TiO2 nanotubes are clustered in groups or
bundles while shorter anodization time results in the formation of more organized TiO;
nanostructure [48]. Prolonging the anodization leads to the collapse of the nanotubular
structures starting with the thinning of tube walls due over dissolution of the tubes by the

fluoride ions.

4.2.7 Effect of electrolyte temperature

The rate of oxide growth, structural formation and the quality of TiO2 nanotubes is
directly influenced by the electrolyte temperature. The electrolyte temperature has a
significant impact on the dimensions (pore diameter and the wall thickness) of the
nanotubes formed in viscous non aqueous electrolytes, the nanotube size reduces with the
reduction in the electrolyte temperature, while in aqueous electrolytes the impact of

electrolyte temperature was insignificant [49].
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However, Grzegorz D. Sulka et al. observed that the highest values of inner pore
diameter, pore circularity and the regularity in the pore arrangement are observed at an
optimal electrolyte temperature and applied potential of 20°C and 50V [50]. When the
electrolyte temperature was increased to 30°C smaller pore diameters, smaller pore

circularities and a weaker pore arrangement was seen [51].

4.2.8 Effect of electrolyte pH

The electrolyte pH in electrochemical anodization is an important parameter that
directly influence the formation of TiO2 nanotube structure by anodic oxidation of
Titanium. The fluoride ion concentration and the solution acidity determine the rate of
chemical dissolution of titania in the solution. The chemical dissolution increases with the
increase in F~ and H* concentration in the electrolyte. The acid in the electrolyte increases
the chemical dissolution as well as reduces the viscosity of the solution leading to fast

formation of Titania nanotubes.

The lower pH of the solution is known to prolong the time required to establish
equilibrium the dissolution rate and the rate of nanotube growth which in turn results in
increased pore diameter of the nanotubes [52]. The lower pH leads to increased pore
diameter but gives less ordered TiO2 nanotubes than that formed in pH neutral solutions.
Varying the pH from strongly acidic (pH<1) to weakly acidic (pH 4.5) increases the

nanotube length from 0.56 pm to 4.4 um in otherwise similar anodizing conditions [53].

The wall thickness is increased as the pH increases up to pH value of 10 above that
the wall thickness, the pore diameter and the structural order of the nanotube decreases
gradually resulting in the formation of unwanted debris [53]. The lower pH values produce

shorter and cleaner nanotubes.
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CHAPTER 5. NUMERICAL PROCEDURES AND SCAPS SIMULATION

SCAPS is a one-dimensional solar cell simulation program, originally developed for
cell structures of the CulnSe, and the CdTe family. The program has evolved its
capabilities over time making it suitable for simulating crystalline solar cells (Si and GaAs
family) and amorphous cells (a-Si and micromorphous Si) [54]. SCAPS allows to add up
to seven semiconductor layers, Eg, ¥, €, Nc, Nv, Vi, Vinp, tn, lp, Na, Nb, all traps (defects)
N: can be graded for each semiconductor layer. The different recombination mechanisms
included are band-to-band (direct), Auger, SRH-type. Intra band tunneling, tunneling to

and from interface states can be accounted for in the program.

A variety of illumination spectra are included, and it can also be supplied by the user.
The illumination can be from either the p-side or the n-side, also, allowing for spectrum
cut-off and attenuation. The generation is either calculated from the specified illumination
spectrum or can be user specified. The program calculates energy bands, concentrations
and currents at a given working point (voltage, frequency, temperature), J-V
characteristics, ac characteristics, spectral response. SCAPS also has a built-in curve fitting

feature and also a panel for the interpretation of admittance measurements.

In SCAPS the only variables to have explicit temperature dependence are the effective
density of states of the conduction band, the effective density of states of the valence band,
the thermal velocities, the thermal voltage and all their derivatives. The user must specify
the other corresponding material parameters for each T for other variables. The working
point voltage is the dc-bias voltage used in C-f simulation and in QE(A) simulation. The

working point frequency the frequency at which the C-V measurement is simulated.
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5.1 The Physical Model

elcctrons
Ec
Ey

Ey

Figure 5.1 Pauwells Vanhoutte Model for Figure 5.2 p-n heterojunction interface

CdS/CdTe heterojunction showing bending and discontinuities in

bands

The physical model in SCAPS is based on Pauwels Vanhoutte model [55]. The
figure 5.1 shows the interface recombination as the dominant recombination path between
the window electrons and the absorber holes. Pauwels Vanhoutte model considers the
interface recombination and arbitrary energy barriers at the interface to find the optimum

structure for a heterojunction solar cell.

The model is based on the various underlying assumptions as stated: (i) The
generation and recombination of carriers in the space charge region is neglected. (ii)
Thermionic emission is considered as the majority carrier transport mechanism in the space
charge region and it was assumed that at the interface one type of carriers are the majority
carriers. (iii) Interface recombination allows for the exchange of electrons and holes from

both conduction bands to the valance bands of both the semiconductors at the interface and
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it was assumed that one of the semiconductors is much more heavily doped than the other.
(iv) Tunnelling at the interfaces or at the is neglected. (v) Analysis of efficiency is on the

basis of current-voltage characteristics.

The model, at the interfaces, allows for the discontinuities in (i) the quasi-fermi
levels, (ii) the energy bands Ec and Ev, and (iii) the bandgap Eg; for the interface
recombination to occur. Interface recombination is described by the extension of SRH
formalism. At the interfaces the electrostatic potential is assumed to be continuous.
Thermionic emission is used to derive the relation between fermi level discontinuity,
carrier concentrations and current. For direct bandgap semiconductors with identical

effective masses, the thermionic emission current for the electrons is given by

B ( (_ |AEC|)_ ) (5.1)
Jthn = Vtnn (N1 €Xp T ) ™

Where, /i1, IS the particle current from semiconductor 1 to 2, v, ,, is the thermal velocity
of electrons, n,; and n, are the electron concentrations and AEc is the discontinuity in the

conduction band. Thermionic emission current for holes can be computed similarly.

In SCAPS for each layer, the type and density of on shallow level and up to three
deep levels can be defined. The shallow level is completely ionized and does not contribute
to recombination. Transport of majority carriers and the minority carriers at the contacts is
described by thermionic emission and the surface recombination velocities respectively.
Boundary conditions are imposed on the continuity equation for the electrons at the metal

semiconductor contact

Jn = Sn(n - neq) (5.2)
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_AT? (5.3)

Where, n,, is the equilibrium electron concentration at the contact, S, is the surface

recombination velocity of electrons and A* is the effective Richardson constant.

Figure 5.2 shows the p-n heterojunction interface, where V1 and V> are the band bendings
in the space charge regions of the p-type and the n-type semiconductor respectively, AEc
and AEy are the the discontinuities in the bands, Ern and Erp are the quasi-fermi levels under
forward bias V. jn, js2, js1 and jon are electron particle current densities respectively entering
the space charge region of the n-type material, recombining from the conduction bands 1
and 2 at the interface, and leaving the space charge region of the p-type material. The
quantities jp, js1’, Js2” and jop are hole particle current densities defined analogously. Fn and

Fp determine the doping concentrations.

The difference in electron-affinities of both materials determines the jump AEc in
the bottom of the conduction bands of the two semiconductors at the interface. AEy is the
jump in the top of the valence bands in the two semiconductors. AEy = AE: + AEg where
AEg = Eq2 - Eq1 is the difference in the bandgaps of the two semiconductors. AE. and AEy

can be positive or negative.

Using the Pauwels Vanhoutte model, it was concluded that for the heterojunctions
the semiconductor with the smaller bandgap should have good quality, i.e., it should have
larger collection efficiency; it should absorb all photons. Best efficiencies are obtained for

three type of device structures. In the first type, the weakly doped semiconductor should
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have an optimum bandgap, it should be inverted at the interface, and the strongly doped
semiconductor should have a larger bandgap. In the second type, the strongly doped
semiconductor must have an optimum bandgap and the discontinuity at the interface in its
minority carrier band must approach zero from the positive side, i.e. it may not constitute
a barrier for the collection of minority carriers. The third type has the characteristics of the

first type, but the strongly doped semiconductor has the smaller bandgap.

5.2 SCAPS 1-D Simulation Procedures

SCAPS-1D was used for simulating the J-V characteristics of nanowire CdS-CdTe
solar cell. Basic Working procedures for SCAPS-1D is explained with the help of figures

5.3-5.10.

Nanowire CdS f SnO,

CdTe FTO

Left Contact Right Contact
Back Front ——

Figure 5.3 Solar Cell Definition
Figure 5.3 shows the Solar cell structure screenshot taken from the SCAPS Solar cell

definition panel. In SCAPS the p-side must be connected to the left contact in order to form
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a p-n junction due to the fact that n-p junction simulated in SCAPS leads to non-uniform
current which in turn is much less stable. SCAPS simulation program was used to simulate
window/ absorber type CdS/ CdTe solar cell. The p-side semiconductor used for simulation
is 5 um CdTe which acts as the absorber layer, while the n-side in 200nm Nanowire CdS
which acts as window layer. 100nm of intrinsic SnO2, which acts as a buffer layer, was
included to perform simulations for simulate for the actual device design used in our lab.

The solar cell is illuminated from the right side.

SCAPS 3:3.07 Action Panel - ol
—vvorKin int [—oeres ohunt T jon list —— settings —
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Wumination:  Dark M1 Light Specity lumination spectrum, then calculate G(x) [l Directy specity G(x)
2 Analytica del for spectrum —,'{ alvtical model f 1 file |—
" Incident (or bias)
De e iluminated from left r illuminated from right light power (W/m2)
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§ utoff? 1 he AL entin Gl (mAVom? ; )
peanmoton? B AR 1. Define the problem
Neutal Densty 00000 | Transmission & 100000 afterND 100000 | eallightCurentincel (TAlon) 200000 2. Define the working point
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Figure 5.4 SCAPS: Action Panel
Figure 5.4 shows the SCAPS start-up panel is the Action panel. The action panel consists
of 5 blocks: Block 1 defines the problem; block 2 defines the working points; block 3 lets
the user to select the measurement(s) to simulate from I-V, C-V, C-f and QE(L); block 4 is
for starting the calculation which can either be a single shot calculations or a batch and the
calculations can be recorded; and block 5 displays the simulated curve(s).
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SCAPS 3.3.07 Solar Cell Definition Panel = B
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last saved by SCAPS: 24-10-2019 at 22:38:39
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Can be edited by the user

1 | .H

Figure 5.5 SCAPS: Solar Cell Definition Panel
Figure 5.5 shows the Solar cell definition panel. The user can define up to 7 semiconductor
layers. For each layer, specific parameters need to be provided. The contact, layer and
interface properties can be added by clicking appropriate boxes. The conventions for the

Voltage and Current in the external contacts can be user defined.

The SCAPS program is optimized for p-n junctions and is less stable for n-p
junctions (n-p junctions lead to non-uniform current), that means the p-side should be kept
to the left and the n-side should be kept to the right. Interface layer can be defined between
any two layers. The user can save a model to file or load a model from an already saved
file. The program also provides the flexibility of illumination either from the left or from

the right.
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Figure 5.6 SCAPS: Layer Properties Panel
Figure 5.6 shows the Layer Properties Panel where various material properties of the
semiconductor need to be specified. The various parameters that needs to be supplied
includes the thickness, the bandgap, electron affinity, dielectric permittivity, effective
density of states for the conduction band and the valence band, thermal velocity of electron
and holes, electron and hole mobilities, effective mass of electrons and holes if tunneling

is allowed, and shallow acceptor/ donor density of the semiconductor material.

The absorption interpolation model can be selected from the default absorption
models for various semiconductor in SCAPS or can be loaded from a file if the user has
the absorption model for particular sesmiconductor material. Band to band recombination
mechanism can be allowed by providing the Radiative recombination coefficient, Auger

electron capture coefficient and Auger hole capture coefficient.
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Defect 1 of CdTe
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Figure 5.7 SCAPS: Defect Properties Panel

Defect properties panel, shown in figure 5.7, opens on clicking on “Add a defect”

button on the Layer properties panel. Up to seven defects can be added to each

semiconductor layer. The defect can be neutral, acceptor-type and donor-type and the

defects can also be multivalent defects. The defect energetic distribution can be Single,

Uniform, Gauss, CB tail and VB tail. The reference to energy defect level has to be

specified by the user and which can be above Ev, below Ec and above E;. Optical capture

of electrons and/or holes can also be allowed.
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Figure 5.8 SCAPS: Contact Panel
Figure 5.8 shows the Contact properties panel. Clicking on either the front or the back
contact on the Solar cell definition panel opens the contact properties panel. Electrical and
Optical properties can be edited in the contact panel. The user can provide the metal work
function ¢,,, (for majority carriers). The user can also choose the flat band option in which
case the metal work function is calculated for every temperature in such a way that the flat
band condition prevails. Majority carrier barrier height relative to the fermi level and
conduction/ valence band is calculated. Tunneling of electrons and holes through the

contact can be allowed.
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SCAPS 3.3.07 Interface Panel = =

INTERFACE 1/2 | ‘Name of interface - lcdTe s cds |

INTERFACE STATES |

Defect 1

chargetype: acceptor

concentration: N{total) = 1.00e+10 /om™2 eV, N(peak) = 5.64e+10 /cm™2 eV

energydistribution: gauss; Et = 0.60 eV above middle of IF gap; Ekar = 0.10 eV

this defect only, if active: Sn(left) = 5.0e+01 cm/s, Sn(right) = 5.0e+01 cm/s

this defect only, if active: Sp(left) = 5.0e+01 cm/s, Sp(right) = 5.0e+01 cm/s

Detect 2 _acoept |
none cancel
Defect 3

none

Effective mass of electrons 1.000E+0

Effective mass of holes (rel.) 1.000E+0

I Allow intraband

Figure 5.9 SCAPS: Interface Panel
Figure 5.9 shows the Interface panel which can be added between two semiconductor
layers by clicking on the Interfaces button on the Solar cell definition panel. The interface
transport model used in SCAPS is based on the thermionic emission mechanism. The
smallest thermal velocity of the two neighboring layers is equal to the thermal velocity of
the interface transport. There can only be 3 possible interface defects and their charge type
cannot be multivalent. Interface recombination is based on Pauwels-Vanhoutte theory [55].

Intraband tunneling also be allowed between the interface of two semiconductor layer.
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The tables below list the parameters used in SCAPS simulations.

Table 5.1 Back contact material properties

Back Contact

Parameter

Value

Thermionic Emission/ surface recombination velocity (cm/s)

Q) electrons 1.00E+5
(i) holes 1.00E+7
Metal Work Function 5.5000

Majority Carrier barrier height(eV)

(i) relative to Es

0.0000

(i) relative to Ev

-0.1397
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Table 5.2 CdTe material properties

CdTe

Parameter Value
Thickness (um) 5.000
Bandgap (eV) 1.500
Electron Affinity (eV) 4.000
Dielectric Permittivity (relative) 10.200
CB Effective Density of States (1/cm?) 8.000E+17
VB Effective Density of States (1/cmq) 2.200E+19
Electron Thermal Velocity (cm/s) 1.000E+7
Hole Thermal Velocity (cm/s) 1.000E+7
Electron Mobility (cm?/Vs) 3.200E+2
Hole Mobility (cm#/Vs) 8.000E+1
Allow tunneling
Q) Effective mass of electrons 2.000E-1
(i) Effective mass of holes 8.000E-1
Shallow Uniform Acceptor Density Na
1.000E+17

(1/ecm?)
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Table 5.3 Donor type defect parameters in CdTe

Parameter Value
Defect Type Single Donor
(i) | Capture Cross Section Electrons (cm?) 1.000E-14
(i) Capture Cross Section Holes (cm?) 1.000E-14
Energetic Distribution Gaup
Defect 1 of CdTe
(i) Reference for defect energy level E: Below Ec
(i) energy level w.r.t Reference (eV) 0.280
(iii) characteristic energy (eV) 0.100
N; total (1/cm?®) uniform 5.000E+13
Nt peak (1/eV/cm?®) uniform 2.821E+14
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Table 5.4 Acceptor type defect parameters in CdTe

Defect 2 of

CdTe

Parameter Value
Defect Type Single Acceptor
(i) Capture Cross Section Electrons
1.000E-14
(cm?)
(i) Capture Cross Section Holes (cm?) 1.000E-14
Energetic Distribution Gaup
(i) Reference for defect energy level E; Above Ev
(i) energy level w.r.t Reference (eV) 0.100
(iii) characteristic energy (eV) 0.100
N; total (1/cm?®) uniform 5.000E+13
Nt peak (1/eV/cm?®) uniform 2.821E+14
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Table 5.5 CdTe / CdS Interface parameters

CdTe/CdS

Interface

Parameter Value
Defect Type Acceptor
(i) | Capture Cross Section Electrons (cm?) 5.00E-16
(i) Capture Cross Section Holes (cm?) 5.00E-16
Energetic Distribution Gauf

Q) Reference for defect energy level E:

Above middle of

interface gap

(i) energy level w.r.t Reference (eV) 0.600
(iii) characteristic energy (eV) 0.100
N total (1/cm?®) uniform 1.00E+10
Nt peak (1/eV/cm?®) uniform 5.64E+10
Allow Tunneling to Interface States
Q) Relative mass of electrons 2.000E-1
(i) Relative mass of holes 8.000E-1
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Table 5.6 CdS material properties

CdS

Nanowires

Parameter Value
Thickness (um) 0.200
Bandgap (eV) 3.200
Electron Affinity (eV) 4.100
Dielectric Permittivity (relative) 9.000
CB Effective Density of States (1/cm?) 2.300E+18
VB Effective Density of States (1/cmq) 1.700E+19
Electron Thermal Velocity (cm/s) 1.000E+7
Hole Thermal Velocity (cm/s) 1.000E+7
Electron Mobility (cm?/Vs) 1.000E+2
Hole Mobility (cm#/Vs) 2.500E+1
Allow tunneling
Q) Effective mass of electrons 2.000E-1
(i) Effective mass of holes 8.000E-1
Shallow Uniform Donor Density Np (1/cm?) 1.000E+18
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Table 5.7 Acceptor type defect parameters in CdS

Defect 1 of CdS

Parameter Value
Defect Type Single Acceptor
Q) Capture Cross Section Electrons
1.000E-14
(cm?)
(i) | Capture Cross Section Holes (cm?) 1.000E-14
Energetic Distribution Single
(i) | Reference for defect energy level Et Above E;
(i) energy level w.r.t Reference (eV) 0.000
N total (1/cm?®) uniform 1.000E+16
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Table 5.8 SnO2 material properties

SnO2

Parameter Value

Thickness (um) 0.100

Bandgap (eV) 3.600

Electron Affinity (eV) 4.500

Dielectric Permittivity (relative) 9.000
CB Effective Density of States (1/cm?) 3.200E+18
VB Effective Density of States (1/cmq) 2.500E+19
Electron Thermal Velocity (cm/s) 1.000E+7
Hole Thermal Velocity (cm/s) 1.000E+7
Electron Mobility (cm?/Vs) 1.000E+2
Hole Mobility (cm#/Vs) 2.500E+1
Shallow Uniform Donor Density Np (1/cm?3) 1.000E+18
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Table 5.9 Neutral type defect parameters in SnO2

Parameter Value
Defect Type Neutral
(i) | Capture Cross Section Electrons (cm?) 1.000E-15
(i) Capture Cross Section Holes (cm?) 1.000E-13
Energetic Distribution Gauf
Defect 1 of SnO2
(i) Reference for defect energy level E: Above E;
(i) energy level w.r.t Reference (eV) 0.000
(iii) characteristic energy (eV) 0.100
N; total (1/cm?®) uniform 1.000E+15
Nt peak (1/eV/cm?®) uniform 5.642E+15
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Table 5.10 FTO material properties

FTO

Parameter Value

Thickness (um) 0.300

Bandgap (eV) 3.600

Electron Affinity (eV) 4.800

Dielectric Permittivity (relative) 9.000
CB Effective Density of States (1/cm?) 3.200E+18
VB Effective Density of States (1/cmq) 2.500E+19
Electron Thermal Velocity (cm/s) 1.000E+7
Hole Thermal Velocity (cm/s) 1.000E+7
Electron Mobility (cm?/Vs) 3.000E+1
Hole Mobility (cm#/Vs) 7.500E+0
Shallow Uniform Donor Density Np (1/cm?3) 5.000E+20
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Table 5.11 Neutral type defect parameters in FTO

Parameter Value
Defect Type Neutral
(i) | Capture Cross Section Electrons (cm?) 1.000E-15
(i) Capture Cross Section Holes (cm?) 1.000E-12
Energetic Distribution Gaup
Defect 1 of FTO
Q) Reference for defect energy level E: Above E;
(i) energy level w.r.t Reference (eV) 0.000
(iii) characteristic energy (eV) 0.100
N total (1/cm?®) uniform 1.000E+15
Nt peak (1/eV/cm?®) uniform 5.642E+15
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Table 5.12 Front contact material properties

Parameter Value

Thermionic Emission/ surface recombination velocity (cm/s)

Q) electrons 1.00E+5
(i) holes 1.00E+6

Front Contact
Metal Work Function 4.4000

Majority Carrier barrier height(eV)

Q) relative to Es -0.4000

(i) relative to Ev -0.2692
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Figure 5.10 shows the results of the Simulated J-V characteristics at 300 K for the

parameters shown in Table 5.1 — 5.12. in SCAPS
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CHAPTER 6. RESULTS AND DISCUSSION
Experimental results on the fabrication of titanium oxide nanotubes and the spectral
absorption of thin film CdS and CdS nanopillars are presented in Section 6.1 while the

Section 6.2 describes the results of numerical calculations and the related discussion.

6.1 Nano porous Titania Template: Experimental results

For our experiments, a nano porous template made of titanium dioxide (titania)
serves as the host for embedding the CdS nanopillars inside its nanopores. The nanoporous
titania matrix, by itself has negligible absorption in the visible part of the spectrum, and
the Titania-CdS combination is advantageous over the traditional CdS window layer
because it enhances the optical transmission through the window layer by increasing the

effective energy band gap of CdS and thus extending the transmission edge of CdS.

In order to investigate the effect of host nanotube parameters, a study was done on
the parameters that affect the pore diameter and the pitch of Titania nanotube arrays. Nano
porous Titania templates were fabricated to study the effect of some of the parameters that
affect the pore diameter and the pitch of the nanotube arrays. The results on the effect of
anodization voltage and fluoride ion concentration in the anodization solution on the pore
diameter and the pitch for the experimentally fabricated devices will be discussed below

with the help of Table 6.1 and Figures 6.1-6.6.
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Table 6.1 Effect of fluoride ion concentration and anodization voltage on pore

diameter and interpore distance

Anodization Average Pore Average interpore
Sample # NH4F

Voltage Diameter distance
1 2mL S0V 58.3 nm 85.4 nm
2 2mL 60 V 50 nm 81.8 nm
3 0.81 mL 50V 57.5nm 88.2 nm
4 0.3 mL 40V 49.3 nm
5 0.3 mL S0V 57 nm 88.6 nm
6 0.3 mL 60 V 42 nm 79.2 nm

Table 6.1 shows the effect of fluoride ion concentration and anodization voltage on pore

diameter and interpore distance (center-to-center distance between two adjoining

nanopores). Three different fluoride ion concentration and three different anodization

voltages were used, to successfully fabricate nano porous Titania template, in order to study

their effect on the pore diameter and the pitch.
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o det mode HFW HV curr mag ® WD tilt  dwell
oA TLD SE  1.27 pm 2.00 kv 0.10 nA 100 000 x 4.3 mm 0.0 ° 50.00 ns

Figure 6.1 Top view SEM image of Sample # 1 fabricated in a fresh electrolyte

comprising of 98 mL of EG and 2 mL of NH4F at an anodization voltage of 50 V.

Figure 6.1 shows the top view SEM image of nanoporous template fabricated in a
fresh electrolyte comprising of 98 mL of EG (Ethylene Glycol ) and 2 mL of NH4F at an
anodization voltage of 50 V, the average pore diameter of the nanotubes thus obtained was

found to be 58.5 nm and an average interpore distance of 85.4 nm.
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Figure 6.2 Top view SEM image of sample # 2 fabricated in a fresh electrolyte

comprising of 98 mL of EG and 2 mL of NH4F at an anodization voltage of 60 V.

Figure 6.2 shows the top view SEM image of nanoporous template fabricated in a
fresh electrolyte comprising of 98 mL of EG (Ethylene Glycol ) and 2 mL of NH4F at an
anodization voltage of 60 V, the average pore diameter of the nanotubes thus obtained was

found to be 50 nm and an average interpore distance of 81.8 nm.
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Figure 6.3 Top view SEM image of sample # 3 fabricated in a fresh electrolyte

comprising of 98 mL of EG and 0.81 mL of NH4F at an anodization voltage of 50 V.

Figure 6.3 shows the top view SEM image of nanoporous template fabricated in a
fresh electrolyte comprising of 98 mL of EG (Ethylene Glycol ) and 0.81 mL of NH4F at
an anodization voltage of 50 V, the average pore diameter of the nanotubes thus obtained

was found to be 57.5 nm and an average interpore distance of 88.2 nm.
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04-Sep-19 WD 9.1mm 10.0kV x70k 500nm

Figure 6.4 Top view SEM image of sample # 4 fabricated in a fresh electrolyte

comprising of 98 mL of EG and 0.3 mL of NH4F at an anodization voltage of 40 V.

Figure 6.4 shows the top view SEM image of nanoporous template fabricated in a
fresh electrolyte comprising of 98 mL of EG (Ethylene Glycol ) and 0.3 mL of NH4F at an
anodization voltage of 40 V, the average pore diameter of the nanotubes thus obtained was
found to be 49.3 nm. Average interpore distance could not be estimated because the porous

structure were not very well defined.

71



WD 6.8mm 11.0kV x90k 500nm

Figure 6.5 Top view SEM image of sample # 5 fabricated in a fresh electrolyte

comprising of 98 mL of EG and 0.3 mL of NH4F at an anodization voltage of 50 V.

Figure 6.5 shows the top view SEM image of nanoporous template fabricated in a
fresh electrolyte comprising of 98 mL of EG (Ethylene Glycol ) and 0.3 mL of NH4F at an
anodization voltage of 50 V, the average pore diameter of the nanotubes thus obtained was

found to be 57 nm and an average interpore distance of 88.2 nm.
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Figure 6.6 Top view SEM image of sample # 6 fabricated in a used electrolyte

comprising of 98 mL of EG and 0.3 mL of NH4F at an anodization voltage of 60 V.

Figure 6.6 shows the top view SEM image of nanoporous template fabricated using
98 mL of EG and 0.3 mL of NH4F at an anodization voltage of 60 V, the electrolyte used
was previously used to anodize one 4 um and one 150nm Titanium sample, the average
pore diameter of the nanotubes thus obtained was found to be 42 nm and an average

interpore distance of 79.2 nm.
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6.1.1.1 Effect of Fluoride ion concentration on pore diameter

Three samples (Sample # 1, Sample # 3 and sample # 5) were anodized at 50 V
with varying concentration of fluoride ions in the electrolyte. These samples were anodized
in electrolyte containing 2 mL, 0.81 mL and 0.3 mL of NhsF for Sample # 1, Sample # 3
and sample # 5 respectively. The anodization was otherwise performed under similar
anodization conditions except for varying the fluoride ion concentration. From the Table
6.1 and Figure 1, 3, and 5 it is seen that the pore diameter increases only slightly, from 57
nm to 58.3 nm , when the fluoride concentration is increased from 0.3 mL to 2 mL Itis
clear that in the experimental range investigated here, pore diameter of the titania nanotube

matrix is rather insensitive to the ammonium fluoride concentration.

6.1.1.2 Effect of anodization voltage on pore diameter

In literature various authors have different opinion on the effect of anodization
voltage on the pore diameter. In Ethylene Glycol based electrolyte several authors have
suggested that the pore diameter increases with the increase in anodization voltage
[28,29,41,47,56,57]. However, Y. Alivov et al. reported that in glycerol-based electrolyte
the anodization potential does not have any clear dependence on the pore diameter of the

Ti0O2 nanotubes, when the anodization voltage was varied over the range of 10-240V [42].

For our devices, the effect of anodization voltage on pore diameter can be seen from
the results obtained from sample # 4, sample # 5 and sample # 6. The electrolyte contained
0.3 mL of NH4F in 98 mL of Ethylene Glycol. Sample # 4, sample # 5 and sample # 6 were
anodized at three different voltages of 40 V, 50 V and 60 V respectively. From Table 6.1

and Figures 4-6 it is seen that when the anodization voltage is increased from 40 V to 50
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V, the pore diameter increases from 49.3 nm to 57 nm. However, when the anodization
voltage is increased further form 50 V to 60 V, the pore diameter decreased from 57 nm to
42 nm. Thus, for the case of ethylene glycol based electrolyte it can be suggested that there
is an optimum anodization voltage at which the pore diameter is maximum for a fixed

flouride ion concentration.

6.1.1.3 Effect of Fluoride ion concentration on the pitch

The effect of fluoride ion concentration on the pitch can be seen with two sets of
samples anodized at two different voltages. Set one contained Sample # 1, Sample # 3 and
sample # 5 anodized at 50 V where the NH4F content in the electrolyte were 2 mL, 0.81
mL and 0.3 mL respectively. Set two consisted of Sample # 2 and Sample # 6 anodized at
60 V. In set 1, pitch decreased from 88.6 nm to 85.4 nm when the Ammonium Fluoride
content was increased from 0.3 mL to 2 ml. In set 2, pitch increased slightly from 79.2 nm
to 81.8 nm when the Ammonium Fluoride content was increased from 0.3 mL to 2 ml. It
is clear that in the experimental range investigated here, the pitch (interpore distance) of

the titania nanotube matrix is rather insensitive to the ammonium fluoride concentration.

6.1.1.4 Effect of anodization voltage on pitch

The effect of anodization voltage on the pitch can be seen with two sets of samples
anodized at two different voltages. Set one contained Sample # 1 and sample # 2 anodized
at 50 V and 60 V respectively, where the electrolyte contained 2 mL of NH4F in 98 mL of

Ethylene Glycol. Set two consisted of Sample # 5 and Sample # 6 anodized at 50 V and 60
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V respectively, where the electrolyte content was 0.3 mL of NH4F in 98 mL of Ethylene
Glycol. In set 1, pitch decreased from 85.4 nm to 81.8 nm when the anodization voltage
was increased from 50 V to 60 V. In set 2, pitch decreased from 88.6 nm to 79.2 nm when
the anodization voltage was increased from 50 V to 60 V. It is clear that an increase in
anodization voltage from 50 V to 60 V leads to a substantial reduction in the pitch of the

titania nanotube matrix.

From the above discussion it can be concluded that the anodization voltage is the more
effective parameter, which can be tailored and optimized to fabricate Titania Nanotube

arrays of desired porosity.
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6.2 Numerical Results and Discussion

6.2.1 Interpolation of absorption profile for various CdS coverages

TiO2 nanotubes, Planar CdS and Nanowire CdS were fabricated as explained in
Chapter 3 and their absorption spectra were measured using Cary 50 UV-Vis
Spectrophotometer. Defining the “CdS coverage” (x) as the fraction of the total surface
area filled by the embedded CdS nanopillars, the absorption spectrum (A) for a particular
value of CdS coverage (x) was obtained by interpolation as expressed in the Equation 6.1

below,

(%) * Acas pranar + (1 —x) * Ario, = Acas Nanowire (x) (6.1)

Absorption vs Wavelength for 32% CdS Coverage
Experimental vs Theoretical
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Figure 6.7 Absorption vs Wavelength for 32% CdS Coverage Experimental vs
Theoretical
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Figure 6.7 shows the comparison between the absorption profile for experimentally
fabricated CdS Nanowires and the theoretical absorption profile CdS Nanowires for 32%
coverage. The theoretical absorption profile was interpolated using equation (6.1). It is
seen that the theoretical absorption profile for CdS Nanowires follows closely the
experimental profile thus verifying that the linear assumption used in equation (6.1)

holds.

The absorption profiles interpolated using equation (6.1) was input in SCAPS to

replace the default absorption profile for different coverages of CdS.

Absorption vs Wavelength for 80%-100% CdS
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Figure 6.8 Theoretical absorption profile CdS Nanowires for 80% - 100% coverage
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Absorption vs Wavelength for 55%-75% CdS
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Figure 6.9 Theoretical absorption profile CdS Nanowires for 55% - 75% coverage
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Figure 6.10 Theoretical absorption profile CdS Nanowires for 30% - 50% coverage
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Absorption vs Wavelength for 5%-25% CdS
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Figure 6.11 Theoretical absorption profile CdS Nanowires for 5% - 25% coverage
Figures 6.8 — 6.11 shows the theoretical absorption profile CdS Nanowires for 5% -100%
coverage. The absorption spectrum (A) for a particular value of CdS coverage (x) was
obtained by interpolation as expressed in the Equation 6.1. From the figures 6.8 —6.11 it
can be seen that the absorption in the lower wavelength region drops from ~0.8 Au to

~0.25 Au when the CdS coverage drops from 100% to 5%.

The total interface state density (integrated over all energies) for the CdTe / CdS
interface was varied in the range of 1.50E+4 (cm™) to 3.00E+10 (cm™) for different CdS
coverages (0.0001% CdS to 100% CdS) to account for the reduced interface area (to
fraction x) at the junction between the nanowire CdS window layer and the absorber CdTe
layer. Acceptor type defect with Gauf type of Energetic Distribution was considered for

the CdTe / CdS interface.
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As the interface area between the CdTe / CdS junction reduces (from 100% CdS to
0.0001% CdS), a reduction in dark saturation current is obtained due to the decrease in
interface recombination velocity that allows for less recombination at the interface which

in turn enhances the overall device performance.
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6.2.2 Results and Discussion on SCAPS simulation

6.2.2.1 Effect of host parameters and CdTe doping density on I-V characteristics

The effect of the host nanotube parameters (pore diameter and pitch for different
CdS coverages) and CdTe doping density on device performance in nanowire CdS/ CdTe
solar cells were studied using SCAPS-1D simulation and are presented in this section. To
study the effect of CdTe doping density on the device performance, the shallow uniform

acceptor density Na (cm™) in CdTe was varied in the simulations from 10 - 108 cm,

Also, to study the effect of host nanotube parameters the pore diameter was varied
from a few nanometers to microns range and the pitch of the host nanotubes were varied
from 100 nm to 10 mm in steps of one order of magnitude. For each set of simulations, the
pitch was kept constant and the pore diameter were varied proportionally to give a certain
percentage of CdS coverage in the film. To simulate for different CdS coverages, ranging

from 0.0001% - 100%, the total interface state density (cm2) was varied.

In CdS/ CdTe solar cells the bulk series resistance is negligible in comparison to
the contact resistance. However, as the pore diameter and the pitch are varied in order to
obtain different CdS coverages, the bulk series resistance for the nanostructured device
changes. The bulk series resistance varies over a considerable range and the contact
resistance is no longer dominant which affects the device performance considerably. For
the simulations the total series resistance of 2 Q-cm? was assumed for the planar CdS/

CdTe solar cell.

The resistance calculations derived in chapter 2 for the planar CdS and the nanowire

CdS devices, were used in the simulations in conjunction to the other parameter changes.

82



From the equations 2.29 and 2.37, it is seen that the bulk series resistance in case of
planar devices is inversely proportional to the doping. In case of nanowire devices, the
bulk series resistance is dependent on the doping, the pore diameter, pitch and the CdTe

thickness. However, for the simulations the CdTe thickness was kept constant at 5 um.

te @t e @t 1 (2.29)
a  a? +?

NN«
ILMppA

Reff Planar =

L D\ 1 2.37
Reffnanowire = Reff Planar * [1 + (\/E 2) * E] ( )

The results of the simulations showed that by using CdS nanopillars embedded in
nanoporous template as the window layer, an absolute gain of 1.05% in efficiency could
be achieved over the case of the planar CdS window layer. This gain in efficiency was
obtained when the CdS coverage was 0.1%, CdTe doping density was 101" cm3, the pore
diameter could range from 2.35nm — 23.48nm and the interpore distance ranging from
100nm — 1000nm. The planar device was 24.88% efficient whereas 25.93% efficient solar

cells could be achieved with the CdS nanopillars device.

In the sections to follow the results obtained from SCAPS simulations for an
interpore distance of 100nm will be discussed and comparison will be made on the solar
cell parameters, Voc, Jsc, FF and Efficiency, for various CdTe dopings against optimal
doping of 10'” cm. The results obtained for an interpore distance of 100nm is chosen over
an interpore distance of 1000nm as the nanoporous Titania template fabricated in our lab
is closer to 100nm. Other results obtained from the SCAPS simulation to study the effect

of various parameter are presented as plots and tables in the Appendix section.
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6.2.2.2 Short Circuit Current enhancement

The bandgap of planar Cadmium Sulfide is 2.4 eV, loss of photocurrent is caused
by light absorption in the n-Cadmium Sulfide (CdS) window layer in the shorter
wavelength region (below 512 nm), leading to the degradation of cell performance. High
density of recombination sites present in CdS films prevents the photons, with wavelength
less than 512 nm that are absorbed in CdS, from contributing to the collected photocurrent.
This loss is reduced when an array of CdS nanowires replaces the conventional planar n-

CdS film.

When the CdS nanowires are embedded in the nano porous template, an increase
in the effective bandgap for CdS is obtained which in turn suppresses the photon loss in
the lower wavelength region and makes the window layer more transmittive to sunlight
than is the case with the traditional planar CdS window layer. This leads to an increase in
the number of photons available to the p-CdTe absorber. These extra photons lead to an
increase the short circuit current. Also, the dominant junction current mechanism at the
nanowire CdS-CdTe heterojunction involves interface recombination at the CdS-CdTe
interface [58]. This interface recombination current is reduced in the case of the CdS-

nanopillars-window layer and therefore a higher open circuit voltage (\Voc) is achieved.
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Figure 6.12 Jsc vs 1-100% CdS Coverage Interpore Distance 100nm
Figure 6.12 shows the plot of short circuit current vs CdS coverage for the simulated results
where the CdS coverage was varied from 1% to 100% for various doping levels. The CdTe

doping density varied from 104 cm™ to 10% cm3.

It is seen that as a result of transmission gain obtained using nanopillars of CdS, the
short circuit current increases with a decrease in the CdS coverage. An increase in short
circuit current was expected as the number of photons available to the p-CdTe absorber
increased by lowering the CdS coverage, i.e., a smaller number of photons being lost in the
lower wavelength region for the nanowire CdS as compared to the planar CdS. At relatively
low doping levels, 101 cm™ to 107 cm™, the transmission gain is dominant and results in

a better enhancement of the short circuit current.
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At higher doping levels the dopants, impurities that also act as recombination
centers, has more pronounced effect on the short circuit current. The absolute gain in the
short circuit current at higher doping level gets reduced as was expected, an increase in the
number of recombination sites counters the gain that was obtained from higher
transmission using nanostructures. However, at the doping level of 101" cm™ transmission
gain still being the dominant mechanism results in an increase in the short circuit current,
as the number of recombination sites are not enough to counter the gain obtained from

transmission.

At higher doping level of 10! cm™ the dopants (a) offers low resistivity, higher
mobility for the flow of electrons and holes; (b) act as recombination centers causing
greater recombination. However, the recombination tends to be more dominant mechanism
and despite of the higher mobility the electrons and holes generated by the photons
absorbed in CdTe layer, all the electrons and holes generated do not reach the junction.
This causes a loss in photocurrent; this effect is seen in figure 6.12 where we see that there

is a slight dip in the short circuit current with the decreasing CdS coverage.

The maximum short circuit current of 28.3 mA cm is obtained for doping density

of 10Y7 cm™.
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Figure 6.13 Jsc vs 0.0001-0.1% CdS Coverage Interpore Distance 100nm
Figure 6.13 shows the plot of short circuit current vs CdS coverage for the simulated results
where the CdS coverage was varied from 0.0001% to 0.1% for various doping levels. The

CdTe doping density varied from 10* cm to 10* cm3.

In the plot it is seen that the short circuit current, irrespective of the doping level,
saturates below 0.1% CdS coverage. This gives us the threshold point below which the

there is no additional advantage to be gained in terms of transmission.

The maximum short circuit current of 28.3 mA cm, after which it saturates, is

obtained for doping density of 101" cm=.
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6.2.2.3 Enhancement in the Open Circuit Voltage

The dominant junction current mechanism at the nanowire CdS-CdTe
heterojunction involves interface recombination at the CdS-CdTe interface [58]. Reduction
in the junction area between CdS and CdTe leads to a reduction in the total number of
interface states. This is an advantage because interface states are known [59,60] to lead an

increase in the effective reverse saturation current and a reduced open circuit voltage.

As the interface area at the junction between CdTe and CdS nanowires for different

CdS coverage is reduced by a factor of x. Assuming Iy, = iloz and I, =y * I,

Where y represents the current enhancement factor due to a better window layer as has
been demonstrated in Figures 6.12 and 6.13 and lp and I_ are the effective reverse

saturation current and the light generated current respectively.

nkT (]sc )
Vop =—Inl—+1 2.16
oc = 7o (2.16)
For Planar CdS/ CdTe Solar Cell:
nkT I
Voc_pianar = ——Ln (IL_l) (6.2)
01
For Nanowire CdS/ CdTe Solar Cell:
nkT I
VOC_Nanowire = —1ILn (IL_Z) (6-3)
q 02
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Therefore,

nkT In (ILZ/ILl)

6.4
q Iy1/1p2 (6.4)

VOC_Nanowire - VOC_Planar =

From the above equation 6.4 it is seen that the open circuit voltage can be enhanced by
using nanowire CdS window layer. The open circuit voltage depends on the reverse

saturation current density, which in turn depends on the acceptor doping density.

1
Jo=qNcNy | — [—+— [—|e kT (2.17)
Ny

From equations (6.4) & (2.17) it is seen that with an increase in the doping concentration
the effective reverse saturation current decreases leading to an increase in the open

circuit voltage.

The reverse saturation current across the junction in CdS/ CdTe solar cell is
comprised of (i) diffusion current, (ii) generation-recombination current, (iii) tunneling
between CdS conduction band and empty trap levels followed by the hole capture by the
trap and (iv) recombination via interface states [60]. The dominant junction current
mechanism at the nanowire CdS-CdTe heterojunction involves interface recombination at

the CdS-CdTe interface [58].
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Voc vs % CdS Coverage 1-100%, L =100 nm
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Figure 6.14 Voc vs 1-100% CdS Coverage Interpore Distance 100nm
Figure 6.14 shows the plot of open circuit voltage vs CdS coverage for the simulated results
where the CdS coverage was varied from 1% to 100% for various doping levels. The CdTe

doping density were varied from 1014 cm™ to 108 cm?,

At doping levels of 10 cm - 10® cm™, the gain obtained by reduction in interface
states is not visible because at these low doping levels (Na) electron transport
mechanisms other than interface recombination are more likely to be dominant, as is

indicated by equation (2.17).

At higher doping levels, 10 cm?® and 10® cm

, other electron transport
mechanisms become less important and interface recombination becomes dominant. the
net effect is an increase in the effective reverse saturation current that leads to an increase

in the open circuit voltage as seen in Fig. 6.14. An open circuit voltage of 1.11V can be

achieved for a doping density of 1017 cm™,
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Figure 6.15 Voc vs 0.0001-0.1% CdS Coverage Interpore Distance 100nm
Figure 6.15 shows the plot of open circuit voltage vs CdS coverage for the simulated
results where the CdS coverage was varied from 0.0001% to 0.1% for various doping

levels. The CdTe doping density were varied from 10** cm to 10* cm™3,

The dominant junction current mechanism at the nanowire CdS-CdTe
heterojunction involves interface recombination at the CdS-CdTe interface [58]. The open
circuit voltage increases as the CdTe doping is increased, increase in the doping level
causes a reduction in the effective reverse saturation current. However, the number of
interface states below 0.1% CdS coverage becomes so low such that the recombination via
interface states in no longer the dominant junction current mechanism and any further

reduction in the CdS coverage does not improve the VVoc any further.

An open circuit voltage of 1.153V can be achieved for a doping density of 108 cm-3.
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6.2.2.4 Effect of decreasing CdS coverage on Fill Factor
When the parasitic series resistance and shunt resistance, Ry and Ry, both have
negligible effect on the solar cell performance, the fill factor can be approximately

expressed in terms of open-circuit voltage as [18]

QVoc QVoc
20C — In (0.72 + 4% )

FF =

2.19
1+ 4Voc ( )
kT

However, when either the series resistance or the shunt resistance has significant

effect on the device performance the above equation may yield inaccurate results.
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FF vs % CdS Coverage 1-100%, L = 100 nm
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Figure 6.16 FF vs 1-100% CdS Coverage Interpore Distance 100nm
Figure 6.16 shows the plot of fill factor vs CdS coverage for the simulated results where
the CdS coverage was varied from 1% to 100% for various doping levels. The CdTe doping

density were varied from 10 cm to 108 cm,

At lower acceptor doping density of 10 cm™ the bulk series resistance is high that
counters the effect of increase in VVoc as the interface state density is reduced. The overall

effect is such that the fill factor of the device practically remains unchanged.

However, at higher acceptor doping density of 101" cm the bulk series resistance
is lower and the dominant factor causing the increase in fill factor is the contribution from
increase in VVoc with reduced number of interface states. The fill factor gradually increases
in a linear fashion with the decreasing CdS coverage. At even higher acceptor doping

density of 108 cm™, the series resistance has negligible effect to counter the gain obtained
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from the increase in VVoc. This can be seen in figure 6.16, where, the fill factor increases

exponentially with decreasing CdS coverage.

FF vs % CdS Coverage 0.0001-0.1%, L =100 nm
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Figure 6.17 FF vs 0.0001-0.1% CdS Coverage Interpore Distance 100nm
Figure 6.17 shows the plot of fill factor vs CdS coverage for the simulated results
where the CdS coverage was varied from 0.0001% to 0.1% for various doping levels.

The CdTe doping density were varied from 10%** cm™ to 108 cm,

The fill factor tracks the open circuit voltage when the parasitic series resistance
and shunt resistance, R, and Ry, both have negligible effect on the solar cell performance.
As the open circuit voltage reaches the saturation at less than 0.1% CdS coverage results
in the saturation of the fill factor below 0.1% CdS coverage, the bulk series resistance is

negligibly affected for a interpore distance of 100 nm.
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6.2.2.5 Effect of decreasing CdS coverage on Efficiency

P,,(Maximum Power that the solar cell can deliver)
PCE (n) =

Incident Power from Sunlight
(2.21)
_ Voc *Isc * FF

P inc

Where Py, is the incident power from the incoming solar radiation and is given by
P =A4A f F(A) (—) da (2.22)
0

A is the total device area, F (1) is the incident photon flux and (%) is the energy associated

with each photon.

The efficiency of a solar cell is a function of open circuit voltage, short circuit
current and the fill factor. With the open circuit voltage, short circuit current and the fill
factor all increasing the overall efficiency can be increased by up to 4.53%, absolute
value. This absolute gain in efficiency is the advantage obtained from using the
nanostructured devices. The record research cell conversion efficiency improved from
17.8% in 2011 [61] to 22.1% in 2016 [62] and has not increased since 2016. By
employing the nanostructured CdS window layer instead of conventional Planar CdS,
using SCAPS simulation it is shown that the cell conversion efficiency can be
improved considerably, and the amount of toxic cadmium used in the CdTe solar cell

can also be reduced.
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Figure 6.18 Efficiency vs 0.0001-0.1% CdS Coverage Interpore Distance 100nm
Figure 6.18 shows the plot of Efficiency vs CdS coverage for the simulated results where
the CdS coverage was varied from 0.0001% to 0.1% for various doping levels. The CdTe

doping density were varied from 10'* cm™ to 10'® cm,

For the CdS coverages below 0.1% in the film, as the open circuit voltage and the
short circuit current starts to saturate, for 101 cm™ to 10" cm doping levels, so does the
efficiency. The efficiency increases from 21.68% for 10** cm™ doped CdTe layer to
25.92% for 107 cm™ doped CdTe layer at CdS coverage level of 0.1%. Below 0.1% CdS

coverage no gain in efficiency is observed for 10*4 cm to 10" cm™ doping levels.

However, for 10* cm doping as the open circuit voltage keeps on increasing and

the short circuit current fall below 0.1% CdS coverage, the overall effect is a slight gain in
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the efficiency of the device which can be attributed to higher doping and not from the

advantages obtained for the nanostructured device.
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Figure 6.19 Efficiency vs 1-100% CdS Coverage Interpore Distance 100nm
Figure 6.19 shows the plot of Efficiency vs CdS coverage for the simulated results where
the CdS coverage was varied from 1% to 100% for various doping levels. The CdTe doping

density were varied from 10 cm™ to 108 cm3,

As the open circuit voltage and the short circuit current keeps on increasing with
lowering of the CdS coverage, for 10** cm= to 10" cm™ doping levels, so does the
efficiency. The efficiency increases from 21.40% for 10** cm™ doped CdTe layer to
25.92% for 101" cm™ doped CdTe layer as CdS coverage decreases from 100% - 1% and

the doping increases from 10* cm to 10%8 cm3,
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However, for 108 cmdoping as the open circuit voltage keeps on increasing and
the short circuit current falls, the overall effect is a slight gain in the efficiency of the device
which can be attributed to higher doping and not from the advantages obtained for the
nanostructured device.

Table 6.2 (on the next page) shows the values of Voc, Jsc, FF and Efficiency for
various CdS Coverages at 101'(cm) CdTe doping. The results presented in the table is
for an optimal interpore distance ranging from 100nm-1000nm. It is seen that the values
of Voc, Jsc, FF and Efficiency gets saturated for a CdS coverage of 0.1%. At an acceptor
doping density of 10t(cm®), the enhancement in the device performance is mainly from
the advantage obtained using the nanostructure device design. This conclusion is reached
from the fact that the Voc and the Jsc is still increasing with the decreasing CdS
coverage, i.e., the increase in transmission obtained at reduced CdS coverage is still the
dominant mechanism contributing in the enhancement of the device performance. Other
results obtained from the SCAPS simulation to study the effect of various parameter is

presented as plots and tables in the Appendix section.
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Table 6.2 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 107

doping density

% CdS Voc (V) Jsc (mA/cm?) FF (%) Efficiency (%)
0.0001 1.1098 28.298603 82.55 25.925479323
0.001 1.1098 28.298600 82.55 25.925476574
0.01 1.1098 28.298570 82.55 25.925449090
0.1 1.1097 28.298266 82.55 25.922834562
1 1.1094 28.295106 82.53 25.906654419
2 1.1091 28.290776 82.51 25.889409951
3 1.1087 28.290100 82.49 25.873181419
4 1.1084 28.285868 82.48 25.859175864
5 1.1081 28.281542 82.46 25.841955259
10 1.1064 28.268339 82.35 25.755860337
20 1.1032 28.241714 82.21 25.613560429
30 1.1002 28.219616 82.1 25.489768871
40 1.0978 28.200909 81.97 25.377057791
50 1.0955 28.187278 81.85 25.274594956
60 1.0933 28.176772 81.75 25.183630997
70 1.0911 28.168931 81.66 25.098299493
80 1.089 28.164739 81.55 25.012527329
90 1.087 28.163687 81.48 24944228346
100 1.085 28.165744 81.42 24.881815410
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CHAPTER 7.CONCLUSION AND FUTURE WORK

7.1 Solar Cell Device Performance

From numerical simulations of device performance, it was found that replacing the n-

CdS window layer of the traditional CdS-CdTe solar cell by nanopillars of CdS results in

Reduction in the junction area between CdS and CdTe and hence a reduction in the
total number of interface states. This is an advantage because interface states are
known to lead to tan increase in the effective reverse saturation current, which
results in a reduction in the open circuit voltage of the solar cell.

Increase in the number of photons available to the p-CdTe absorber because the
CdS nanopillars embedded in Titania (or Alumina) matrix are more transmittive to
the sunlight than the traditional CdS film. This is demonstrated in the experimental
data of Figure [58], where optical transmission/ absorption is plotted against
wavelength. These extra photons are advantageous because of the expected increase
in the short circuit current and, to a lesser extent, in the open circuit voltage.
Overall increase in the electrical resistance encountered by the light-generated
electrons in CdTe as they travel toward the junction with the CdS nanopillars. This
is because of the longer path travelled by the electrons light-generated not directly
above the CdS nanopillar. This would lead to an increase in the effective series
resistance of the solar cell and is thus a disadvantage; however, this increase is
expected to be relatively small because the contact resistance between CdTe and
the top electrode in these devices is typically much higher, and hence dominant,

than the bulk resistance of the CdTe layer.
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Numerical simulations were performed to investigate the effects of the above three
aspects of the nanopillar device design. The effects of host nanotube parameters (pore
diameter and pitch for different CdS coverages) and CdTe doping density on device
performance in nanowire CdS/ CdTe solar cells were studied using SCAPS-1D simulation,
and the optimum values for these parameters were obtained in order to achieve the highest
efficiency.

The pore diameter was varied from a few nanometers to microns range and the pitch of
the host nanotubes were varied from 100 nm to 10 mm in steps of one order of magnitude.
The bulk series resistance of the device varies upon varying the pore diameter and the pitch
of the nanotubes in order to obtain various fractions of CdS coverages. The optimal range
for the pore diameter and the pitch for achieving the highest efficiency were found to be
2.35nm — 23.48nm for the pore diameter and the pitch ranging from 100nm — 1000nm.

The effect of CdTe doping density on the device performance was studied by varying
the shallow uniform acceptor density Na (cm=) in CdTe from 10 cm=to 10 cm™. It was
concluded that using the nanopillars of CdS as the window layer exhibited the obvious
advantages, as mentioned above, for CdTe doping density ranging from 10** cm™ to 107
cm. The CdTe doping density for the optimal device performance was found to be 10’
cm’3,

Under the optimal conditions, owing to the advantages obtained from the three aspects
mentioned above, the highest efficiency for nw-CdS/ CdTe structure obtained was 25.93%
with short circuit current of 28.3 mA cm?, open circuit voltage of 1.11 V and fill factor of

82.55 at 300K.
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7.2 Titania Nanotubes Host Matrix

Experimentally the effect of anodization voltage and fluoride ion concentration on
the pore diameter and the pitch were studied for Titania nanotube host. From the
experiments it is concluded that for Titania nanotubes fabricated in ethylene glycol-based

electrolyte,

Q) In the range of 0.3 mL to 2 mL of ammonium fluoride content, pore diameter
of the titania nanotube matrix is rather insensitive to the ammonium fluoride
concentration.

(i) In the range of 0.3 mL to 2 mL of ammonium fluoride content, pitch (or
interpore distance) of the titania nanotube matrix is rather insensitive to the
ammonium fluoride concentration.

(ili)  For the case of ethylene glycol based electrolyte, there is an optimum
anodization voltage at which the pore diameter is maximum for a fixed
flouride ion concentration.

(iv)  Anincrease in anodization voltage from 50 V to 60 V leads to a substantial
reduction in the pitch of the titania nanotube matrix.

(V) Thus, anodization voltage is the more effective parameter, which can be
tailored and optimized to fabricate Titania Nanotube arrays of desired

porosity.
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7.3 Suggestions for Future Work

(i)

(i)
(iii)

Similar study can be done on a host other than nanoporous Titania template, For
example, Anodized Aluminum Oxide (AAO).

n-CdS window layer can be replaced with an n-CdznS layer.

Further experiments can be performed to verify and elucidate the results obtained

from this numerical study of solar cell device performance.
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APPENDIX

Table A.1 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 107 doping,

Pitch = 10°nm
%CdS Coverage Voc Jsc FF Efficiency

0.0001 1.1098 28.2986 82.55 25.9255
0.001 1.1098 28.2986 82.55 25.9255
0.01 1.1098 28.2986 82.55 25.9254
0.1 1.1097 28.2983 82.55 25.9228
1 1.1094 28.2951 82.53 25.9067

2 1.1091 28.2908 82.51 25.8894

3 1.1087 28.2901 82.49 25.8732

4 1.1084 28.2859 82.48 25.8592

5 1.1081 28.2815 82.46 25.8420
10 1.1064 28.2683 82.35 25.7559
20 1.1032 28.2417 82.21 25.6136
30 1.1002 28.2196 82.1 25.4898
40 1.0978 28.2009 81.97 25.3771
50 1.0955 28.1873 81.85 25.2746
60 1.0933 28.1768 81.75 25.1836
70 1.0911 28.1689 81.66 25.0983
80 1.089 28.1647 81.55 25.0125
90 1.087 28.1637 81.48 24.9442

104




100

1.085

28.1657

81.42

24.8818
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Table A.2 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10'® CdTe

doping, Pitch = 102 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0563 28.2695 81.99 24.4831
0.001 1.0563 28.2695 81.99 24.4831
0.01 1.0563 28.2694 81.99 24.4830
0.1 1.0563 28.2690 81.98 24.4796
1 1.0561 28.2643 81.98 24.4710
2 1.0559 28.2584 81.98 24.4612
3 1.0557 28.2559 81.97 24.4515
4 1.0562 28.2490 81.98 24.4600
5 1.0562 28.2428 81.98 24.4547
10 1.0561 28.2200 81.97 24.4297
20 1.0558 28.1749 81.96 24.3807
30 1.0555 28.1349 81.95 24.3362
40 1.0553 28.0987 81.94 24.2973
50 1.055 28.0682 81.92 24.2581
60 1.0548 28.0412 81.91 24.2273
70 1.0545 28.0174 81.9 24.1968
80 1.0543 27.9976 81.89 24.1722
90 1.054 27.9814 81.87 24.1455
100 1.0538 27.9688 81.86 24.1270
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Table A.3 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10'° CdTe

doping, Pitch = 102 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0057 28.2703 81.02 23.0352
0.001 1.0057 28.2703 81.02 23.0352
0.01 1.0057 28.2703 81.02 23.0351
0.1 1.0057 28.2697 81.02 23.0347
1 1.0057 28.2642 81.02 23.0302
2 1.0057 28.2574 81.02 23.0246
3 1.0057 28.2539 81.02 23.0218
4 1.0057 28.2472 81.02 23.0163
5 1.0057 28.2404 81.02 23.0108
10 1.0056 28.2142 81.02 22.9872
20 1.0055 28.1627 81.03 22.9457
30 1.0055 28.1164 81.03 22.9080
40 1.0054 28.0741 81.03 22.8713
50 1.0053 28.0377 81.04 22.8421
60 1.0052 28.0049 81.04 22.8132
70 1.0051 27.9754 81.04 22.7869
80 1.0051 27.9501 81.04 22.7663
90 1.005 27.9286 81.04 22.7465
100 1.005 27.9107 81.04 22.7319
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Table A.4 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 1014 CdTe

doping, Pitch = 102 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 0.9808 28.2996 78.1 21.6776
0.001 0.9808 28.2996 78.1 21.6776
0.01 0.9808 28.2996 78.1 21.6776

0.1 0.9808 28.2990 78.1 21.6772
1 0.9808 28.2933 78.1 21.6728
2 0.9808 28.2862 78.1 21.6674
3 0.9808 28.2825 78.1 21.6645
4 0.9808 28.2755 78.1 21.6592
5 0.9808 28.2685 78.11 21.6566

10 0.9807 28.2412 78.11 21.6335

20 0.9806 28.1874 78.12 21.5928

30 0.9805 28.1388 78.13 21.5562

40 0.9804 28.0944 78.14 21.5227

50 0.9804 28.0558 78.15 21.4959

60 0.9803 28.0210 78.15 21.4670

70 0.9802 27.9895 78.16 21.4434

80 0.9801 27.9622 78.17 21.4231

90 0.9801 27.9387 78.17 21.4051

100 0.98 27.9190 78.2 21.3960
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Voc vs % Coverage 0.0001-0.1%, L = 102
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Figure A.1 Voc vs 0.0001-0.1% CdS Coverage Interpore Distance 100nm
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Figure A.2 Jsc vs 0.0001-0.1% CdS Coverage Interpore Distance 100nm
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FF vs % Coverage 0.0001-0.1%, L = 102
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Voc vs % Coverage 1-100%, L = 10?
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FF vs % Coverage 1-100%, L = 102
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Figure A.7 FF vs 1-100% CdS Coverage Interpore Distance 100nm
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Figure A.8 Efficiency vs 1-100% CdS Coverage Interpore Distance 100nm
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Table A.5 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 1017 CdTe

doping, Pitch = 103 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.1098 28.2986 82.55 25.9255
0.001 1.1098 28.2986 82.55 25.9255
0.01 1.1098 28.2986 82.55 25.9254
0.1 1.1097 28.2983 82.55 25.9228
1 1.1094 28.2951 82.53 25.9067
2 1.1091 28.2908 82.51 25.8894
3 1.1087 28.2901 82.49 25.8732
4 1.1084 28.2859 82.48 25.8592
5 1.1081 28.2815 82.46 25.8420
10 1.1064 28.2683 82.35 25.7559
20 1.1032 28.2417 82.21 25.6136
30 1.1002 28.2196 82.1 25.4898
40 1.0978 28.2009 81.97 25.3771
50 1.0955 28.1873 81.85 25.2746
60 1.0933 28.1768 81.75 25.1836
70 1.0911 28.1689 81.66 25.0983
80 1.089 28.1647 81.55 25.0125
90 1.087 28.1637 81.48 24.9442
100 1.085 28.1657 81.42 24.8818
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Table A.6 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10'® CdTe

doping, Pitch = 103 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0563 28.2695 81.99 24.4831
0.001 1.0563 28.2695 81.99 24.4831
0.01 1.0563 28.2694 81.99 24.4830
0.1 1.0563 28.2690 81.98 24.4796
1 1.0561 28.2643 81.98 24.4710
2 1.0559 28.2584 81.98 24.4612
3 1.0557 28.2559 81.97 24.4515
4 1.0562 28.2490 81.98 24.4600
5 1.0562 28.2428 81.98 24.4547
10 1.0561 28.2200 81.97 24.4297
20 1.0558 28.1749 81.96 24.3807
30 1.0555 28.1349 81.95 24.3362
40 1.0553 28.0987 81.94 24.2973
50 1.055 28.0682 81.92 24.2581
60 1.0548 28.0412 81.91 24.2273
70 1.0545 28.0174 81.9 24.1968
80 1.0543 27.9976 81.89 24.1722
90 1.054 27.9814 81.87 24.1455
100 1.0538 27.9688 81.86 24.1270
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Table A.7 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10'° CdTe

doping, Pitch = 10° nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0057 28.2703 81.02 23.0352
0.001 1.0057 28.2703 81.02 23.0352
0.01 1.0057 28.2703 81.02 23.0351
0.1 1.0057 28.2697 81.02 23.0347
1 1.0057 28.2642 81.02 23.0302
2 1.0057 28.2574 81.02 23.0246
3 1.0057 28.2539 81.02 23.0218
4 1.0057 28.2472 81.02 23.0163
5 1.0057 28.2404 81.02 23.0108
10 1.0056 28.2142 81.02 22.9872
20 1.0055 28.1627 81.03 22.9457
30 1.0055 28.1164 81.03 22.9080
40 1.0054 28.0741 81.03 22.8713
50 1.0053 28.0377 81.04 22.8421
60 1.0052 28.0049 81.04 22.8132
70 1.0051 27.9754 81.04 22.7869
80 1.0051 27.9501 81.04 22.7663
90 1.005 27.9286 81.04 22.7465
100 1.005 27.9107 81.04 22.7319
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Table A.8 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 104 CdTe

doping, Pitch = 103 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 0.9808 28.2996 78.1 21.6776
0.001 0.9808 28.2996 78.1 21.6776
0.01 0.9808 28.2996 78.1 21.6776

0.1 0.9808 28.2990 78.1 21.6772
1 0.9808 28.2933 78.1 21.6728
2 0.9808 28.2862 78.1 21.6674
3 0.9808 28.2825 78.1 21.6645
4 0.9808 28.2755 78.1 21.6592
5 0.9808 28.2685 78.1 21.6538

10 0.9807 28.2412 78.11 21.6335

20 0.9806 28.1874 78.12 21.5928

30 0.9805 28.1388 78.13 21.5562

40 0.9804 28.0944 78.14 21.5227

50 0.9804 28.0558 78.14 21.4931

60 0.9803 28.0210 78.15 21.4670

70 0.9802 27.9895 78.16 21.4434

80 0.9801 27.9622 78.16 21.4203

90 0.9801 27.9387 78.17 21.4051

100 0.98 27.9190 78.2 21.3960
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Voc vs % Coverage 0.0001-0.1%, L = 103
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Figure A.9 Voc vs 0.0001-0.1% CdS Coverage Interpore Distance 1um
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FF vs % Coverage 0.0001-0.1%, L = 103
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FF vs % Coverage 1-100%, L = 103
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Table A.9 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 1017 CdTe

doping, Pitch = 10* nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.1098 28.2986 82.55 25.9255
0.001 1.1098 28.2986 82.55 25.9255
0.01 1.1098 28.2986 82.55 25.9254
0.1 1.1097 28.2983 82.55 25.9228
1 1.1094 28.2951 82.53 25.9067
2 1.1091 28.2908 82.51 25.8894
3 1.1087 28.2901 82.49 25.8732
4 1.1084 28.2859 82.48 25.8592
5 1.1081 28.2815 82.46 25.8420
10 1.1064 28.2683 82.35 25.7559
20 1.1032 28.2417 82.21 25.6136
30 1.1002 28.2196 82.1 25.4898
40 1.0978 28.2009 81.97 25.3771
50 1.0955 28.1873 81.85 25.2746
60 1.0933 28.1768 81.75 25.1836
70 1.0911 28.1689 81.66 25.0983
80 1.089 28.1647 81.55 25.0125
90 1.087 28.1637 81.48 24.9442
100 1.085 28.1657 81.42 24.8818
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Table A.10 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 106 CdTe

doping, Pitch = 10* nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0563 28.2695 81.98 24.4801
0.001 1.0563 28.2695 81.98 24.4801
0.01 1.0563 28.2694 81.98 24.4800
0.1 1.0563 28.2690 81.98 24.4796
1 1.0561 28.2643 81.98 24.4710
2 1.0559 28.2584 81.98 24.4612
3 1.0557 28.2559 81.97 24.4515
4 1.0562 28.2490 81.98 24.4600
5 1.0562 28.2428 81.98 24.4547
10 1.0561 28.2200 81.97 24.4297
20 1.0558 28.1749 81.96 24.3807
30 1.0555 28.1349 81.95 24.3362
40 1.0553 28.0987 81.94 24.2973
50 1.055 28.0682 81.92 24.2581
60 1.0548 28.0412 81.91 24.2273
70 1.0545 28.0174 81.9 24.1968
80 1.0543 27.9976 81.89 24.1722
90 1.054 27.9814 81.87 24.1455
100 1.0538 27.9688 81.86 24.1270
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Table A.11 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10> CdTe

doping, Pitch = 10* nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0057 28.2703 81.01 23.0323
0.001 1.0057 28.2703 81.01 23.0323
0.01 1.0057 28.2702 81.01 23.0323
0.1 1.0057 28.2697 81.01 23.0318
1 1.0057 28.2642 81.01 23.0273
2 1.0057 28.2574 81.01 23.0218
3 1.0057 28.2539 81.01 23.0189
4 1.0057 28.2472 81.02 23.0163
5 1.0057 28.2404 81.02 23.0108
10 1.0056 28.2142 81.02 22.9872
20 1.0055 28.1627 81.02 22.9429
30 1.0055 28.1164 81.03 22.9080
40 1.0054 28.0741 81.03 22.8713
50 1.0053 28.0376 81.03 22.8393
60 1.0052 28.0049 81.03 22.8104
70 1.0051 27.9754 81.04 22.7869
80 1.0051 27.9501 81.04 22.7663
90 1.005 27.9286 81.04 22.7465
100 1.005 27.9107 81.04 22.7319
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Table A.12 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 104 CdTe

doping, Pitch = 10* nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 0.9808 28.2995 78.06 21.6664
0.001 0.9808 28.2995 78.06 21.6664
0.01 0.9808 28.2994 78.06 21.6664
0.1 0.9808 28.2988 78.06 21.6660
1 0.9808 28.2931 78.06 21.6616
2 0.9808 28.2861 78.06 21.6562
3 0.9808 28.2823 78.06 21.6533
4 0.9808 28.2754 78.07 21.6508
5 0.9808 28.2684 78.07 21.6454
10 0.9807 28.2411 78.08 21.6251
20 0.9806 28.1873 78.09 21.5844
30 0.9805 28.1387 78.1 21.5478
40 0.9804 28.0943 78.11 21.5143
50 0.9804 28.0557 78.12 21.4876
60 0.9803 28.0209 78.13 21.4615
70 0.9802 27.9894 78.14 21.4379
80 0.9801 27.9621 78.14 21.4148
90 0.9801 27.9386 78.15 21.3995
100 0.98 27.9190 78.2 21.3960
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Voc vs % Coverage 0.0001-0.1%, L = 10*

1.154
-e- Doping 10
= = = = .
1.10 — Doping 10%°
S - - - v ¥~ Doping 10*°
o 1.05_ v v v v . 17
s & Doping 10
1.00-
° ° ° °
0.95 T T T T 1
0.00001 0.0001 o0.001 0.01 0.1 1
%CdS Coverage

Figure A.17 Voc vs 0.0001-0.1% CdS Coverage Interpore Distance 10um
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Voc vs % Coverage 1-100%, L = 10*
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FF vs % Coverage 1-100%, L = 10*
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Figure A.23 FF vs 1-100% CdS Coverage Interpore Distance 10um

Efficiency vs % Coverage 1-100%, L = 10*
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Table A.13 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10" CdTe

doping, Pitch = 10° nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.1098 28.2986 82.55 25.9255
0.001 1.1098 28.2986 82.55 25.9255
0.01 1.1098 28.2986 82.55 25.9254
0.1 1.1097 28.2982 82.55 25.9228
1 1.1094 28.2951 82.53 25.9066
2 1.1091 28.2908 82.51 25.8894
3 1.1087 28.2901 82.49 25.8732
4 1.1084 28.2859 82.47 25.8560
5 1.1081 28.2815 82.46 25.8419
10 1.1064 28.2683 82.35 25.7558
20 1.1032 28.2417 82.21 25.6135
30 1.1002 28.2196 82.1 25.4898
40 1.0978 28.2009 81.96 25.3739
50 1.0955 28.1873 81.85 25.2746
60 1.0933 28.1768 81.75 25.1836
70 1.0911 28.1689 81.66 25.0983
80 1.089 28.1647 81.55 25.0125
90 1.087 28.1637 81.48 24.9442
100 1.085 28.1657 81.42 24.8818
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Table A.14 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 106 CdTe

doping, Pitch = 10° nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0563 28.2694 81.98 24.4801
0.001 1.0563 28.2694 81.98 24.4801
0.01 1.0563 28.2694 81.98 24.4800
0.1 1.0563 28.2689 81.98 24.4796
1 1.0561 28.2643 81.98 24.4709
2 1.0559 28.2584 81.97 24.4582
3 1.0557 28.2559 81.97 24.4514
4 1.0562 28.2490 81.98 24.4600
5 1.0562 28.2428 81.98 24.4547
10 1.0561 28.2200 81.97 24.4297
20 1.0558 28.1749 81.96 24.3807
30 1.0555 28.1349 81.95 24.3362
40 1.0553 28.0987 81.93 24.2943
50 1.055 28.0682 81.92 24.2581
60 1.0548 28.0412 81.91 24.2273
70 1.0545 28.0174 81.9 24.1968
80 1.0543 27.9976 81.88 24.1692
90 1.054 27.9814 81.87 24.1455
100 1.0538 27.9688 81.86 24.1270
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Table A.15 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10> CdTe

doping, Pitch = 10° nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0057 28.2702 80.97 23.0208
0.001 1.0057 28.2701 80.97 23.0208
0.01 1.0057 28.2701 80.98 23.0236
0.1 1.0057 28.2696 80.98 23.0232
1 1.0057 28.2641 80.98 23.0187
2 1.0057 28.2572 80.98 23.0131
3 1.0057 28.2537 80.98 23.0103
4 1.0057 28.2470 80.98 23.0048
5 1.0057 28.2402 80.98 22.9993
10 1.0056 28.2141 80.99 22.9786
20 1.0055 28.1626 80.99 22.9343
30 1.0055 28.1163 81 22.8994
40 1.0054 28.0740 81.01 22.8655
50 1.0053 28.0376 81.01 22.8336
60 1.0052 28.0048 81.01 22.8047
70 1.0051 27.9753 81.02 22.7812
80 1.0051 27.9500 81.02 22.7606
90 1.005 27.9285 81.02 22.7408
100 1.005 27.9107 81.04 22.7319
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Table A.16 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 104 CdTe

doping, Pitch = 10° nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 0.9808 28.2980 77.68 21.5599
0.001 0.9808 28.2980 77.68 21.5598
0.01 0.9808 28.2980 77.68 21.5598
0.1 0.9808 28.2974 77.68 21.5594
1 0.9808 28.2918 7.7 21.5606
2 0.9808 28.2848 77.71 21.5581
3 0.9808 28.2810 77.72 21.5580
4 0.9808 28.2741 77.73 21.5555
5 0.9808 28.2671 77.73 21.5502
10 0.9807 28.2399 77.76 21.5355
20 0.9806 28.1862 77.8 21.5034
30 0.9805 28.1377 77.83 21.4725
40 0.9804 28.0933 77.86 21.4447
50 0.9804 28.0548 77.88 21.4209
60 0.9803 28.0201 77.91 21.4004
70 0.9802 27.9886 77.93 21.3796
80 0.9801 27.9614 77.94 21.3594
90 0.9801 27.9379 77.96 21.3470
100 0.98 27.9190 78.2 21.3960
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Voc vs % Coverage 0.0001-0.1%, L = 10°
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Figure A.25 Voc vs 0.0001-0.1% CdS Coverage Interpore Distance 100pum
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Figure A.26 Jsc vs 0.0001-0.1% CdS Coverage Interpore Distance 100um
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FF vs % Coverage 0.0001-0.1%, L = 10°
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Figure A.27 FF vs 0.0001-0.1% CdS Coverage Interpore Distance 100um
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Figure A.28 Efficiency vs 0.0001-0.1% CdS Coverage Interpore Distance 100um
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Voc vs % Coverage 1-100%, L = 10°
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Figure A.30 Jsc vs 1-100% CdS Coverage Interpore Distance 100um
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FF vs % Coverage 1-100%, L = 10°
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Figure A.31 FF vs 1-100% CdS Coverage Interpore Distance 100um
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Figure A.32 Efficiency vs 1-100% CdS Coverage Interpore Distance 100um
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Table A.17 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10" CdTe

doping, Pitch = 106 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.1098 28.2984 82.51 25.9127
0.001 1.1098 28.2984 82.51 25.9127
0.01 1.1098 28.2984 82.51 25.9127

0.1 1.1097 28.2981 82.51 25.9101
1 1.1094 28.2949 82.5 25.8971
2 1.1091 28.2906 82.48 25.8798
3 1.1087 28.2899 82.46 25.8636
4 1.1084 28.2857 82.44 25.8465
5 1.1081 28.2814 82.43 25.8324
10 1.1064 28.2682 82.32 25.7463
20 1.1032 28.2416 82.18 25.6041
30 1.1002 28.2195 82.07 25.4803
40 1.0978 28.2008 81.94 25.3676
50 1.0955 28.1871 81.83 25.2683
60 1.0933 28.1766 81.72 25.1743
70 1.0911 28.1688 81.64 25.0920
80 1.089 28.1646 81.53 25.0063
90 1.087 28.1636 81.46 24.9380
100 1.085 28.1657 81.42 24.8818
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Table A.18 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 106 CdTe

doping, Pitch = 106 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0563 28.2693 81.95 24.4710
0.001 1.0563 28.2693 81.95 24.4710
0.01 1.0563 28.2692 81.95 24.4709
0.1 1.0563 28.2688 81.95 24.4705
1 1.0561 28.2641 81.94 24.4589
2 1.0559 28.2582 81.94 24.4492
3 1.0557 28.2557 81.94 24.4424
4 1.0562 28.2488 81.94 24.4480
5 1.0562 28.2427 81.94 24.4426
10 1.0561 28.2199 81.94 24.4206
20 1.0558 28.1748 81.93 24.3717
30 1.0555 28.1347 81.92 24.3271
40 1.0553 28.0986 81.91 24.2883
50 1.055 28.0681 81.9 24.2521
60 1.0548 28.0411 81.89 24.2212
70 1.0545 28.0173 81.88 24.1908
80 1.0543 27.9975 81.86 24.1633
90 1.054 27.9813 81.85 24.1395
100 1.0538 27.9688 81.86 24.1270
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Table A.19 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10> CdTe

doping, Pitch = 106 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0058 28.2687 80.6 22.9167
0.001 1.0058 28.2686 80.6 22.9167
0.01 1.0058 28.2686 80.6 22.9166

0.1 1.0058 28.2681 80.6 22.9162
1 1.0057 28.2626 80.62 22.9152
2 1.0057 28.2559 80.63 22.9126
3 1.0057 28.2524 80.64 22.9126
4 1.0057 28.2457 80.64 22.9072
5 1.0057 28.2389 80.65 22.9045
10 1.0057 28.2129 80.67 22.8890
20 1.0056 28.1614 80.71 22.8563
30 1.0055 28.1152 80.73 22.8222
40 1.0054 28.0730 80.76 22.7942
50 1.0053 28.0366 80.77 22.7652
60 1.0052 28.0039 80.79 22.7420
70 1.0052 27.9745 80.81 22.7237
80 1.0051 27.9492 80.82 22.7038
90 1.005 27.9277 80.83 22.6869
100 1.005 27.9107 81.04 22.7319
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Table A.20 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 104 CdTe

doping, Pitch = 106 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 0.9809 28.2836 73.88 20.4968
0.001 0.9809 28.2836 73.88 20.4968
0.01 0.9809 28.2836 73.9 20.5023
0.1 0.9809 28.2832 73.95 20.5159
1 0.9808 28.2781 74.1 20.5517
2 0.9808 28.2714 74.2 20.5746
3 0.9808 28.2679 74.27 20.5915
4 0.9808 28.2612 74.33 20.6032
5 0.9808 28.2544 74.39 20.6149
10 0.9807 28.2278 74.6 20.6515
20 0.9806 28.1751 74.9 20.6938
30 0.9805 28.1274 75.14 20.7228
40 0.9804 28.0837 75.34 20.7436
50 0.9804 28.0458 75.51 20.7623
60 0.9803 28.0115 75.67 20.7788
70 0.9802 27.9805 75.82 20.7948
80 0.9801 27.9537 75.95 20.8084
90 0.9801 27.9307 76.08 20.8268
100 0.98 27.9190 78.2 21.3960
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Figure A.33 Voc vs 0.0001-0.1% CdS Coverage Interpore Distance 1mm
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Figure A.34 Jsc vs 0.0001-0.1% CdS Coverage Interpore Distance 1mm
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FF vs % Coverage 0.0001-0.1%, L = 10°
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Figure A.35 FF vs 0.0001-0.1% CdS Coverage Interpore Distance 1mm
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Figure A.36 Efficiency vs 0.0001-0.1% CdS Coverage Interpore Distance 1mm
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Figure A.37 Voc vs 1-100% CdS Coverage Interpore Distance 1mm
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Figure A.38 Jsc vs 1-100% CdS Coverage Interpore Distance 1mm
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FF vs % Coverage 1-100%, L = 10°
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Figure A.39 FF vs 1-100% CdS Coverage Interpore Distance 1mm
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Figure A.40 Efficiency vs 1-100% CdS Coverage Interpore Distance 1mm
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Table A.21 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10" CdTe

doping, Pitch = 10’ nm

%CdS Coverage Voc Jsc FF Efficiency

0.0001 1.1098 28.2966 82.17 25.8043
0.001 1.1098 28.2966 82.17 25.8043
0.01 1.1098 28.2966 82.17 25.8043
0.1 1.1098 28.2963 82.18 25.8072
1 1.1095 28.2932 82.17 25.7943

2 1.1091 28.2889 82.16 25.7779

3 1.1088 28.2883 82.15 25.7672

4 1.1084 28.2841 82.14 25.7509

5 1.1081 28.2798 82.13 25.7369
10 1.1064 28.2666 82.03 25.6542
20 1.1032 28.2401 81.92 25.5218
30 1.1002 28.2181 81.83 25.4046
40 1.0978 28.1994 81.71 25.2952
50 1.0955 28.1859 81.61 25.1992
60 1.0933 28.1754 81.52 25.1116
70 1.0912 28.1676 81.45 25.0349
80 1.0891 28.1635 81.35 24.9524
90 1.087 28.1625 81.29 24.8850
100 1.085 28.1657 81.42 24.8818
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Table A.22 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 106 CdTe

doping, Pitch = 10’ nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0564 28.2677 81.59 24.3644
0.001 1.0564 28.2677 81.59 24.3644
0.01 1.0564 28.2676 81.59 24.3643
0.1 1.0563 28.2672 81.59 24.3617
1 1.0561 28.2626 81.6 24.3561
2 1.0559 28.2567 81.61 24.3494
3 1.0557 28.2543 81.61 24.3427
4 1.0562 28.2474 81.62 24.3512
5 1.0562 28.2412 81.63 24.3489
10 1.0561 28.2185 81.64 24.3300
20 1.0558 28.1735 81.66 24.2903
30 1.0556 28.1336 81.67 24.2542
40 1.0553 28.0975 81.67 24.2162
50 1.0551 28.0670 81.67 24.1853
60 1.0548 28.0401 81.68 24.1583
70 1.0545 28.0163 81.68 24.1309
80 1.0543 27.9966 81.68 24.1093
90 1.0541 27.9805 81.68 24.0909
100 1.0538 27.9688 81.86 24.1270

146




Table A.23 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10> CdTe

doping, Pitch = 10’ nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0059 28.2536 76.91 21.8581
0.001 1.0059 28.2536 76.92 21.8609
0.01 1.0059 28.2536 76.93 21.8638

0.1 1.0059 28.2533 76.98 21.8777
1 1.0058 28.2484 77.13 21.9143
2 1.0058 28.2419 77.22 21.9349
3 1.0058 28.2387 77.29 21.9523
4 1.0058 28.2322 77.35 21.9643
5 1.0058 28.2256 77.4 21.9733
10 1.0057 28.2003 77.61 22.0110

20 1.0056 28.1499 77.84 22.0346

30 1.0055 28.1044 78.07 22.0618

40 1.0055 28.0629 78.26 22.0828

50 1.0054 28.0271 78.43 22.1003

60 1.0053 27.9949 78.58 22.1150

70 1.0052 27.9659 78.72 22.1292

80 1.0051 27.9411 78.85 22.1440

90 1.0051 27.9201 78.97 22.1609

100 1.005 27.9107 81.04 22.7319
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Table A.24 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 104 CdTe

doping, Pitch = 10’ nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 0.9809 28.1345 40.95 11.3010
0.001 0.9809 28.1347 40.99 11.3121
0.01 0.9809 28.1353 41.09 11.3400
0.1 0.9809 28.1367 41.42 11.4316
1 0.9809 28.1372 42.49 11.7272
2 0.9808 28.1340 43.15 11.9067
3 0.9808 28.1331 43.66 12.0471
4 0.9808 28.1286 441 12.1666
5 0.9808 28.1238 44.49 12.2720
10 0.9808 28.1048 45.68 12.5918
20 0.9806 28.0627 48.14 13.2473
30 0.9805 28.0231 50.07 13.7576
40 0.9805 27.9861 51.71 14.1894
50 0.9804 27.9541 53.18 14,5746
60 0.9803 27.9251 54.26 14.8537
70 0.9802 27.8989 55.55 15.1910
80 0.9802 27.8767 56.76 15.5095
90 0.9801 27.8578 57.89 15.8060
100 0.98 27.9190 78.2 21.3960

148
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Figure A.41 Voc vs 0.0001-0.1% CdS Coverage Interpore Distance 10mm
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Figure A.42 Jsc vs 0.0001-0.1% CdS Coverage Interpore Distance 10mm
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FF vs % Coverage 0.0001-0.1%, L = 10’
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Figure A.43 FF vs 0.0001-0.1% CdS Coverage Interpore Distance 10mm
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Figure A.44 Efficiency vs 0.0001-0.1% CdS Coverage Interpore Distance 10mm

150



Voc vs % Coverage 1-100%, L = 10’
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Figure A.45 Voc vs 1-100% CdS Coverage Interpore Distance 10mm
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Figure A.46 Jsc vs 1-100% CdS Coverage Interpore Distance 10mm
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FF vs % Coverage 1-100%, L = 10’
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Figure A.47 FF vs 1-100% CdS Coverage Interpore Distance 10mm
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Figure A.48 Efficiency vs 1-100% CdS Coverage Interpore Distance 10mm
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Table A.25 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10" CdTe

doping, Pitch = 108 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.1101 28.2787 78.78 24.7308
0.001 1.1101 28.2787 78.79 24.7339
0.01 1.1101 28.2788 78.8 24.7371
0.1 1.1101 28.2787 78.84 24.7496
1 1.1097 28.2762 78.96 24.7761
2 1.1094 28.2722 79.02 24.7848
3 1.109 28.2718 79.07 24.7912
4 1.1087 28.2678 79.11 24.7935
5 1.1083 28.2637 79.14 24.7904
10 1.1066 28.2513 79.24 24.7727
20 1.1033 28.2256 79.33 24.7044
30 1.1002 28.2043 79.42 24.6443
40 1.0979 28.1862 79.45 24.5863
50 1.0957 28.1731 79.48 24.5349
60 1.0935 28.1631 79.51 24.4862
70 1.0913 28.1558 79.54 24.4398
80 1.0892 28.1520 79.54 24.3895
90 1.0871 28.1514 79.58 24.3542
100 1.085 28.1657 81.42 24.8818
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Table A.26 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 106 CdTe

doping, Pitch = 108 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0566 28.2515 78.01 23.2864
0.001 1.0566 28.2515 78.02 23.2894
0.01 1.0566 28.2515 78.03 23.2924
0.1 1.0566 28.2513 78.07 23.3041
1 1.0564 28.2472 78.21 23.3381
2 1.0562 28.2417 78.3 23.3560
3 1.056 28.2395 78.36 23.3677
4 1.0565 28.2328 78.42 23.3911
5 1.0565 28.2269 78.47 23.4011
10 1.0563 28.2049 78.66 23.4350
20 1.056 28.1609 78.93 23.4721
30 1.0558 28.1217 79.13 23.4944
40 1.0555 28.0863 79.3 23.5085
50 1.0553 28.0564 79.44 23.5205
60 1.055 28.0300 79.57 23.5302
70 1.0547 28.0067 79.69 23.5393
80 1.0545 27.9874 79.8 23.5512
90 1.0542 27.9717 79.9 23.5607
100 1.0538 27.9688 81.86 24.1270
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Table A.27 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 10> CdTe

doping, Pitch = 108 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 1.0061 28.1001 43.55 12.3122
0.001 1.0061 28.1003 43.59 12.3236

0.01 1.0061 28.1009 43.7 12.3550
0.1 1.0061 28.1023 44.05 12.4546
1 1.0061 28.1031 45.17 12.7716
2 1.006 28.1001 45.87 12.9668
3 1.006 28.0994 46.4 13.1164
4 1.006 28.0951 46.21 13.0607
5 1.006 28.0905 46.67 13.1885
10 1.0059 28.0727 48.45 13.6815
20 1.0058 28.0328 51.01 14.3825
30 1.0057 27.9953 53 14.9221
40 1.0057 27.9605 54.69 15.3788
50 1.0056 27.9306 56.19 15.7821
60 1.0055 27.9038 57.55 16.1469
70 1.0054 27.8797 58.53 16.4061
80 1.0053 27.8594 59.75 16.7342
90 1.0053 27.8426 60.89 17.0432
100 1.005 27.9107 81.04 22.7319
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Table A.28 Effect of CdS Coverage on Voc, Jsc, FF and Efficiency for 104 CdTe

doping, Pitch = 108 nm

%CdS Coverage Voc Jsc FF Efficiency
0.0001 0.9809 5.844030 28.26 1.6200
0.001 0.9809 5.850514 28.26 1.6218
0.01 0.9809 5.871115 28.26 1.6275
0.1 0.9809 5.937216 28.25 1.6452
1 0.9809 6.156327 28.23 1.7047
2 0.9808 6.297037 28.22 1.7429
3 0.9808 6.409457 28.21 1.7734
4 0.9808 6.507338 28.2 1.7998
5 0.9808 6.596065 28.19 1.8237
10 0.9808 6.968813 28.16 1.9247
20 0.9807 7.573626 28.08 2.0856
30 0.9806 8.113594 28 2.2277
40 0.9805 8.632146 27.91 2.3623
50 0.9804 9.146975 27.81 2.4939
60 0.9803 9.668021 27.7 2.6253
70 0.9802 10.202180 27.58 2.7580
0 0.9802 10.758009 19.31 2.0362
90 0.9801 11.337253 20.13 2.2368
100 0.9800 27.91899200 78.2 21.3960

156
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Figure A.49 Voc vs 0.0001-0.1% CdS Coverage Interpore Distance 100mm
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Figure A.50 Jsc vs 0.0001-0.1% CdS Coverage Interpore Distance 100mm
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FF vs % Coverage 0.0001-0.1%, L = 108
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Figure A.51 FF vs 0.0001-0.1% CdS Coverage Interpore Distance 100mm
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Figure A.52 Efficiency vs 0.0001-0.1% CdS Coverage Interpore Distance 100mm
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Voc vs % Coverage 1-100%, L = 108
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Figure A.54 Jsc vs 1-100% CdS Coverage Interpore Distance 10mm
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FF vs % Coverage 1-100%, L = 108
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Figure A.55 FF vs 1-100% CdS Coverage Interpore Distance 100mm
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