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ABSTRACT

With today’s photovoltaic technology we would require about 10,000 square
miles of solar panels—an area the size of New Hampshire and Rhode Island combined
to completely meet the country’s energy demand [1]. Solar must be financially
competitive to compete with other renewable energies and replace the conventional
finite resources. There is constant effort to establish a solar technology which can
achieve high power efficiencies with lower manufacturing costs. The most dominant
solar technology is crystalline silicon which constitutes more than 90% of the solar
market [2]. It has high proven efficiencies and the potential to rise to higher efficiencies
with lower processing costs. Commercial scale crystalline silicon solar cells are based
on aluminum back surface(AL-BSF) or passivated rear emitter contact (PERC) cell
technologies that rely on high temperature processing. High temperature processing
despite the most adopted process has few challenges like high capital
expenditure(CAPEX) and operating costs(OPEX) of the tools, inability to process thin
wafers easily and silicon impurities getting activated during the high-temperature steps
leading to reduced minority carrier lifetimes and higher losses.

This thesis focusses on an alternative approach to forming silicon based solar
cells using heterojunctions with materials that can be deposited at low temperatures.
These carrier selective induced junction solar cells demonstrate a heterojunction like
solar architecture with an organic polymer, poly(3,4-ethylenedioxythiophene) poly
styrene sulfonate (PEDOT PSS), a chemical passivant- benzoquinone(BQ) and
crystalline silicon as absorber with aluminum back surface field. These cells are also
called hybrid solar cells because they involve the marriage of organics and inorganics.

Device optimization of the hybrid solar cells is of interest in this thesis and is largely

XV



based off the work previously done at the University of Delaware. Work is aimed at
improving the solar cell performances by better cell design and processing techniques.
These hybrid cells have demonstrated 10% power efficiencies at lab scale and are
comparable to record efficiency hybrid solar cells (~14%). The potential commercial

impact of this cell technology has also been discussed in this thesis.

XVi



Chapter 1

INTRODUCTION

1.1 Motivation

21% September, 2014 is a date | would never forget. | was with at least 300,000
other demonstrators in the streets of midtown Manhattan with demands for global leaders
to act to avert catastrophic climate change. People from various parts of the world to all
age groups flooded the streets of New York City vaulted environmental threat as the top
most concern for the country. Such a huge gathering reflected the need for strict actions.
We have inherited this place from our ancestors and we must ensure that we return it in
the same way to our future generations. We must start acting on climate change. In
"Climate 101: Introduction to Climate Change," a 2015 paper from the Center for
Strategic and International Studies, the authors explain two main approaches to the
problems posed by climate change: mitigation and adaptation. Mitigation refers to efforts
to limit further global warming, while adaptation refers to implementing policies and
innovations to respond to the warming conditions [3]. We know, climate change is largely
driven by greenhouse gas emissions. Electricity production accounts for more than one-
third of U.S. global warming emissions, with the majority generated by coal-fired power
plants, which produce approximately 25 percent of total U.S. global warming emissions;
natural gas-fired power plants produce 6 percent of total emissions. Compared with
natural gas, which emits between 0.6 and 2 pounds of carbon dioxide equivalent per
kilowatt-hour (CO, E/kWh), and coal, which emits between 1.4 and 3.6 pounds of
CO, E/kWh, wind emits only 0.02 to 0.04 pounds of CO, E/kWh, solar 0.07 to 0.2,
geothermal 0.1 to 0.2, and hydroelectric between 0.1 and 0.5 pounds. [4,5].

Today, renewable energy provides only a tiny fraction of its potential electricity

output in the United States and worldwide. Estimates of the technical potential of each


http://www.ucsusa.org/clean_energy/our-energy-choices/renewable-energy/environmental-impacts-wind-power.html#wind_emissions
http://www.ucsusa.org/clean_energy/our-energy-choices/renewable-energy/environmental-impacts-solar-power.html#solar_emissions
http://www.ucsusa.org/clean_energy/our-energy-choices/renewable-energy/environmental-impacts-geothermal-energy.html#globalwarmingwemissions
http://www.ucsusa.org/clean_energy/our-energy-choices/renewable-energy/environmental-impacts-hydroelectric-power.html#ghg
http://www.ucsusa.org/clean_energy/our-energy-choices/renewable-energy/public-benefits-of-renewable.html#references

renewable energy source are based on their overall availability given certain
technological and environmental constraints [6]. In 2012, NREL found that together,
renewable energy sources have the technical potential to supply 482,247 billion kilowatt-
hours of electricity annually (Fig 1.1). This amount was 118 times the amount of
electricity the nation consumed [7]. However, it is important to note that not all this
technical potential can be tapped due to conflicting land use needs, the higher short-term
costs of those resources, constraints on ramping up their use such as limits on

transmission capacity, barriers to public acceptance, and other hurdles.

Renewable

Electricity Electricity Generation  Electricity Generation
Generation Capacity Potential as Percent of 2012
Renewable Resource Potential (gigawatts) (billion kilowatt-hours) Electricity Use
Wind
Land-Based 10,955 32,784 809%
Offshore 4,223 16,976 419%
Subtotal 15,178 49,760 1,227%
Solar
Photovoltaics 154,856 283,664 6,997%
Concentrating Solar Power 38,066 116,146 2,865%
Subtotal 192,922 399,810 9,862%
Bioenergy
Subtotal 62 488 12%
Geothermal
Hydrothermal 38 308 8%
Enhanced Geothermal Systems 3,976 31,345 773%
Subtotal 4,014 31,653 781%
Hydropower
Existing Conventional 78 277 7%
New Conventional 60 259 6%
Subtotal 138 536 13%
Total 212,314 482,247 11,896%

Figure 1.1 Technical potential of renewables



http://www.ucsusa.org/clean_energy/our-energy-choices/renewable-energy/public-benefits-of-renewable.html#references

It is pretty much clear that shifting energy base from fossil fuels to renewable
energy is the path forward for a safer planet. This would not happen today but it is vital
that we have strong policies and leaders who encourage this movement. Within the
various mix of renewables like wind, solar, ocean energy, hydroelectric, geothermal the
adoption of any source is largely determined by topographical limitations, land/water use,
climatic conditions, cost of technology and infrastructure to name a few.

Solar on other hand has slightly better technical potential. The sun is unlimited
source of energy. The total solar energy absorbed by Earth's atmosphere, oceans and land
masses is approximately 3,850,000 exajoules (EJ) per year. In 2002, this was more energy
in one hour than the world used in one year [8]. The amount of solar energy reaching the
surface of the planet is so vast that in one year it is about twice as much as will ever be
obtained from all the Earth's non-renewable resources of coal, oil, natural gas, and mined
uranium combined [9]. Solar energy from the sky can be trapped in form of solar thermal
and solar photovoltaic energy. Solar thermal involves the heat properties of sunlight
whereas solar PV utilizes the solar spectrum which when falls on certain materials convert
it to useful electricity. The potential solar energy that could be used by humans differs
from the amount of solar energy present near the surface of the planet because factors
such as geography, time variation, cloud cover, and the land available to humans limit the
amount of solar energy that we can acquire. The biggest challenge that lies for solar or
any other mentioned renewables on the chart is renewable energy integration.
Intermittency and lack of cheap storage techniques are two reasons renewables are

criticized. The famous duck curve phenomenon with California is an instance of the


https://en.wikipedia.org/wiki/Joule#Multiples

challenges to renewable integration challenge. The peak output from a solar plant is
usually during noon times when the net load on the grid is relatively less. This results in
more production than consumption per solar installed home. An interesting thing happens
in the evening when the sun goes to sleep and people get back from job. There is a sudden
shoot in electricity demand. People turn on the air conditioners, watch television, cook
etc. and the demand goes up exponentially and there are not any renewables to support
the grid unless stored. Hence renewables are not often preferred by utilities because they
are intermittent and integrating them at the right time in day is challenging. The utilities
have to depend on complex prediction models to understand solar and wind influx.

Batteries with higher power density and lowered cost can make this transition smooth.

1.2 Thesis Outline

In chapter 2, a background to p-n junction and solar cell operation is provided.
The performance factors of a solar cell are discussed and way to improve device
performances are also discussed. In chapter 3, introduction to carrier selective induced
junction hybrid solar cells is presented and reason behind choice of PEDOT: PSS is
discussed. Chapter 4 discusses the hybrid solar cell device fabrication and
characterization. J-V curve, Quantum efficiency, UV-VIS spectroscopy, Van Der Paw
measurements and spin coating are discussed in this chapter. Chapter 5 talks about the
entrepreneurship aspect associated with this research. The National Science Foundation
Innovation Corps program is discussed in it. Chapter 6 will summarize the work and the

path forward is discussed.



Chapter 2

SOLAR CELL BASICS

2.1 Background

A solar cell is a p-n junction under illumination. A p-n junction as the name
explains is formed by placing a p-type semiconductor next to a n-type semiconductor.
Before we discuss the process, we need to understand how these are formed. A n-type
semiconductor is formed when silicon is doped with a group 5 element like phosphorous
or arsenic. This results in formation of an excess electron which is not bonded to silicon
atom. So, the majority charge carriers in a n-type semiconductor is an electron and the
minority being holes. On contrary a p-type semiconductor is formed when silicon is
doped with group 3 element like boron or aluminum and this results in formation of a
hole. So, the majority charge carriers in a p-type material would be holes and minority

being electrons. The band diagram for both the materials is shown in fig.1.1

Conduction Band Conduction Band Erim
hole

Farmi - =g T EEEEEREEE D Enargy
e levels,
Extra L0000 00000 . Fermi
sleciron level
anargy
lpspels

N-Type P-Type

Figure 2.1  Diagram representing a p and n type semiconductor band structure.

Now a n-type semiconductor will have the Fermi level close to the conduction

band whereas the p-type would have it closer to the valence band because of the structure



of the semiconductor. Fermi level is the energy level where there exists a 50% probability
that the energy level will be occupied. At thermal equilibrium, the Fermi energy level
would be constant. Now when a p-n junction is formed by bringing a p type material in
contact with a n-type material the process of diffusion is initiated. Since electrons are
majority carriers in n-type, they diffuse towards the p-type and similarly holes being
majority charge carriers in the p-type start diffusing towards the n-type. This happens due
to difference in concentration on both sides. Now this diffusion of charges leaves the p-
type negatively charged and the n-type positively charged. The region with depleted
charges is called the depletion region or space charge region. This region is the region
with uncompensated immobile charges and it creates an electric field that restricts the
flow of charges on either side of the junction. Also, once the majority charges carriers
leave to other side they end up being minority charge carriers on the other side. They exist
for a small time before which they recombine. This lifetime is called minority carrier

lifetime. Figure 2.2 explains the p-n junction in short.

p-type n-type
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Figure 2.2 A p-n junction explained [10].



2.2 Solar Cell

A solar cell coverts sunlight into electricity. It is a special type of p-n junction.
The absorption of photon results in excitation of an electron from valence band to the
conduction band. This also results in vacant energy level in the valence band which is
termed as a hole. These electrons and holes stay in the new states only for some small
time before they are lost by recombination: when electron falls into the hole (empty state
in the valence band). This affects the minority charge carriers in the solar cell i.e. the
density of electrons in p region and the density of holes in n region of the device.
Subsequently many electrons drift from p to n region and holes from n to p region i.e. the
electrons move to the lower energy and holes move towards higher energy. When the p
side is connected to the n side by a wire or a resistor, current starts flowing through the
external circuit (least resistance). The current density for an ideal solar cell can be given

as,

J =Jo(e®/™T —1) — ], (2)
where J is the current density, J, is the dark saturation current, g is charge on
electron, k is the Boltzmann constant, T is the temperature, n is the ideality factor and J,
is the illuminated current density. J, is a measure of recombination in the device and it is
calculated from the below formula,
2 2
Jo=q(pal 22) @2

where D,, ,,, is the diffusivity of electrons/holes, n? is the intrinsic carrier density,

n/p

L, is the diffusion length of electrons/holes and N, is the acceptor/donor density. We

can infer that J, term is highly dependent upon material quality.



A good way to understand parameters that affect the performance of solar cell is
the J-V curve. The J-V curve is a plot of voltage with current density and is a good way

to determine the operating parameters of the solar cell.

dark VDC
i
[ Vg i " v
I “ im_p ________ i illuminated

/SC

Figure 2.3 A J-V curve with performance parameters.

The two most important parameters for any solar cell are the open circuit voltage
(V,.) and the short circuit current density (Js.). The open circuit voltage is the voltage
when there is no current flowing through the circuit and the cell solely produces voltage.
From the J-V curve, V. is the point of intersection of the J-V curve with zero current

density. From equation 2.1 we have,

_ nkpT J+]L
Voo = “21n (Z2) (2.3)

The open circuit voltage depends on band gap of the absorber material, amount of doping,
quality of the material, light generated current density and temperature. The open circuit

voltage also depends on the dark saturation current which reflects recombination in the
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solar cell. As recombination is reduced, the lifetime increases and the open circuit voltage
also increases. Recombination is defined as the phenomenon by which generated carriers
get back to their normal states. The time for this process is called lifetime and is defined
as the average time for which the generated carriers exist before being lost by heat or
radiation or any other form. Recombination at the surface of the cell is commonly referred
to as surface recombination and in the bulk of the solar cell is called bulk recombination.
There are different types of recombination processes. They are:

e Radiative recombination

e Auger recombination

e Shockley Read Hall recombination

Lifetime at bulk level is referred to as bulk lifetime and is denoted by 7. It can
also be expressed in the form of the above three recombination processes. The equation
that relates them to bulk lifetime is given in Equation 1.4.

e ——+ — (2.4)

Tp Tradiative  Tauger  TSRH

Radiative recombination is the average time an electron and hole exist before they
recombine to give energy by photon. It is more important to direct bandgap materials like
GaAs than indirect bandgap materials. It is often neglected for indirect bandgap materials
because it is very slow.

The second term is Auger recombination is a process in which the minority carrier
recombines by transferring energy to another charge carrier. It usually involves three
carriers- the electron and hole recombine but unlike radiative recombination they pass on
the energy to a third carrier often an electron in the conduction band. Highly doped
materials are at higher risk of recombination by Auger mechanism and this affects the

material largely if the thickness is less. For example, Kerr et al. showed for n-type samples



with N, = 3.2x1015cm3, Auger recombination was not observed to begin reducing Teff
until the excess carrier density was near 1x1015 cm3 (close to high-level-injection) [11].
At this point, the Auger-limited lifetime was~50ms, which is a very high lifetime. The
highest quality wafers used in this work had bulk lifetimes of ~1ms at an excess carrier
density of 1x1015cm3, suggesting that other types of recombination were dominant.

The third and final mode of recombination is the Shockley-Read-Hall(SRH) and
it is a special case because it happens only in imperfect and contaminated substrates. The
energy of carriers recombining via trap states is given off by low energy photons. It is a
two-step process:

1. The charge carrier is trapped by an energy state in the forbidden region which is
because of the defects or contaminants. These defects can either be
unintentionally introduced or deliberately added to the material during doping of
the substrate.

2. If a hole (or an electron) moves up to the same energy state before the electron is
thermally re-emitted into the conduction band, then it recombines.

In addition to the above-mentioned bulk recombination there also exists surface
recombination. It largely results from the nature of the material because at the surface,
the crystal structure ends and this disruption can result in dangling bonds at the surface.
These dangling bonds breaks the symmetry of the lattice and this results in formation of
surface states in the forbidden region of the material. These surface states end up serving
as recombination centers by creating a trap state. This just initiates the SRH
recombination and the rate of it is given by Equation 1.5 where N;;, o;; and Ej;, are the
concentration, capture cross-section, and energy level of traps at the interface

respectively.
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—F (2.5)
p+n+2n; cosh(%)

Usurface,SRH = VtpNit 0yt

The other parameter is the short circuit current density. If we short circuit both
terminals of the solar cell the illuminated solar cell would produce no voltage but current
only. This current density is /.. From the curve, it is the intersection between the vertical
line corresponding to zero voltage and the J-V curve. The short circuit current is given
by:

Jse = qG(Ly + Ly) (2.6)
where, G is the generation rate due to illumination and Lp & Ln are the hole and electron
diffusion lengths, respectively. The relation assumes that the depletion width in both n
and p regions is much less than the diffusion lengths, Lp & Ln and it also neglects the
effect of surface recombination. The short-circuit current depends on several factors
which are described below:

e Incident photons and collection probability- The short circuit current depends
largely on the power of the incident source. An ideal state is denoted by 1 sun
where 1 sun corresponds to standard illumination at AM1.5, or 1 kW/m? (i.e., the
power of the incident light source). One way of increasing the light capturing
ability of the solar cell surface is by texturing or anti-reflecting coatings. Surface
texturing increases the collection probability by reducing the energy lost by
reflections. While many methods of texturing silicon surfaces can be employed,
one of the most common in solar cell processing is anisotropic etching in wet-
chemical solutions [12]. Alkaline solutions such as potassium hydroxide or
sodium hydroxide have been shown to etch preferentially along silicon < 111 >
crystal planes [13]. Tetramethylammonium hydroxide (TMAH) has also shown

to be an effective, metal-ion free anisotropic etching solution [14]. These wet
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chemical etches provide a simple process that will transform a < 100 > silicon
surface into a randomly pyramidical-textured surface (with no patterning) or an
ordered pyramidical textured surface (with lithographic patterns). While both
KOH and TMAH seem to do the job, there exists some little differences between
the two which can be understood by the SEM images. KOH is a metal hydroxide
whereas TMAH is an organic hydroxide. The presence of metal in KOH can be
detrimental to some applications like in MEMS but several studies suggest that
KOH etches the nicest and continues to be used by most. Studies of the SEM
images suggests that there are differences in the etching mechanisms of the two
etchants in terms of crystallographic orientation. The etching rates depend on the
concentration of KOH and TMAH solutions. Silicon solar cells also implement
anti reflection coating(ARC) on the front and silicon nitride is the material of
choice. The dark color of solar cells is due to the silicon nitride deposited on the
front. The collection probability of the solar cell is dependent on passivation and
minority lifetime which will be discussed later in the thesis.

Spectrum of the incident light- Solar cell measurement is always done at AM
1.5 G. AM refers to air mass which is the path length sunlight takes to strike earth
in comparison to when the sun is right above during noon and G refers to global
radiation which includes both direct and diffused radiation. The efficiency of a
solar cell is sensitive to variations in both the power and the spectrum of the
incident light and hence AM 1.5G is the spectrum we are interested in.

Optical properties- Optical losses can be summed up as the potential electron-
hole pair which could have been generated but did not due to reflection at surface

or not being absorbed appropriately. From solar spectrum for most crystalline
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solar cells, the entire visible spectrum (350 - 780 nm) has enough energy to create
electron-hole pairs and therefore all visible light can yield electricity under ideal
state. Two major ways of decreasing optical losses is by surface texturing and by
growing anti-reflective coatings. Surface texturing has already been discussed in
the above section. Anti-reflective coatings for silicon solar cells involve the
deposition of silicon nitride by plasma enhanced CVD process. ARC coating
decreases the optical loss by minimizing reflection by maximizing the
transmission (light trapping). The thickness of this layer will determine the color
of the solar cell. Reflection can further have minimized if the refractive index of
the anti-reflection coating is the geometric mean of that of the materials on either

side. The graph below from PVeducation suggests the advantage of ARC.
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Figure 2.4 Comparison of surface reflection from a silicon solar cell, with and
without a typical anti-reflection coating (Source- PVeducation.org).
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The power density is obtained by multiplying the voltage and current at every
instance. At short circuit, current and open circuit voltage conditions the power density
is zero. It is maximum at certain voltage and current density. This voltage is called V,,,
and the corresponding current density is called J,,,, and the power under this condition is
called maximum power density. The solar cell will perform best at this state. The factor
that relates maximum power to the open circuit voltage and short circuit current is the fill
factor. The diagram is a good explanation of the fill factor. It is impossible for a solar cell
to have fill factor of 1. The fill factor is basically a measure of the quality of a solar cell

or also the squareness of the J-V curve.

FF = ‘ot mp (2.7)

Vsc*Jsc

Fill factor has high dependence on the shunt and series resistance. These are
mentioned in the Fig. 2.4 below. Series resistance is denoted by R, and shunt resistance

by Ry, as shown below.

NN\

Rs

v <R

Figure 2.5 Equivalent circuit for a solar cell.
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A solar cell behaves like a diode in absence of light and under light, it generates
electricity by photovoltaic effect. A solar cell can be explained by the equivalent circuit
as shown in figure 2.5. I, showed in the figure is a current source connected in parallel
to the diode. It reflects the current generated by light. An ideal solar cell is a current
source in parallel with a diode; but no solar cell is ideal. A shunt resistance and a series
resistance component are added to the non-ideal solar cell. So, being connected in series,
as current flows through the series resistance, there will be losses due to heat. Series
resistance arises because of the contact resistance between the metal contacts and the
silicon substrate, resistance of front and back contacts and the conventional current flow
between emitter and base. The loss due to series resistance largely affects the fill factor
and the area under the J-V plot. It does not affect the open circuit voltage. The slope at
this voltage will give us the series resistance and ideally we would want it to be zero. The

impact of series resistance on fill factor can be understood better by Equation 2.8,

I(V) = I, — Iyexp(LR)

nkT

) (2.8)

where: I is the cell output current, I, is the light generated current, V is the voltage
across the cell terminals, T is the temperature, q and k are constants, n is the ideality
factor, and R; is the cell series resistance.

The shunt resistance provides additional dark current path in parallel with the
diode shown in the Fig 2.4. It is a macroscopic defect which provides an alternative path
to the generated photocurrent. It could be a defect in the substrate layer or a current path
at the edges. This results in drop of voltage from the solar cell. Solar cell in presence of
shunt resistance can be denoted by the below equation.

— 7 _ vl_Y
I =1, —Iyexp [nkT R (2.9)
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where: | is the cell output current, I; is the light generated current, V is the voltage
across the cell terminals, T is the temperature, q and k are constants, n is the ideality
factor, and R, is the cell shunt resistance.

The efficiency of a solar cell is the ratio of output power to input power. The
output power can also be referred to as the maximum power from the solar cell which

from the above formula can be written as

n= Pout _Pmax _JmpVmp =]chocFF
Pin Pin Pin Pin

(2.10)
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Figure 2.6  J-V curve parameters [15].

2.3 Solar Technologies

While there exist many recipes for making a solar cell, the widely manufactured
solar cell is based out of the aluminum back surface field technology(AL-BSF). These
cells dominate the market today because they have mature manufacturing processes,
lower costs (since they involve diffusion, screen printing and contact firing techniques),
high proven efficiencies (~20%) and less losses. Another technology which is catching

up is the PERC and PERL cell which stand for passivated emitter rear contact solar cell
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and passivated emitter locally diffused solar cell. From the NSF 1-Corps experiences, we
learned that the solar industry was making shift from the aluminum back surface field to
the PERC/PERL cells because the shift was a mere upgrade in terms of manufacturing
and the PERC architecture essentially enabled to improve light capture near the rear
surface and to optimize electrons capture. The holy grail in the solar industry is to increase
efficiencies with minimal increase in manufacturing costs and technology. The best
crystalline silicon p-n junction based solar cells have reached 25% efficiency under
AML.5 illumination [16]. The passivated emitter rear locally-diffused (PERL) cell
developed at the University of New South Wales has reached efficiencies of (25.0+0.5)
% [17], and the all back-contact cell made by SunPower Corporation has achieved an

efficiency of (25.0+0.7) % [18].

Al-BSF PERC/PERT/PERL M Si-Heterojunction Back Contact M Sibased tandem
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Figure 2.7  Solar manufacturing technologies and their share.

In conclusion, a major limitation for the above discussed solar cells is that each

implement a different structure and thereby the process involved in fabrication vary
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significantly. An AL-BSF cell is different from IBC or HIT cell. Although, studies
suggest that heterojunction solar cells, if engineered properly, do not require doping of
the substrate, and therefore theoretically can achieve higher open-circuit voltage and
efficiency than p-n junction solar cells [19]. Furthermore, devices that involve organics
can be deposited using solution based techniques which are amenable to large-scale, roll-
to-roll manufacturing. Due to the higher processing temperature in above mentioned solar
technologies, the existing defects in c-Si wafers may exhibit further deteriorative effect.
Thus, a combination of both the crystalline and amorphous Si technology in the form of
the heterojunction with intrinsic thin layer (HIT) was considered a potential solution to
these issues.

With 25.6% record efficiency, the HIT cells are state of the art in the solar industry
[19]. These cells have attracted attention of photovoltaic research community due to its
low process temperature, as compared to crystalline silicon (c-Si) solar cell and relatively
high efficiency (). The first main difference between the p-n junction and the
heterojunction is the functionality of the c-Si substrate. While both the p- and n-type
layers are active within the p-n junction device, the active region of the heterojunction is
the n type c-Si substrate. The next layer in the heterojunction is the intrinsic Amorphous-
Si (a-Si(i)). This layer provides high quality passivation of the defects on the c-Si surface
to reduce recombination losses. Finally, the a-Si(p+) and a-Si(n+) layers on either end of
the structure induce band-bending at the surface of the c-Si that assists in the separation
of electron-hole-pair.

The principle of operation of the HIT solar cell can be described in equation by:

a(w-JRg)

JO) =Jor (&7 = 1) + Jop (M08 — 1) 4 () — 221

Rp
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where g is electron charge, J,, is photo current density, Jo;, /o, are reverse
saturation current densities, n diode ideality factor, k Boltzmann constant, T temperature,
R, series resistance, R, parallel resistance, A1 is a temperature independent constant.
Because of different energy band structure of the layers, the unwanted reverse flow of
charge carriers can be reduced. The conduction and valence band discontinuities prevent
electrons and holes to travel towards p-type and n-type layers respectively, whereas the
valence and conduction band continuities help a smooth diffusion and tunneling of the

holes and electrons towards the p-type and n-type layers respectively.
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Chapter 3
CHEMICAL PASSIVATION

3.1 Introduction

An excellent electrical interface quality is essential for solar cells [20]. The surface of
silicon is susceptible to higher recombination losses due to presence of dangling bonds.
Dangling bond defects could correspond to either surface recombination or Auger
recombination or Shockley-Read-Hall recombination. These recombination losses can
be mitigated through two basic types of passivation- chemical and electrical. Chemical
passivation aims at reducing the surface trap states by linking either hydrogen atoms or
semiconductor film or some dielectric materials. For example, the midgap interface defect
density of c-Si can be as low as 10° eV~tcm™2 after growth of a high quality thermal
Si0, film and a subsequent anneal in a H, atmosphere[21]. Electrical passivation on other

hand reduces the electron or hole concentration by creating an electric field.

3.2 Passivation

Let us assume we have an unpassivated solar surface and we shine light on it to
generate excess electrons and holes. Considering the excess electrons in the system, we
tend to have diffusion from the site of excess electrons to the site with deficiency of
electrons due to a concentration gradient. These excess electrons tend to decrease as they
approach the surface. The above explanation can be represented with a formula that

relates diffusion with surface recombination.
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We have,

—(Dp =) = —SRV * An (3.1)

where, D, is the diffusion constant, SRV is the surface recombination velocity
measured in cm/sec and An being the excess charge carriers generated. From the above
relation, surface recombination is zero when we have a very good passivation and there
are not any surface states present as such and it is maximum(infinite) when An is zero
which indicates no excess carriers being generated. A good solar cell has surface
recombination velocity ranging between 1-10 cm/sec though most cells have SRV
ranging from 100-1000 cm/sec with metal passivation. Surface recombination velocity is
found to be high when the number of holes are equal to the number of electrons and the
presence of surface states provides these carriers a recombination center and they end up
recombining before they are extracted to generate electricity. There are several methods
like back surface field, fixed charge present in the oxide that help reduce this velocity
which would be discussed later in the thesis.

Conventional solar cells are passivated with silicon dioxide or silicon nitride.
While they are effective passivants, they involve high temperature deposition and
processing techniques. They are costly too because of the setup and apparatus required.
Amorphous silicon is the low-temperature alternate although this process is challenging.
On other hand, chemical passivation is less intensive and involve low processing costs.
Most of the chemical passivation can be achieved under lab environment. Also, since it
is quick, they have become standard for lifetime measurements which determine wafer

quality or help in ingot characterization.
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Figure 3.1  High concentration of surface states/recombination centers.

Figure 3.2 Passivation effect.

There exist various cost-effective and efficient chemical passivants like iodine-
methanol, hydrofluoric acid, methanol, bromine-methanol, quinone family compounds.
From a lot of studies that have been performed on these chemical passivants, quinhydrone
and methanol solution were found to be simple, easy, less-hazardous and a relatively
stable chemical passivation techniques. Besides they can come useful to measure the

effective lifetime and testing the ingot/wafer quality by measuring its bulk lifetime at
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initial stages in contrast to high temperature passivation techniques. Amongst the
chemical passivants, there remains a special interest towards quinhydrone. They are
comparatively more stable than other chemical passivants but degradation in presence of
air remains the biggest challenge to it. This conclusion comes out largely from the
experiments that suggested that lifetime of samples was higher when immersed in
solution than when removed out of the solution. Previous studies in the group have
focused on the use of quinhydrone derivatives, such as benzoquinone, for passivation of
silicon <100> surfaces. Quinhydrone is a solid charge-transfer complex consisting of an
equimolar mixture of benzoquinone (BQ) and hydroquinone. When dissolved in a
solvent these two constituents form a two-electron redox couple. Quinhydrone was first
shown as a passivant by Takato et al.[22] Studies by Chhabra et al.[23] showed the ability
to achieve high minority carrier lifetimes in both p-type and n-type silicon by treating
hydrogen-terminated silicon surfaces with solutions of quinhydrone in methanol.
Subsequent studies provided evidence that benzoguinone was the more active constituent

in the quinhydrone complex[24].
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Figure 3.3  Quinhydrone constituents.
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3.3 Quasi-Steady-State Photoconductance Decay measurement

When light falls on a silicon substrate, photons with energy greater than the
bandwidth of silicon would be absorbed and would generate excess charge carriers. These
charge carriers get excited and jump to higher energy level but fall back soon to their
original levels. The phenomenon of falling back to their original state is called
recombination. And photo conductance decay is reflection of the change in conductivity
of the silicon substrate due to these excess charge carriers generated. The quasi-steady-
state photoconductance decay(QSSPCD) method is an extremely useful technique that
allows the measurement of the effective minority carrier lifetime as a function of carrier
density [25].

By measuring the time, it takes for the crystal conductivity to return to equilibrium
after the excitation is called the lifetime of the minority carriers. If the lifetime of charge
carriers is more than the time it takes to travel the thickness of the substrate, then these
carriers are collected as current. Contactless methods for measuring PCD have been
achieved through the Sinton WC-120 tool [25]. The number of excess charge carriers
generated by the Xenon flash are estimated by measuring the change in conductivity of

the sample through an inductive coil. The tool used is shown in figure below.
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Figure 3.4  Sinton WC-120 lifetime tester.

N.A. Kotulak et al. [26], examined the passivation properties of quinhydrone
(QH) by understanding the contributions of hydroquinone(HQ) and benzoquinone(BQ)
that make quinhydrone. For these tests, two types of wafers were tested- 1. N-type, P-
doped, <100>, double-side polished(DSP), 500 microns thick, 20-30 ohm-cm resistivity,
2 inch by 2-inch size, and 2. P-type, B-doped, <100>, DSP, 525 microns thick, 10
kiloohm-cm resistivity and 2 inch by 2 inch sized. The wafers were initially cleaned using
a three-step process- 5-minute dip in solution of 4:1 piranha (sulphuric acid and hydrogen
peroxide) at 100°C followed by 5 min de-ionized(DI) water dip and a 2 min in dilute
hydrofluoric acid. After cleaning the water wafer was given a DI water dip and dried
using nitrogen gun. Wafers were then put in two different zip lock bags containing 0.1M

solution of BQ in methanol (ME) and HQ in ME. Lifetime measurements were taken
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from t=0 indicating the immersion of wafer inside the solution and was recorded every

15 minutes. The lifetime measurements are shown in the figure below.
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Figure 3.5 Change in lifetime over 2 hours for a p-type wafer in BQ/ME, HQ/ME and
ME.
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Figure 3.6 Change in lifetime over 2 hours for a p-type wafer in BQ/ME, HQ/ME and
ME.

We know that quinhydrone passivates but from the lifetime values that we
obtained we can say that benzoquinone is the active passivant than hydroquinone in given
period. As can be seen from both figures, BQ/ME solution provides immediate, high
lifetime passivation whereas the HQ/ME solution does not have the same immediate
effect. X-ray photoelectron spectroscopy (XPS) was carried out on these wafers to
understand the bonding mechanism which won’t be discussed here. The passivation
effects of QHY/ME were investigated on c-Si surface and after a series of lifetime and
XPS tests, it can be said that BQ is the active component of QHY/ME. HQ/ME tends to
show contribution after longer exposure in light. The free radical QH" is likely the

passivating specie which was demonstrated by a systematic study showing the effect of
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protons and light exposure on the passivation reaction. XPS studies also confirmed the
presence of methoxy and QH"™ on the c-Si samples in rough 1:1 ratio [26]. The precise
mechanism by which the silicon <100> surface is passivated in benzoquinone and
methanol solution is still under active study. N.A. Kotulak suggested a free radical
bonding mechanism by which both quinone radicals and methanol radicals bond to the
silicon surface[26].  XPS studies[27] have shown evidence of both quinones and
methanol bonded to the surface. They appear to form essentially a monolayer at the

surface.

3.4 Device Architecture

Organic semiconductors have been an area of interest since a long time. As far as
their structure is concerned, they also possess valence and conduction bands although
they are called by different names. The valence and conduction bands for these materials
are translated to highest occupied molecular level(HOMO) and lowest un-occupied
molecular levels(LUMO). The HOMO is equivalent to valence band whereas LUMO is
conduction band equivalent. The Fermi level lies between these levels. Excitation from
HUMO to LUMO does not result in free carriers but excitons. Excitons are electrons and
holes tightly bound, with binding energies varying from 0.1ev to 0.5ev [28]. These
binding energies are high because of the lower dielectric constant for these molecules.
These organic semiconductors are usually deposited on any substrate through spin
coating, doctor blading, dip coating, screen printing and hence the operational expenses
associated with these tools/techniques are very low. Also, they require less maintenance
than traditional vacuum based deposition tools. These unique properties make organics

an attractive choice to traditional high temperature based solar cells.

28



Solar cells based out of crystalline silicon are often called “homojunction” devices
because they involve forming a p-n junction (same material with different doping). In
contrast, heterojunction solar cells, as the name suggests, involve different bandgaps,
materials, crystalline properties, phases etc. Devices discussed in this thesis are also
called hybrid solar cells because it is marriage between organic conducting polymers,
chemical passivants and silicon substrate. The induced junction is formed between the
organic conductive polymer- PEDOT: PSS and silicon substrate and the chemical
passivant- benzoquinone is believed to bend the bands. In this section, we shall discuss
on why PEDOT: PSS was chosen as the material. Band alignment is the first and biggest
challenge while designing carrier selective solar cells. Depending on the band alignment
these can be hole-selective and electron blocking or hole-blocking and electron-selective.
Hole-selective, electro-blocking junctions will block electrons from recombining at the
anode and this would result in net dark current getting generated. Conversely, an electron-
selective, hole blocking junction would block hole recombining at cathode and let the
electrons to pass through freely. This results in two types of heterojunction like structures

as shown below.
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We observe that electron blocking devices have a large offset to the conduction

band of the absorber whereas the hole-blocker has opposite band alignments. The larger
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offset results in the electrons repelling from crossing the barrier and getting collected on
cathode end whereas holes have an easier path to get collected at anode due to small
valence band. It can be implied for the hole-blocking devices as well where due to large
valence band, the holes are blocked off from going to the cathode and small conduction
band yield way for electrons to get abstracted at cathode. Thereby the structure of this
cell facilitates the movement of electrons and holes. Additionally, work functions of the
anode and cathode must be high and low respectively, such that they are aligned with the
valence and conduction bands [29].

This is necessary for because it provides pathways for electrons or/and holes.
Assuming a n-type substrate, we shall have an electric field built up near the electron-
blocking junction due to the presence of high work-function anode. There might exist
built-in electric field at the hole-blocking side but it is not strong due to n-type substrate.

The reason why PEDOT: PSS was chosen as the carrier selective contact for
hybrid solar cells can be understood by analyzing its band structure. Location of energy
levels of this organic molecule is essential to realizing the device architecture. This was
studied through photoelectron spectroscopy techniques, namely ultraviolet photoelectron
spectroscopy(UPS) and inverse photoelectron spectroscopy(IPES). These photoelectron
spectroscopy methods use photoelectric effect to measure the kinetic energy and number
of electrons emitted to understand the binding energies of the material. The UPS gives a
picture of the filled states(HOMO) and measurement of work function of the material
while IPES yields energy levels of the empty states or the unoccupied states(LUMO).
From the UPS and IPES studies conducted, the determined LUMO and HUMO for
PEDOT: PSS are around 3.46eV and 4.94eV respectively [29]. The position of LUMO at

3.46eV below vacuum level is about half an eV above the conduction band of silicon and
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the HUMO of PEDOT: PSS at 4.94eV indicates it closeness to the silicon valence band
of 5.16eV [29]. It can be inferred from the LUMO positioning that PEDOT: PSS forms a
barrier to electrons in conduction band. Thus, PEDOT: PSS based device tends to behave
more like a hole-transport/hole-selective device.

In recent years many groups have produced research on a hybrid organic-
inorganic device structure using PEDOT:PSS deposited on silicon[30-32]. Solar cells
fabricated in the lab have a structure that uses silicon as the primary light absorber,
utilizing PEDOT: PSS as a carrier selective contact. Such a device structure enables the
creation of a silicon-based junction through solution-based processing. In this device
structure, the PEDOT: PSS layer can induce an inversion layer within the silicon.
However further improvement to the passivation of the silicon at this interface should be
able to improve the open circuit voltage and achieve stronger inversion.[33]

Based on this desire, we propose a device structure that uses a thin passivating
layer to promote carrier inversion and achieve high open circuit voltages, while using
+the organic semiconductor to serve as a carrier-selective transparent conductive layer.
This device follows the basic band structure used in the high-efficiency HIT solar cell
architecture. For the sake of simplicity, we will focus primarily on developing the front
surface initially. Here, a thin benzoquinone layer can serve to passivate the silicon, while
a thicker PEDOT: PSS layer facilitates transfer of holes. The figure below is an
assumption of how the bands are aligned and how the device functions in this case. Future
work is aimed at understanding the exact band alignments by identifying the band gap for

each material.
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Figure 3.9 Expected band diagram and energy level alignment of device interface.

For solar cells fabricated in the lab, n-type substrates are preferred over p-type
substrates because of superior performances. In n-type wafers due to absence of boron,
there is no light induced degradation (LID) which is a major concern for p-type substrates
[34]. LID is a serious threat to reliability of solar panels. Besides that, n-type silicon has
higher minority carrier diffusion lengths which improves the light conversion ability of
the solar cell. Owing to the two reasons discussed above, most high efficiency solar cells
are based out of n-type base.

Heterojunction solar cells like the ones commercialized by Sanyo, now Panasonic
offer several advantages:

e They can achieve higher open circuit voltages than homojunction cells
[35]. Panasonic HIT cells have record open circuit voltages which was
achieved with amorphous silicon.

e These cells can be fabricated at low cost and under room environment in

contrast to high temperature vacuum based processing.
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Properties of organics can be tuned easily to meet the requirements of the
solar cell.

Conventionally HIT cells are bifacial in nature and thereby can produce
more energy than any other type of solar cell on a longer run. With higher
efficiency and superior temperature characteristics, HIT generates 43.4%
more energy than conventional cells in 25 years [35].

Amorphous silicon is better performing than crystalline silicon at higher
temperatures because of the material’s resiliency to heat. HIT cells
produce 13% more energy than conventional cells at given high

temperature [35].
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Chapter 4

HYBRID DEVICE FABRICATION AND CHARACTERIZATION

4.1 Introduction

In the previous sections, we have realized PEDOT: PSS as a potential layer for
carrier selective induced junction solar cell with benzoguinone as the chemical passivant.
The next step is on realizing actual solar cells which incorporate PEDOT: PSS as the
carrier selective layer and BQ which passivates the front surface of silicon. Solar cells
work on three basic steps- charge excitation, charge collection and charge separation.
Unlike organic solar cells, the active light absorbing material in hybrid solar cells is the
silicon. PEDOT: PSS is a transparent organic polymer and BQ is a monolayer thick.
Typical approach to device fabrication involve starting with a silicon substrate which post
cleaning would be passivated with BQ. This is followed up with PEDOT: PSS spin
coating and now the device is ready for metal deposition. Metals are deposited through
electron beam deposition technique on the front and back to collect the carriers and
generate current. Recently, efficiencies as high as 10% have been achieved for these

devices.

4.2 Background

N.A. Kotulak et al. [36] and Nagamatsu et. al [31] fabricated PEDOT: PSS based
solar cell with a the planar PEDOT: PSS/Si devices which would be combined with the
BQ/Si device, and the BQ will have similar functionality to SiOx layer from Thomas, et
al. [30]. This device will result in a PEDOT: PSS/BQ/Si stacked on top of each other
before the metal contacts. In the literature, there are multiple configurations for device
design, and this work will follow the method found in Nagamatsu, et al. [31]. Aluminum

will be used as the back contact to silicon, and silver will be used for the front contact to
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PEDOT: PSS and BQ. Based on the literature, the PEDOT: PSS films will be prepared
with the co-solvents Dimethyl sulphoxide(DMSO) or ethylene glycol(EG) and
Triton(surfactant) for increased conductivity and wetting of PEDOT: PSS. Average
thickness of PEDOT: PSS would be around 70 nanometers. The resulting device will be
a standalone solar cell structure [36], designed to implement a BQ passivation layer and

PEDOT: PSS carrier selective layer, and demonstrate the functionality of BQ in a device.

4.3 Devices Summary

The purpose of this work is to demonstrate the potential of hybrid
organic/inorganic solar cells and as an enabling technology for materials that could be
manufactured and processed under lab environment. A continuation of the work done in
the Opila lab, the work is mostly focused on enhancing the performances of the hybrid
solar cell by improved cell design and processes. These devices have doubled up
efficiencies, from 5% to 10% in 2 years.

The hybrid solar cells fabricated earlier implemented a n-type silicon substrate
and a PEDOT: PSS and Benzoquinone on top of that. These cells were solution-based
processed under lab environment. The maximum temperature they underwent was during
the electron beam deposition step but besides that everything else was achieved under lab
conditions and this eliminates the requirement for vacuum based high temperatures based
processing. These devices implemented a single sided polished n-type 500-micron thick
silicon as the substrate. The wafers underwent the usual clean followed by 2-hour dip in
benzoquinone solution. After BQ passivation, aluminum was evaporated by electron
beam deposition technique. Back metal deposition was carried first because the organic
front contact might degrade if left for long time. After the back metal is deposited, the

wafer is given a clean. To induce a p-n junction, PEDOT: PSS with 10% dimethyl
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sulphoxide (DMSO) is spin coated on the front side. The device was placed in nitrogen
atmosphere to dry and post it, front metal was deposited. With the front and back metal
deposited, the solar cell is ready and it was further tested for various parameters. Devices

fabricated have been described in the table below.

Device Short circuit Open circuit Fill Factor Efficiency (%6)
current (22 voltage(mV)
L71
Base 32.33 ohm- 21.11 321 0.42 2.83
cm
23.03 ohm-cm 22.73 386 0.44 3.84
16.91 ohm-cm 23.32 404 0.42 3.97
1.22 ohm-cm 22.29 437 0.42 4.08

Figure 4.1 Comparison of the devices fabricated previously in the lab.

Current Density (mAfem®2)

Voltage (V)

Figure 4.2  J-V curve of the best device previously fabricated in lab.
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It can be observed from the J-V curve that the cells suffered from very low open circuit
voltage and short circuit current. The light curve resembles a S- shape which reflects high
parasitic resistance losses. The series resistance especially seems very high and its
reflected in the fill factor value. The open circuit voltage is about 150mV lower than the
champion hybrid solar cell back then. Upon analyzing the device processing and
characteristics, few changes are recommended below which would improve device
performances.

1. Back metal deposition before passivation would make the passivation the
ineffective. This may be because of aluminum contamination.

2. Quantum efficiency is a good technique to analyze the solar cell characteristics.
The short circuit current of the device can be improved by implementing
texturing. Texturing would improve the light capturing ability of the solar cell and
thereby improve the short circuit current. The wafers can be either KOH textured
or TMAH textured. KOH is inorganic whereas TMAH is organic texturing and
TMAH eliminates the possibility of metal contamination. Although, KOH is the
standard mixture used in solar cell fabrication.

3. Surface recombination at the rear side can be reduced by implementing a back-
surface field structure. More about the back-surface field will be discussed in the
upcoming section.

4. Clean Si is hydrophobic and PEDOT: PSS is water soluble. Clearly the two do
not like each other. To make PEDOT: PSS stick to silicon surface, triton or zonyl
can be used as surfactants. This would reduce the surface energies and help wet
the surface better. Besides the PEDOT: PSS-silicon interface, the lateral

conductivity of PEDOT: PSS is also crucial to device performances. It can be
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enhanced by adding co-solvents. Varying percentages of co-solvent would change

the conductivity of PEDOT: PSS. DMSO and ethylene glycol(EG) are the widely-

used co-solvents. UV-VIS spectroscopy and Van-Der paw are good techniques to
analyses the PEDOT: PSS performances.

5. Series resistance in the above devices is very high. Few places to consider are the
Si-PEDOT: PSS interface, grid pattern on front, metal- PEDOT interface and
amount of metal deposited. Front metal grid pattern for the current pattern is way
too small. These masks enabled a solar cell only 3.25mmx3.25 mm in size. This
design was way too small and preparing wafers on that scale is difficult. Newer
grid design can also reduce the losses due to shadowing.

6. A thinner silicon is also known to provide a higher open circuit voltage due to the
lower bulk recombination and more efficient carrier extraction [37]. Shift from
500 micron thick wafers to lesser thickness would enhance the open circuit
voltage for these cells. Although, with proposed incorporation of back surface, it
must be ensured that the diffusion length after BSF should be greater than
thickness of the substrate.

After analyzing the device characteristics, this thesis was aimed on the
understanding device performances by implementing the above-mentioned techniques.
The device architecture for the new hybrid cells is shown in the figure below. First, a 145
micron, KOH textured, 1.5 cm by 1.5 cm sized n-type silicon wafer is chosen and cleaned
in 5 minutes’ piranha followed by 5 minute DI water rinse and 2 minute 10% HF acid.
The wafer is given a water dip and dried with nitrogen. This results in a hydrogen
terminated surface. Then the wafer is immersed in a 0.1M solution of benzoquinone in

methanol. After this surface passivation is complete, a layer of PEDOT: PSS is spin-
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coated onto the substrate. The PEDOT: PSS solution includes 7% dimethyl sulfoxide
(DMSO) to increase the conductivity and 0.25% w/w Triton X-100 to act as a surfactant.
Metal contacts are deposited via electron beam physical vapor deposition. For the front
contact, a silver pattern is deposited through a shadow mask. The rear contact consists
of aluminum covering the entire back surface. The J-V curve is obtained using the J-V

setup shown in figure below.

Ag
[ PEDOT:PSS

\Monolayer methanol + benzoquinone
N-type Si substrate
T N+BSF

Al

Figure 4.3  Hybrid solar cells.

Table 4.1 Device characteristics of hero cell fabricated in lab

] sc Voc ﬁ FF Rs Rsh Area
(MA/cm?) (V) %) | (%) (Ohm (©Ohm | (cm?)
cm?) cm?)
28.6 545 9.6 61.6 1.769 425.336 1
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Figure 4.4  Light curve for hero cell.
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Figure 4.5 Dark curve for hero cell.
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From the device light and dark curves of the hero cell fabricated with the device
structure mentioned in figure 4.3, we observe that the limiting factor to high efficiency is
fill factor. Fill factor is largely a reflection of parasitic resistance losses. Higher series
resistance or lower shunt resistance values infer a low fill factor. In a good solar cell,
series resistance is usually in order of milli ohms whereas for shunt resistance it is in order
of thousands. Reduced shunt resistance (increased shunt conductance) results in a steeper
slope in the I-V curve near short circuit current and a reduced fill factor. The series and
shunt resistance values for the above mentioned solar cell are 1.765 and 425 ohms
respectively. Lowered series resistance would improve current in the light curve and in
the dark curve it would make the left side of the curve less exponentially saturating.
Greater shunt resistance would improve the open circuit voltage in the light curve and in
the dark curve it would make the right-hand side of the curve go exponentially up after
the second slope (it linearly increases in this curve). These parasitic resistance losses can
be further analyzed by the method described by Hegedus and Shafarman [38].

By plotting the Plotting dJ/dV as a function of voltage would produce a curve
which should be linear within the reverse bias region of the voltage. This would give us

value for the shunt conductance which is inverse of shunt resistance.
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Figure 4.6  Plot for estimation of shunt resistance of hybrid solar cell under light.
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Figure 4.7  Plot for estimation of shunt resistance of hybrid solar cell under dark.
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We observe from the curve above that the values for shunt resistance in the reverse
bias region is almost constant although the value is noisy in the forward bias region.
Hence, the shunt conductance value is calculated from the reverse bias region which is
slightly above zero and shunt resistance can be reciprocated. The value obtained (Rg,=
425 ohms) is obtained through a labview program which incorporates this principle.
Clearly, Rg;, value is a one of the blocking element to higher efficiencies in these cells.
An ideal solar cell has infinite shunt resistance.

Series resistance is the primary concern for these devices. The series resistance
losses have been reduced by implementing a new grid pattern, metallization scheme and
optimizing PEDOT/Si interface but it remains a concern for these devices. The series
resistance can be extrapolated by plotting dV /dJ is plotted against (J + Jsc)~1. The
curves obtained under light and dark conditions are the same because derivative remains
the same. From the curve below, we can estimate the series resistance by calculating the
y-intercept from linear fit of the curves. The calculated series resistance value under light
is 1.765 ohms which was calculated from the labview program. As discussed earlier,
series resistance losses have been optimized but there remains more work to be done on

optimizing the SI/PEDOT interface. Future work is aimed series resistance optimization.
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Figure 4.8 Plot for estimation for series resistance.

4.4 \WNafer Preparation

The heart to any silicon based solar cell is the silicon substrate. There are various
parameters like doping, resistivity, silicon grade, lifetime, crystallinity etc. that affect the
final device performances. 500micron thick, low resistivity, n-type Czochralski(CZ)
wafers were initially used for device fabrication. Later, a shift to thinner textured
substrates about 145 micron thick, n-type CZ with 1-3ohm-cm resistivities with back
surface field was made. The following sections would discuss the reason behind the shift.
The thinner substrates were fabricated in the solar power labs at the Arizona State
University. A 156 mmx156 mm silicon wafer was taken and saw damage removal was
done on the wafers for 6minutes in 30% KOH at 80°C. This etched about 10micron from
each side. After DI water rinse, the wafer was textured in 2% KOH (with an additive

added to reduce the surface tension of KOH and improve the coverage on silicon) for
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about 25 minutes and this results in pyramidical surface on front and back with 3-5micron
base sizes. This was followed by cleaning before diffusion was done. Since its n-type,
POCl; was bubbled at 820°C for 15 minutes (phosphorous diffusion) and this was
followed up with phosphate glass removal. Back surface field was achieved after this and
the wafers were shipped to UD after processing.

Wafer cleaning before solar cell fabrication is crucial. The cleaning procedure
implemented was:

1) Piranha (4 parts sulphuric acid to 1 part of hydrogen peroxide) — Addition of hydrogen
peroxide to sulphuric acid is an exothermic reaction. This clean removes organic matter
from the wafer surface. The wafer is first immersed in this solution for 5 minutes. It is
essential for the solution to remain hot for effective clean(~80-100°C).

2) Deionized Water (DI H,0) - Following removal of organic material, the wafer is rinsed
in DI water for 5 minutes. It is highly recommended to have DI water flow constantly
throughout this time.

3) Hydrofluoric acid (10% HF) — The final and shortest step in cleaning is the HF dip.
Hydrofluoric acid is a dangerous chemical and proper safety steps should be incorporated
while doing this clean. HF is not just oxide removing agent but it also provides short-term
surface passivation by bonding the hydrogen atom to dangling bonds of silicon. This step
lasts 2 minutes.

After the HF dip, the wafer is given a dip in DI water (to ensure hydrophobicity)
and dried with nitrogen. The wafer is then put in a zip lock bag containing 0.01M solution
of benzoquinone in methanol for 2 hours (passivation step). Post passivation, the wafer
is removed and rinsed with methanol. After drying with nitrogen, the wafer is spin coated

with PEDOT: PSS (with 7% DMSO and 0.25% wi/w triton). Once the p-n junction is
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created, metal contacts are deposited through electron beam deposition which would be
discussed in more detail. Silver is chosen as the front contact and aluminum as the back

contact. With metals, the solar cell is ready for characterization.

4.5 Back Surface Field

In the previous chapter, we discussed about various types of recombination and
various methods to limit this effect in a solar cell. Creating surface fields on the front or
back limit the recombination tendencies. The structure used to create these surface fields,
broadly classified as chemical and electrical passivation is achieved either through
combination of dielectric layers (silicon oxide and silicon nitride), floating p-n junctions,
or doped high-low junctions (p/p+ or n/n+) [39]. One technique to reduce the surface
recombination at the back of solar cell is by creation of back surface field. Assuming a p-
type semiconductor with n+ emitter, we have a p-n junction structure where we collect
electrons on the emitter end and holes on the opposite end. This can be illustrated in the
diagram below. The minority charge carriers on each end, electrons in p-side and holes
on n-side usually recombine due to presence of trap states. These trap states behave as
recombination centers and ideally, front side passivation as we discussed in previous
section is aimed at reducing these trap states on front side of the solar cell. On the back
side of the solar cell by creating a field to repel the electrons and holes from recombining,
the surface recombination can be reduced. For a p-type semiconductor, this can be
realized by having an additional p+ layer on the back and this would create a downhill
for electrons and uphill for holes and it would prevent them from recombining. The
electrons get repelled from the p side whereas holes would get pulled towards p side due

to presence of the field.
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Hence by creating a highly doped region in the rear end of the solar cell, the
electric field created helps us reduce the minority carrier recombination. The minority
carrier concentration is thus higher in the bulk of the solar cell resulting in necessary
generation and thereby passivating the surface [40]. There has been performance
enhancement with the implementation of back surface field which would be discussed in
more depth under the devices summary. Wafers with a 100 Ohm/square sheet resistance

BSF were created by POCI3 diffusion at the Solar power labs in Arizona State University.

Figure 4.9 Back surface field on p-type substrate.

4.6 Metallization
Once a solar cell is fabricated, we need contacts to extract the electrons and holes
and generate electricity. Metals used for front contact in these solar cells are silver as

front contact and aluminum as the back contact. These metals are deposited on silicon
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using electron beam deposition technique (e-beam). The e-beam tool used is attached in

the figure below.

Figure 4.10 Diagram representing a p and n type semiconductor band structure.

Electron beam physical vapor deposition (or E-beam Evaporation) is a technique
that allows for relatively rapid material deposition. The metal to be deposited is placed in
a crucible (filled a little more than half with metal chunks) and is bombarded with a
focused electron beam. This focused beam instantly heats up the metal and it starts to

evaporate onto the silicon substrate via line of sight. The e-beam tool can run deposition
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on multiple substrates simultaneously. Since this is a line of sight deposition process, the
use of a shadow mask can also allow for patterning of the desired deposition. The front
metal deposition is usually done with a grid pattern which would be discussed in more
detail in the next section.

The electron beam is provided by running an emission current through a filament.
The ejected electrons are focused using a magnetic lens system to evaporate the target
material. The evaporated material deposits onto the substrate as well as the surrounding
chamber walls and a crystal sensor. The rate of deposition can be monitored by measuring
the shift in vibrational frequency of the calibrated crystal sensor. The system relies on
two vacuum pumps- mechanical and cryo.

Metallization scheme for a solar cell can incorporate different types of metals like
aluminum or silver or titanium/palladium/silver. Presence of metal on top brings up
contact resistance between the metal and silicon and it is necessary to keep the contact
losses low. Often the emitter is highly doped to reduce this impact but besides that a good
design is equally important. To evaluate a good front and back metallization scheme,
transmission line measurements were performed. For each metal type, transmission line
measurements(TLM) were carried out using four-point probe tool and then contact
spacing vs resistance was plotted from it, which would give us a better understanding on
metallization scheme. A 500-micron double side polished n-type wafer was chosen for
TLM measurements. These wafers were cleaned using standard clean method involving
5-minute dip in piranha followed by 5 minute DI water rinse and then 2 minute of 2% HF
dip. Post the clean, the wafers were passivated in benzoquinone for 2 hours. The wafers
were dried and are ready for deposition. A micron of aluminum and nickel were deposited

for back side measurements whereas 200 angstroms titanium, 200 angstroms of palladium
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and a micron of silver were deposited for third metallization scheme. Due to the
nonstandard geometries of the contacts used, it is difficult to convert the contact resistance

measured to a scalable contact resistivity.

Figure 4.12 Keithley 2400 sourcemeter (single channel I-V sourcing).
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We cannot simply assume that the current is distributed evenly across the contact
area. Using TLM, we are evaluating a good metallization scheme for back contact and
for front contact. For the back contact, aluminum(Al) was compared with titanium,
palladium, silver(Ti/Pd/Ag) and nickel whereas for the front contacts silver was
compared with titanium, palladium, silver. The curves below represent the I-V

measurements for various values of current.

Al

0.01

-0.01
@ Current_1 (1) ® Current_2 Current_3
Current_4.5 ® Current_5.5 @ Current_opposite

Figure 4.13 1-V dependence for various currents using TLM for aluminum (back
contact).
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Figure 4.14 1-V dependence for various currents using TLM for
titanium/palladium/silver (back contact).
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Figure 4.15 1-V dependence for various currents using TLM for Nickel (back contact).
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Ag on PEDQOT:PSS
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Figure 4.16 1-V dependence for various currents using TLM for silver on PEDOT: PSS

(front).
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Figure 4.17 1-V dependence for various currents using TLM for
titanium/palladium/silver on PEDOT: PSS(front).
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It is most desirable to create an ohmic contact to reduce resistive losses and avoid
the creation of an additional junction at the contacts. It can be observed from back contact
analysis that the nickel and Ti/Pd/Ag schemes have a non-linearity in the I-V curves
which indicates that they are not a good match(non-ohmic). On other hand aluminum is
a very good fit for or solar cells because they have obeyed ohm’s law and measured
contact resistance is relatively lower than any other metal. Aluminum is also the
metallization scheme used for commercial solar cells with the distinction that it is screen
printed and not deposited by E-beam technique. As far as the front contact is concerned,
bot schemes seem alike a good fit for us. The Ti/Pd/Ag looks slightly better but just silver
will be used for front metallization in these devices. This is largely because of economic
reasons. The table below shows the initial measurements of contact resistance. For each

metal type, contact spacing vs resistance can be plotted, as shown below for Al.

Al
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Figure 4.18 Resistance change with increasing contact spacing (each finger is 6 mm
apart from other).
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Table 4.2 Comparing metallization schemes.

Material Voltage Measured At Contact Resistance
Al (back) 2V 74.21 ohms
TiPdAg (back) 2V 862.2 ohms
Ni (back) 2V 15259.5 ohms
Agon PEDOT: PSS 0.1v 306.37 ohms
(front)
TiPdAg on PEDOT: PSS 2V 202.765 ohms
(front)

4.7 Front Grid Design

The original solar cell masks enabled a solar cell only 3.25 mmx3.25 mm in size.
This design was way too small and preparing wafers on that scale was difficult. Also,
device performances were affected because of dominance of edge effects. The calculate
diffusion length of carriers in these wafers is about half a millimeter. However, since the
devices are so small, about half of the total area of the solar cell is within one diffusion
length of an edge, where the cell will perform as a dark diode. Boosting the total area of
the solar cell allows to greatly improve this ratio. A size of 1 cm x 1 cm seemed a
reasonably achievable size which would begin to minimize this effect, and in decent
agreement with other groups in literature. Increasing the device dimensions to 1 cmx1
cm greatly decreased the energy losses due to recombination at the device edges.

Redesigning new grid pattern for front side was largely aimed at reducing the
losses due to shadowing. Devices in literature had reported shading ratios of between 8-
15% of the front area. Most of the high efficiency devices fell in the 10-12% shading
range. The older devices had a 26.7% shading ratio but the new mask dimensions gave
10.4% shading ratio. These devices implemented silver as front contact which was

deposited on PEDOT: PSS and the contact resistance between these layers was way too
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high. Power losses at this interface are directly proportional to the total area of metal, so
there is an unavoidable tradeoff between power losses due to shading and contact
resistance. Direct measurement received an unreasonably high number of 15 Ohm-cm?
so a literature value of .79 Ohm-cm?was used instead. Even this value indicated losses
of nearly 50% from contact resistance alone, and did not seem to match well with
experiment. A much lower alternative value of .064 Ohm-cm?was used for comparison
calculations that seemed to yield more realistic results. Further optimization of mask
dimensions would require a more reliable measurement of contact resistance. If this
contact resistance number was accurate, an alternative design was made using wider 200

um fingers with a 22.4% shading ratio.

Figure 4.19 Front grid design.
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Once the shadowing ratio was determined, the next parameter was designing the
finger width. Here 80 um was selected as a minimum manufactural finger width, based
primarily off other similar designs.

So now that the two key parameters of shading ratio and minimum finger width
have been determined the rest of design can be figured easily. The finger spacing can be
determined largely from these values, and then a bus bar width can be selected to
minimize resistive losses within the metal to an acceptable amount. Metal pads were
chosen to be of a size reasonable for contacting a probe. Calculations of losses from the
design were made in Excel using the formulations from the Martin Greene Solar Cell
book. Additional calculations on design shadow ratio and losses were determined using
pvlighthouse calculator. Using these approaches, power losses due to finger resistance,
buss-bar resistance, finger shading, bus-bar shading, contact resistance and PEDOT: PSS

resistance can be evaluated.

Table 4.3 Comparison of new grid design with the previous design.

INPUTS A B S w, Wg
(busbar | (finger length (finger (busbar | (finger width)
length) + busbar spacing) width) (cm)

(cm) width) (cm) (cm) (cm)
New 0.5 0.525 0.1 0.0125 0.008
design
old 0.3175 0.3 0.08 0.05 0.008
design

The final design yielded loss of about 13% of which 10.4% were due to shading

(contact resistance was excluded). Even using the lowest estimate of contact resistance
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still yielded 6% power loss due to contact resistance, the highest losses in the device
except for shading. Adequately determining and minimizing the contact resistance
between PEDOT: PSS and the metal contacts could enable significant improvements to

front metal contact design.

4.8 Spin Coating

4.8.1 Introduction

Conventional solar cells based of aluminum back contact technology have
dependence on high temperature processing. The aim of this thesis is to understand and
improve the performances of hybrid solar cells which are based of room temperature
processing. Besides having high open circuit voltages these solar cells have lower
processing costs attached to them. Conducting polymers have always been field of
interest in solar because of the flexibility involved in altering their electrical, optical and
processing properties. Several polymers like Poly (3- hexylthiophene-2,5-diyl),
pentacene have been tried in the past but poly (3,4- ethylenedioxythiophene):
poly(styrenesulfonate)- PEDOT: PSS was the chosen polymer for study here because of
its superior conductivity and transparency. To reduce the thermal budget, solar cells based
of this technique are formed with an organic passivation layer and an organic conductive
polymer- PEDOT: PSS. The active p-n junction in these cells is formed between the n-
type silicon and PEDOT: PSS- hole transport layer with crystalline silicon absorbing

light. These cells are alternatively called solution-processed solar cells.
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4.8.2 Background

PEDOT: PSS is a polymer that can be formulated to be highly conductive and
transparent, making it useful for a variety of applications [41]. Some examples include
use as a static dissipative coating, for flexible transparent electrodes, and for hole contacts
in organic photovoltaic devices [42-44]. PEDOT: PSS on a n-type wafer ends up

behaving as a rectifier. Below shown are PEDOT and PSS molecules respectively.

S0; SOsH SOsH SOsH SO;

PEDOT———>*

Figure 4.20 Structure of PEDOT: PSS films.

Together they form a macromolecular salt in which the oxidized PEDOT is the
cation and PSS is deprotonated as the anion [44,45]. Due to this charge transfer, the PSS
ends up behaving as a dopant and eventually the PEDOT ends up behaving as a
degenerately doped p-type organic semiconductor [46, 47]. This high charge density
thereby makes PEDOT: PSS highly conductive [45].
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PEDOT: PSS is usually available as an aqueous solution and is obtained from
Baytron P process which involves polymerizing EDOT monomers using PSS as the
electrolyte and Na,S,Og as the oxidizing agent. In the following sections, the fabrication
of PEDOT: PSS, spin coating technique and the conductivity measurements and

enhancement with additives are discussed.

4.8.3 Fabrication of PEDOT: PSS

The Clevios PH1000 PEDOT: PSS used for the hybrid solar cells discussed here
were obtained from Heraeus. Clevios™ PEDOT: PSS is a substituted polythiophene
ionomer complex with a polyanion that offers the highest conductivity of about
1000S/cm. The product is offered as the monomer for in-situ polymerization, as neat
water based dispersions or as ready-to-use formulations mixed with solvents and
additives [48].

For devices, PEDOT: PSS purchased from Heraeus was 1.4% dispersion by
weight in water and 7% w/w dimethyl sulfoxide (DMSQO) was added to enhance the
conductivity of the film which would be discussed in the next section. There were studies
carried out with 7% w/w ethylene glycol as well to understand the conductivity
enhancements to PEDOT: PSS and how that translated when making a complete solar
cell. Although in these devices, a passivation step is involved after clean, the passivate
often makes the surface a little hydrophilic. Nevertheless, 0.25% triton(surfactant) was
added to improve the wettability of PEDOT: PSS on the wafer [49, 50].

For the devices, post the benzoquinone passivation step for ~2 hours, the wafer
was given a methanol rinse and dried using nitrogen gun. The wafer was placed in the
spin coating holder(chuck) and PEDOT: PSS with 7% DMSO and triton was spun on the

wafer for 300 seconds at 4000rpm. Post the PEDOT: PSS spin coating, the wafer was
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annealed for 15 minutes at 130°C. This was followed up with metal deposition in the
electron beam evaporator.

PWM32-PS-R790 Spinner System from Headway research Inc. was used for spin
coating purposes. This spin coater consists of a PS motor and a R790 bowl. The motor
has spin speeds up to 10000 rpm and the bowl 7.9- inch, reduced by a removable splash

deflector to a maximum recommended substrate dimension of 5 inches [51].

T
#2> Headway Research, Inc.

Figure 4.21 Spin coater used for spin coating for these devices.
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Figure 4.22 Various chucks used for spin coating depending on size of sample.

Larger samples can be handled by the coater but it’ll result in removing the splash
deflector which is not recommended. Before spin coating, it is always recommended to
do a test run to ensure the wafer sits well on the chuck. There are various sized chucks
available depending on the size of the wafers. Chuck size should either match substrate

size or be slightly smaller to have a good spin.

4.8.4 Effect of Co-solvents

Additives, such as dimethyl sulfoxide (DMSO) or ethylene glycol (EG) are often
added to PEDOT: PSS to improve its conductivity. Addition of PSS to PEDOT enhances
the process ability but it comes at the sacrifice of electrical conductivity. Since PEDOT:
PSS structure implements a shell structure of PSS around PEDOT, with the given
structure, Pietsch, et al. [52] suggested from a combination of XPS, absorption spectra,
and device results, that the addition of secondary additives reduces the thickness of the
PSS shell, thereby improving the open circuit voltage and the short circuit current. To test
the effect of co-solvents and find the right co-solvent for the devices, conductivity

measurements were carried out by Van Der Paw Hall effect technique.
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Van Der Paw technique is based off hall effect and resistivity measurements. The hall
effect is based of Lorentz force which considers electric and the magnetic force
experienced by a charge that moves in an electric field which is perpendicular to the
applied magnetic field. The Van Der Paw Method employs a four-point probe placed
around the edges of the sample (usually soldered contacts) [53]. It measures resistivity of
the substrate twice (bi-directional by switching the four contacts between voltage and
current probes) and averages it in contrast to linear four-point probe technique where
resistivity is obtained in one direction only. This technique can measure the sheet
resistance, resistivity, mobility, type of doping and sheet carrier density of the substrate.
There are five conditions that must be satisfied to use this technique [54]:
e The substrate should have uniform layer on top.
e The substrate must be square in shape (square is highly preferred for
accuracy during resistivity measurements)
e The sample must be homogeneous
e The sample must have ohmic contacts, usually soldered. For conductivity
measurements, indium was soldered as contacts
e Contacts must be small and only on the edges.

Conductivity measurements were aimed at comparing the effect of co-solvents-
DMSO and EG on PEDOT: PSS conductivities. 1.5 cmx1.5 cm sized double sided
polished intrinsic silicon samples were chosen as the base. Intrinsic silicon was used as
substrate instead of glass because of improved uniformity and wettability of PEDOT: PSS
on silicon. These samples were cleaned by standard cleaning procedure mentioned in
section 4.4. Post cleaning, the samples were introduced in BQ solution in a zip lock bag

for 2 hours. In the meanwhile, three solutions were prepared- 7% DMSO and 7% EG
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were prepared w/w with PEDOT: PSS(PH1000) and 0.25% wi/w of triton(surfactant) and
the third was PEDOT: PSS(PH1000) straight from container with 0.25%w/w triton.
Triton was added to improve the wettability of PEDOT: PSS on silicon. Each of the recipe
was spin-coated on the i-silicon sample for two spin speeds- 4000 rpm and 2250 rpm for
300 seconds each. The six samples were then annealed at 120°C for 20 minutes so that

the spin solution dried completely.

The samples were soldered with Indium ohmic contacts on the edges for VVan Der
Paw measurements. After the contacts were checked, the Van Der Paw resistivity

measurement was performed.

Co-solvents test
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Figure 4.23 Comparison of sheet resistivity and conductivity for various co-solvent.
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Table 4.4 PEDOT: PSS conductivity tests with co-solvents

Recipe Mobility Sheet Resistivity(o | Conductivity(S
(m2/V.s) resistivity(o hm-cm) /cm)
hm/square)
7%DM 1.40 167.17 0.00108 920.2
SO@2250rpm
7%DM 1.61 296.44 0.00163 613.3
SO@4000rpm
T%EG 1.37 137.33 0.00080 1120.19
@2250rpm
T%EG 1.92 324.12 0.0017 560.95
@4000rpm
PEDOT: 13.33 335.28 0.0021 458.85
PSS@2250rpm
PEDOT: 29.95 530.72 0.0029 342.58
PSS@4000rpm

From figure 4.23 and table 4.4, it can be observed that the co-solvents DMSO and
EG have enhanced conductivity and reduced sheet conductivity impact on PEDOT: PSS.
The 7% EG has the highest conductivity (1120 Siemens/cm) and the least sheet resistivity
as well whereas pristine PEDOT: PSS with triton has the least conductivity of
342.58S/cm. It is also observed that lower spinner speeds have better performances than
higher spinner speeds which can be inferred as greater thickness is a good fit for
conductivity. 4000rpm gives a thickness of about 55nm whereas 2250 yields around
65nm on the silicon surface. PEDOT: PSS PH100 straight from the container with 0.25%
wi/w triton does not have a good conductivity because of higher PSS content. PEDOT:
PSS has a structure which consists of randomized PEDOT molecules covered by PSS
shells. Addition of co-solvents tends to decrease the thickness of PSS shell and is also

known to induce a rearrangement of the PEDOT chains, from the coil-like benzoid
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structure that may be present along the grain boundaries to a more linear or extended
quinoid structure [55-58]. This structural modification increases the PEDOT size and
promotes closer packing of the PEDOT grains [57]. As PSS by itself is insulating in
nature, a thinner PSS shell could enhance bulk conductivity and lowered sheet resistance.
Morphological studies on these samples would give us a better idea on change of PSS
content with addition of co-solvents. For devices, 7% DMSO with 0.25% w/w triton was
chosen as the spin recipe for fabricating devices because of the uniformity obtained and

higher conductivities over a range of spin speeds.

4.9 UV-VIS Spectroscopy

4.9.1 Introduction
The Ultraviolet visible spectrophotometry (UV-VIS) is a technique to study
absorption, transmission and reflection spectroscopy from surfaces. The Perkin-Elmer
Lambda 750 UV/Vis/NIR spectrophotometer at Institute of energy conversion (IEC) was
used for understanding the optical properties of the devices. The spectrophotometer
utilizes a light source, optical mirrors, monochromators, chopper and an integrating
sphere. The theory of integrating spheres is based on two general assumptions:
1. Light hitting the sides of the sphere is diffused.
2. Light that is received by the detector is considered for further calculations.
This technique provides an average of all the reflections from the surface. Light
is produced at the source which travels through a filter wheel, before it travels to the
monochromators [59]. The monochromators then split the light before traveling to the

chopper, which separates the light into two different beam paths, for the cuvette holders
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[60]. For background collection, a scan is run with no sample present at the Sample (T)
location as in figure below. The software takes this into account for every other
calculation. Firstly, depending on what measurements need to be carried position of the
sample is altered. For transmission measurements, sample, with film facing away from
integrating sphere, is placed in beam path in front of the integrating sphere. Light that
passes through sample reflects inside integrating sphere and is detected by adjacent
detector. For reflection measurements, sample, with film facing integrating sphere, is
placed in beam path behind integrating sphere at Sample (R) location. Integrating sphere
allows for measurement of total reflection of diffuse or “rough” samples [61]. Index of
refraction (n), extinction coefficient (k), absorption coefficient (o), sample thickness (d),
bandgap (Eg), and other parameters can be determined from Transmission (T) or
Reflection (R) data [62]. Absorption coefficient is related to Transmission and Reflection

by the equation 4.1 [62]:

_ (1-R)?exp(-ad)
"~ 1-RZexp(-2ad) (4.1)

where T and Rare Transmission and Reflection, respectively, o is absorption
coefficient, and d is thickness of the substrate. For highly absorbing samples, ad >>1,

denominator goes to one and Equation 4.1 can be approximated as [18]:
7 ~(1—R)?exp(—ad) (4.2)
For these devices, only reflection measurements were necessary. The motivation
behind UV-VIS for these samples is to understand the effect of varying thickness of
PEDOT: PSS. As mentioned earlier, PEDOT: PSS, the organic polymer has anti-
reflection (ARC) properties and eliminates the need for additional ARC coating for the

solar cell. The ability to reflect is dependent on the thickness of the ARC coating and
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thereby UV-VIS measurements were carried out to understand the reflection form surface

for varied thicknesses of the PEDOT: PSS.

4.9.2 Texturing

Initial devices made on two types of substrates- potassium hydroxide(KOH)
textured 145-micron thick n-type silicon samples and on a n-type single side polished
145-micron thick silicon substrates. These devices were received from Solar power labs
at the Arizona State University. The samples were cleaned by the cleaning procedure
mentioned in section 4.4. Post cleaning, they were immersed in a zip lock bag containing
solution of 0.01M benzoquinone and methanol. In the meanwhile, PEDOT: PSS recipe
was prepared with 7% Dimethyl sulphoxide and a drop of triton. Finer details about the
recipe will be discussed in the next section. After letting it stay in the bag for 2 hours in
room with ambient light conditions, they were given a methanol rinse followed by blow
drying with nitrogen. The samples were placed on the spin coater. Spin coating was
performed for three different speeds- 600, 1000, 2250 rpm which give approximately
150nm, 85nm and 60nm thick layers of the organic polymer on the polished substrate.
Samples were spun coated for 300 seconds. Post spin coating the samples were annealed
at 135°C for 20 minutes. Samples were introduced in the UV-VIS spectrophotometer after
calibrating the tool and the curves obtained are shown in the figures below. The textured
samples are labelled as ASU KOH N02’s and the un-textured ones are named ASU SAW
NOTI’s.
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Reflectance of PEDOT:PSS coated wafers
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Figure 4.24 Reflectance from singles sided polished wafers for various spin speeds.

Reflectance of PEDOT:PSS coated wafers
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Figure 4.25 Reflectance from textured wafers for various spin speeds.
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From the two figures above, the reflectance from the textured wafers are
significantly lower than the un-textured ones at all wavelengths. Also, amongst the three
different spin speeds, the thickest sample performs the best for the textured wafer whereas
for the un-textured one the thickest wafer performs best at all wavelengths except for 500-
900nm range. The irregular shape of the ASU SAW NO1c sample could also be attributed
to noise. The textured ones perform better than the un-textured ones because of improved
light trapping by the PEDOT: PSS on the pyramidical front surface. Not only is the
textured surface helping but the PEDOT: PSS coverage also adds to the anti- reflection
properties which result in reduced reflection from the surface and improved trapping.
Further analysis on these samples suggest that the short circuit current improved many

folds with texturing than without texturing.

4.9.3 Spin Recipe

As discussed in the previous sections that PEDOT: PSS demonstrates anti
reflection properties and the properties like ttability and lateral conductivity vary with the
co-solvents presence. Tests were carried to understand how reflection properties change
with different co-solvents. Three samples, cut into quarters, each 500-micron thick double
sided polished n-type silicon were used for the test. Samples aJa 6a, 6b and 6d were
cleaned using the process mentioned in section 4.4 with 2% hydrofluoric acid. Post the
clean these samples were subjected to 2hr passivation inside the zip lock bag containing
BQ and methanol. In the meanwhile, two spin recipes were prepared. One being 7%
solution of Dimethyl sulphoxide(DMSO) and PEDOT: PSS and the second being 7%
Ethylene glycol(EG) and PEDOT: PSS. A drop of surfactant triton was added to both
recipes to reduce the surface tension of the solution with the treated silicon surface. The

spin speeds on samples aJa 6b and 6d was 2250rpm whereas sample 6d was spun coated
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at 1000rpm. The DMSO recipe was spun for 240 seconds whereas the EG recipe was
spun coated for 480 seconds because it seemed wet after 240 seconds. Post the spin
coting, the samples were rushed for metal deposition. 200 nm of silver was first deposited
on the front side using a mask by dual electron beam deposition tool followed by 2
microns of aluminum on the back side. Post devices were made; they were introduced in
the UV-VIS spectrophotometry to study the reflection from the surface. It was ensured

that the area under exposure of the beam had no metal.

Reflectance of different PEDOT:PSS thicknesses
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Figure 4.26 Reflectance for varied PEDOT: PSS recipes.

72



In the diagram, above, the blue curve represents the aJa 6d sample which was
spun with 7% DMSO, sample aJa 6b in red and green represent the 7% EG solution with
and without metal and sample aJa 6d represents 7% EG as well. It is interesting to
compare the blue and the red curves which are approximately the same thickness of
coating but different recipes. It is observed that the blue curve reflects lesser than the red
curve in most wavelengths. Although below 400nm, the red reflects more than blue. It
can be inferred that the 7% DMSO recipe spun coated on these samples demonstrates
better results than EG samples. Further various other device analysis confirm that DMSO

is a better co-solvent than EG. This has also been discussed in the previous section.

410 QUANTUM EFFICIENCY

4.10.1 Introduction

A technique to understand the photocurrent of a solar cell is achieved by
measuring the quantum efficiency (QE). The QE is the ratio of number of carriers that
are collected by the solar cell in contrast to the number of photons which are incident on
the solar cell. A QE value of 1 or 100% indicates that all photons are absorbed and
collected by the solar cell at that given wavelength. A QE value of 0 basically indicates
that the light is not absorbed because the wavelength of light is greater than the bandgap
of the material. A high QE value indicates good absorption-collection ability of the solar
cell or also demonstrates low loss mechanisms active in that region. Assuming light
incident on the solar cell, the blue region of the light usually gets absorbed early in the
substrate because of lower wavelength whereas longer wavelengths like the red region
are absorbed/collected in the other end of the device. So, lower QE response in blue

region is a virtue of high front surface recombination or poor passivation or inefficient
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light trapping whereas poor response in the red region is indicative of high recombination
in the back end of the solar cell, reduced absorption or low diffusion lengths. There are
two types of QE:

1. External Quantum efficiency (EQE)- The "external” quantum efficiency
of a silicon solar cell when measured includes the effect of optical losses
such as transmission and reflection. EQE tells the fraction of incident
photons getting converted to electrons in the device.

2. Internal Quantum efficiency (IQE)- "Internal” quantum efficiency
considers the ability of solar cell to convert the photons that are not
reflected or transmitted into useful collectable carriers. By measuring the
reflection and transmission of a device through UV-Vis spectroscopy, the
external quantum efficiency curve can be corrected to obtain the internal
quantum efficiency curve. IQE tells you about the fraction of absorbed
photons that are being converted to electrons in the device. Basically, if R
is the reflection then,

_ EQE
IQE = —= (4.3)

4.10.2 Basic Setup and Operations

The quantum efficiency measurements for the hybrid solar cells fabricated were
performed at the Institute for Energy Conversion(IEC) and the Arizona State University.
Although both the QE setups are slightly different, the setup at IEC would be discussed
because it was used more frequently.

The QE setup at IEC runs measurement using a halogen bulb light source, a

monochromator that produces a chopped light beam with wavelength A (full width half
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max=10-15 nm) and frequency f (~71 Hz) which flashes light on the cell placed which is
held by holder. The cell is connected at a bias voltage V, producing an AC photocurrent.
The AC photocurrent is then converted to an AC voltage using trans-impedance and
further amplified using a lock in amplifier which is referenced to the light chopper
frequency. Then the amplified signal is read by a computer. The above procedure is
repeated N types over a wavelength range from 2,,,;,, to a maximum wavelength A,

where,

hc
Amax > E_ (4-4)
g

with Eg as the absorber bandgap so that at A,,,,,, @ negligible amount of light is

absorbed by the cell and QE (A,,,4,)=0.

i ¥ _ Halogen light source

Sample stage Collimating and Monochromator

w/ electrical focusing lenses
connections -

Figure 4.27 QE setup at IEC.

Prior to QE measurements on these cells, calibration is essential. Calibration is

done with a standard silicon cell with its standard /sc value (obtained under AM 1.5G
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conditions) and is performed for varied wavelengths (350-1200nm). It is necessary to
have the IQE measured within 1% of the reference value (AM 1.5G conditions).
However, spectral variations do occur over time due to aging of the halogen bulb or other

systematic factors, which result in spectral variations greater than 1% of the reference

IQE.

4.10.3 Quantum Efficiency Comparative Studies

Initial quantum efficiency tests were conducted on devices with 500-micron thick
n-type polished wafers, the sample name being Virginia NO1H. Upon analysis of these
devices, it can be said that the QE for wavelengths from 450nm- 1000nm was low and
primarily was an indication of high recombination in the device. The QE is slightly better
at lower wavelengths but way lower than conventional silicon based devices. The front
surface of these cells has anti-reflection properties due to the presence of PEDOT: PSS.
This will be discussed in the UV-VIS spectroscopy results. Although in comparison, the
QE for these devices is way lower than the conventional devices at these wavelengths and
this can be attributed to the lack of good light trapping techniques. Thus, excellent light
trapping is necessary for good low wavelength performances and high short-circuit
current. In the mid wavelength region, the biggest contributing factor is low diffusion
lengths. The thickness of solar cells should be less than the diffusion length of the induced
carriers.
The relationship of cell performance to bulk and surface recombination effects can
be described by the effective lifetime tef f, defined by

1 1 28
=—+—1 (4.5)
Teff  Thulk d
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where, Tp,y, is the bulk lifetime, S, ¢ ¢ is the effective recombination velocities at the

cell surfaces, and d is the cell thickness.
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Figure 4.28 QE for thick wafer.

From the device analysis, it can be interpreted that:
e Low QE at lower wavelengths is because of poor light trapping ability.
e At mid and higher wavelengths, recombination dominates and is responsible for
low QE.
Owing to the above mentioned, QE was carried for different architecture cells which were
not just thinner but also had front texturing and back surface field to improve the short

circuit current and reduce recombination at the back side respectively. In addition, thin
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devices with no texturing but back surface field were also tested. Below are the QE curves

for these devices in comparison to the previous device.
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Figure 4.29 QE comparison for different cell architectures.

From figure 4.29, its observed that the green plot is above the black plot for all
wavelengths except for above 1050nm wavelengths. This is indicative of a better
performing solar cell. Major changes made in the new solar cell architecture are:

1. Reduced thickness- The new device architecture is on a 145-micron thick n-type

silicon substrate in contrast to 500-micron thick substrate. Reducing the device
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thickness helps in lowering the recombination as the volume for recombination
(thickness) is reduced (Green, 1999; and Tiedje et al., 1984). With reduced device
thickness, the shunt resistance losses can also be minimized since it is a parameter
dependent upon the manufacturing and processing of the wafer. But as the
thickness of the substrate goes down more challenges will be encountered.
Reduced thickness implies lot of photo-generated charge carriers generated at the
surface and good passivation is necessary to extract current from the carriers.
Improved front surface- The new device has textured front surface. The texturing
is achieved as follows- Saw damage removal in 30% potassium hydroxide (KOH)
at 80 C for 6 minutes (this etches about 10 um from each side) and then rinse in
de-ionized water (DI) water for 10 minutes and after this the wafers were textured
in 2% KOH (with an additive that lowers the surface tension of KOH so that it
spreads well on silicon surface) for about 25 minutes. This gives us the pyramid
sizes of about 3-5 um base size. Achieving such a frontal surface will result in
improved light trapping because of increased probability of light getting captured.
Besides, the textured front surface there is improved PEDOT: PSS coverage on
the front which adds to the anti-reflection properties.

Back surface field- The new devices have implemented a back-surface field to
reduce the recombination losses at the rear end of the device. This has been

discussed already in this chapter.
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Besides QE measurements, a comparison was made with traditional back surface
field solar cells. The plot below explains the difference in QE behavior for a hybrid solar
cell (in red) and AL-BSF based crystalline solar cell fabricated in Arizona State

University solar power labs (in blue).

Quantum Efficiency vs. Wavelength
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Figure 4.30 QE comparison of a p-type AL-BSF cell (in blue) vs n-type hybrid solar
cell (in red).

The blue curve dominates the red curve in all wavelengths but the lower ones. At
mid-range and higher wavelengths, the collection efficiency of the hybrid solar cell is low
and it is reflected on the QE curve. But the most interesting phenomenon is at lower
wavelengths. The hybrid solar cells have amazing response for lower wavelengths and
this phenomenon differentiates the architectural difference between the two cells. In a

conventional solar cell, the emitter is usually highly doped and often this results in
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formation of a “dead region” which is a region with no electric field. In this region, the
collection efficiency of the solar cell is very low. Many commercial cells have a poor
"blue” response due to this "dead layer". Therefore, the region under the contacts should
be heavily doped, while the doping of the emitter is controlled by the trade-offs between
achieving a low saturation current in the emitter and maintaining a high emitter diffusion
length [50]. Heavy doping in this region reduces the contact resistance and recombination
losses at the top of the cell. But in an induced junction hybrid solar cell, there exists an
electric field at the top (SI/PEDQOT interface) and this is responsible for the peak at lower
wavelengths. This electric field prevents minority carrier recombination at the front

interface and reduces the negative impact of front surface recombination.
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Chapter 5

ENTREPRENEURIAL JOURNEY: NSF I-CORPS

5.1 Introduction

Anything we do in our life must have a purpose. | have always wanted my research
to progress to real world applications and give something back to community. Research
has relevance when it is aimed at solving real life or industrial scale challenges. It could
be in any form, like making things work faster to run them efficiently to reducing the cost
to build them to make it more reliable. One reason | chose solar as my field of research
was because | have seen people back in my country who despite having sun for about 300
days in a year could not taste the benefits of this wonderful resource. Growing up in India,
| saw small scale industries suffer due to power cuts. With a meager income, power cuts
added to the misery. | was largely moved by listening to the state of farmers in my
country. Their lives totally revolved around power cuts. | believe solar is the solution to

this crisis and one day | want my country to make the best out of the available resources.

5.2 Journey

It is always elating to see researches have potential commercial impacts and
identify opportunities to apply their research. Our path towards commercializing our
research started through the 2016 Hen-Hatch, University of Delaware’s premier startup
funding competition. Usually, any solar research at lab scale is focused on achieving
higher efficiency or lower costs, or finding alternate materials, and that continues to be
the easiest way to enter the market. We wanted to address the same issues, but with a
twist. Our initial discussions and analyses with people who have or have not pursued solar
for their homes gave us an idea that there was substantial sector with an “inability” to buy

solar for their home because of aesthetics of solar panels. A million-dollar homeowner
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would expect a premium product on the roof, and would be willing to pay the premium
forit. Inafew states in the USA, people staying in condominiums must get prior approval
from the homeowners’ association (HOA) in their neighborhood to get solar for their
roofs. Some HOAs do not like the look of solar panels for aesthetic reasons, and the fact
that they are big, bulky, and flashy is something that concerns them. Solar on few roofs
in a community looks like chicken pox suffering community. But things are changing
slowly. States like Maryland, have “solar access rights” laws that limit homeowner
associations from banning solar panels. The law overrides the homeowners’ association
contract that restricts one from installing the panels. Unfortunately, HOA’s can still
dictate where to put panels and how to install them. These laws usually say that some
restrictions are still possible. But if HOA denies an individual’s request to have solar
panels installed, the individual can go to the extreme of suing the HOA [63].

We understood that we wanted to target the aesthetics market, and we ventured
into the Hen Hatch competition with the concept of solar shingles using our hybrid solar
cells research work. These solar shingles not only protect the roof like normal shingles,
but also power the home like solar panels. From the outside, they look like normal asphalt
shingles but behind each shingle lies the solar component that powers the home. This
would not classify as a roofing product or a solar product exclusively. It is a mix of both
and would require expertise from both departments. Residential homeowners interested
in buying this would have to replace their entire roof with the product, and thus it makes
the most sense to have them installed for homes which are looking for roof replacement.
The average lifetime of an asphalt roof in the east coast is about 15-20 years, and this
relates well with the solar warranty which also ranges from 20-25 years. Being the lead

on this project, | pitched for the novelty and utility of these solar shingles which caught
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the attention of the judges. The biggest selling point was the fact that with such a
multipurpose roof one can become his own generator in just a few years. The idea was
well appreciated. While the idea did not win, it caught the attention of a couple of
professors who teach at the Venture Development Cell. They took interest in learning
about solar shingles, our underlying technology, and suggested customer discovery and
consider the National Science Foundation I-Sites program.

A year back, there were hardly a few people who knew what solar shingles were
or what they did. However, today, they are making headlines because of two major
developments. The first development was DOW stepping out of the solar shingles race
after being about half a decade in the business. Most analysts believed that the technology
on which DOW solar shingles worked on was expensive, and the market for the product
was dead. Others stated the cost of having DOW products was 4-6 times the cost of
conventional panels. This raised eyebrow of many because a big company like DOW
exiting from business did reflect something about the state of industry. On other hand,
the bigger news was the acquisition of the largest solar installer in the country, SolarCity,
by Tesla, and the attempt to change the business model and product altogether. Elon
Musk, the founder of Tesla, said he wants to build a solar roof and not solar on roof. This
solar roof comes in 4 variants and thereby customers have options to choose from. During
the launch of the product he said “Would you like a roof that looks better than a normal
roof, lasts twice as long, costs less, and by the way generates electricity? It is like, why
would you get anything else?”” The launch of this product blew everyone’s mind because
it was revolutionary and was launched by none other than Elon Musk who changed the
automobile industry. Many claimed these solar roofs to be the “Tesla of Solar”. Below is

how the Tesla’ solar roof would look like:
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Figure 5.1 Tesla solar roof.

We went on to apply for the I-Sites program upon the recommendation of our
mentors. The I-Sites program nurtures students and/or faculty who are engaged in projects
that have the potential to be transitioned into the marketplace. We got accepted and not
only received a funding of $3000 to carry out customer discovery, but also got the ability
to use the Venture Development Cell’s lab space, resources, mentoring, and networking
opportunities. Under the guidance of Dan Freeman, Vincent DeFelice, and John Currie at
the Venture Development Center(VDC), we underwent an enthralling four-week long
journey. Our team, which consisted of Dr. Opila, Akirt Sridharan, Jimmy Hack, and I,
was introduced to basics of lean start-up techniques. We also engaged in customer
discovery to understand the problem in our respective markets. The motivation behind
this program was to understand the problems in the market and see if we had value
propositions to address the problem. We chose residential homeowners as our primary
customers. We ended up speaking to 19 homeowners on their perception of solar over the
4 weeks, and learned the following:

e 20% of the people already had solar, and they love their decision to go solar.
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e 58% of the people felt they were “Okay” with looks of solar, but if they were offered
a product with same utility and better looks, they would want to change their decision.

e 20% of the people wanted to go solar but could not because of shading issues in their
community.

e 63% of the people wanted hassle and maintenance free roofs.

e 16% of the people wanted to go solar but could not because their roof had to be
replaced.

e 50% of the people felt Solar was costly and would rather lease them than buy them.

Solar installers, roofing contractors, developers, and wholesales must also be considered

as potential customers.

At the end of the program we realized that aesthetics did drive solar adoption to
certain extent and that 19 interviews was not enough to generalize it. We also discovered
other potential customer segments. We decided on “persist and pivot” and wanted to
apply for a larger grant so that we could take part in a more effective and engaging
customer discovery process and more precisely understand the problem in the market.
We also started working with the mechanical engineering senior design students who
loved our idea and decided on building a model of solar shingles with the resources they
had. Meanwhile, my team also participated in the Department of Energy’s Launch R held
at Rutgers University. The U.S. Department of Energy had selected Rutgers as one of
eight institutions in the country to host one of its regional Cleanest University Prize
Competitions. The competitions are designed to help fund and develop viable, innovative
clean energy business ideas at universities across the country [64]. Our team made it to
the top 6 in the mid-Atlantic area and won recognition for “best customer segment”

model.
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5.3 NSF I-Corps

NSF I-Sites, Hen Hatch and LaunchR ignited the passion for entrepreneurship in
me. Our ideas were well received, but we wanted more validation to commercialize the
idea. With the NSF I-Sites background and the recommendation from our program
instructors and peers, we applied for the NSF I-Corps grant. This was a $50,000 grant
from the National Science Foundation that was spread over 6 months. Teams were to
involve in intense customer discovery, at least 100 customer interviews with the potential
customer segment in 45 days. This program teaches NSF grantees to identify valuable
product opportunities that can emerge from academic research, and offers
entrepreneurship training to participants by combining experience and guidance from
established entrepreneurs through a targeted curriculum (lean startup model). The
important part during the application phase was to find a mentor who has had
entrepreneurial experience in the past and could guide the team in the business aspect
during the program. It was difficult to find a mentor because every team member,
including the mentor, had to devote 15 hours a week for customer discovery and had to
involve in a 3 hour WebEX session every Wednesday. Given that the mentor is already
engaged with his own start-up, it sounded demanding. We found our mentor in
Modzelewski who was recommended by DeFelice at VDC. Modzelewski was working
with SolarCity and was an adjunct professor in the business school at UD. He had a
startup of his own in the past, and this felt like the perfect match for our team because of
his versatile solar experience and business acumen. With his addition, | felt the team was
complete. | was the entrepreneurial lead for the team with Jimmy Hack as the co-
entrepreneurial lead, Dr. Robert Opila, the principal investigator, and Keith Modzelewski
as the mentor. After several interviews with the NSF team, we were accepted into the

fall cohort, 2016 based in Detroit under University of Michigan, Ann Arbor.
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Upon being accepted into the program, we were excited to venture out and gain a
sound understanding of the market. We went to Detroit and presented our unique value
propositions and our potential customer segment. We addressed our research work, the
aesthetics issue with existing solar panels, and our background work in the university on
these value propositions. But the teaching team was not interested in our story. They felt
that addressing the aesthetics concern should not be our primary concern and that it had
to be manufacturing because we had a recipe for making a solar cell and not a good
looking solar cell. Aesthetics was more of an add-on feature than a direct result from our
research work. So, we focused our value propositions on solar manufacturing companies
and began testing our hypothesis by talking to process engineers, production line experts,
and the chief technology officer at manufacturing facilities. The two big hypotheses we
were testing were:

> High temperature is a bottleneck to production at cell level.

> High temperature is the biggest cost-driver at cell level.

We realized that there are four major technologies or recipes for making
commercial solar cells. They are Aluminum Back Surface Field (AL-BSF), Passivated
Rear Emitter Contact/Locally diffused (PERC/PERL), Interdigitated Back Contact(IBC)
and Heterojunction with Thin Intrinsic layer (HIT). The AL-BSF cells, also called screen
printed solar cells were developed in early 1970’s. They are the most mature and widely
used technology because of the simplicity in fabrication. The screen-printed cells employ
simple techniques like diffusion, screen printing, firing, chemical vapor deposition that
are high-temperature based processes. The PERC/PERL cells are evolution to the AL-
BSF cells because they implement micro-electronic techniques to attain higher

efficiencies. The IBC cells eliminate the losses due to shadowing in the front by placing
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both contacts on the rear of the cell. Mostly n-type silicon based, these cells also have
high short-circuit current which boosts the performance of the solar cell. Sunpower is the
largest manufacturer of the high efficiency IBC cells. The high efficiency HIT cells by
Sanyo (now Panasonic) were motivated by low-temperature processing. They implement
an amorphous silicon layer on the front which is deposited at low temperatures using
PECVD and it also serves a very good passivation layer. These high efficiency cells have
promising open circuit voltages due to lowered recombination losses.

Since we had just 6 weeks to work on this project, we had to devote time
scheduling interviews, at least 15 every week. This was especially challenging because
there were just two solar manufacturing plants in the USA. There were many
manufacturing plants in the about a decade back but today most of the manufacturing
happens in Asia because of renewable energy policies, federal incentives, cheap land
acquisition cost and cheap labor. The people to whom we spoke with had extensive
experience working in this field, and we tried understanding from them why the shift
happened. It became difficult to schedule at least 15 interviews every week, and at certain
point we even decided to go to China to attend a conference where the tier one
manufacturers would put up stalls. Unfortunately, it did not work out in our favor because
of visa issues. Trade shows and conferences were useful to us because we could capture
a larger crowd under the same roof and we could conduct more customer discovery.

Since | belong to India, I tried understanding the Indian solar manufacturing
market as well. Through my contacts, | got the opportunity to talk to the process engineers
at the big solar manufacturing firms back in my country. Personally, | felt India is more
a “follower” of the tier 1 manufacturers and is expanding its capacities conservatively. It

is still doing the AL-BSF based solar cells, because it is more mature and prevalent
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elsewhere in the world. They do not wish to invest in risk and play it safely especially
because the solar market is catching up in India and is not as matured as in China or the
USA. Manufacturing capacity in India is around 1GW in total and module capacity is
about 2GW with almost half the cell capacity being imported. There are about 10 players
in the market who merely follow the tier one manufacturers of China. As far as solar
installation is concerned, the world’s largest solar plant at one site became operational 2
months back in South India. Commercial solar is a big thing in India and residential solar
IS yet to kick start in a grand fashion. State based and federal policies have a big role to
play in solar adoption in any country. Making solar affordable to masses is the key behind
widespread adoption. Most companies did turnkey lines as their first lines because they
were not much aware of the processing that goes behind solar. The turnkey companies
are mostly European based like Schmidt or Meyer Burger or Centrotherm. These
companies also trained the engineers, and this has ended up being very useful to the solar
manufacturing business in India.

From our initial customer discovery with people involved in manufacturing, we
realized that high temperature was not a shark-bite to these companies. Not only did the
tools run at peak efficiencies and not only were the processes optimized, but despite
having high temperature processing involved they also achieved a yield which was
higher, 98%- 99.3%. This reflected the robustness and maturity of the processing
techniques and technology. Though these facts were enough to invalidate our hypotheses,
we did learn a few things. We realized that the industry was not keen on shifting to thin
wafers because the cost of raw silicon has fallen drastically. Being priced at 20-40%$/kg in
early 2000s, they went as high as 400$/kg during peak demand (2004-2008) until the

Chinese mastered the art of Siemens process and ran the business to over-supply. Today
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they are fairly priced at 15-30$/kg. So, there does not exist the motivation to go thin
crystalline silicon. We also understood that the industry was conservative and believed in
evolution than revolution. The industry was slowly shifting towards PERC cells from the
AL-BSF cells and the shift in technology is happening because it is cost-efficient and
does not require any major upgrade. It was sheer upgrade at processing level rather than
at industry or technology level. As far as numbers are concerned, it costs about 8-10
cents/W to make an AL-BSF solar cell whereas the PERC cell was about 12-14c/W and
this translated to at least a 2-4% increase in efficiency. It made more sense than doing the
IBC cell by SunPower which costs four times the cost of conventional AL-BSF cells and
IS 4-6% higher in efficiency. We learned that the premium a company could pay for 1%
increase in efficiency was about two cents. We also got the opportunity to visit both the
manufacturing facilities in the USA, SolarWorld in Portland and Suniva in Atlanta.
Seeing large scale manufacturing in such a sophisticated environment left me awestruck.
It was surprising to see complete automation and hardly 15-20 people working in a
500MW factory. The SolarWorld factory tour was indeed the best experience during this
journey, because it is a vertically integrated company. Everything from wafer to module
is done under the same roof and to get to see all of it was a wonderful experience. They
are also the largest manufacturers in the western hemisphere and the first ones to
commercialize the PERC cell technology. We got a chance to interact with the people
who worked with tools and they told us what they loved about their work and what kept
them work overtime. This experience was unique is because not everybody gets a chance
to visit such a sophisticated manufacturing environment without working in them. And
personally, since | see myself working in a solar industry after | graduate, 1 have also

learned what work feels like.
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We also learned that the state of industry today is tricky. The Chinese had not only
mastered the art of making solar cells, but also do it in the cheapest possible way. It is
just not possible for American companies to compete with Chinese in the cost game. An
interesting quote was made in one of our interviews where the interviewee said that the
“Chinese are selling the solar panels like rotten vegetables, and buyers in the market
availed it in the price they wanted”. This over supply state has largely affected the pricing
in the market. Most solar companies have increased sales over every year but their profit
margins have decreased because it has become a tough race to compete in. Suniva, the
second largest manufacturer in the USA, expanded their manufacturing from 150MW to
400MW just to meet economies of scale and remain alive in the market. As far as entry
to the market is concerned, a few licensed their technology and have made revenue
through that, whereas others have built their own manufacturing facilities, demonstrated
the impact and advantages of their technology, and then scaled up manufacturing. We
learned that recipe licensing is also challenging because it is difficult to do reverse
engineering on that.

By the time we had invalidated the high temperature hypothesis, we were already
half way through our journey. We quickly understood the industry requirements and the
numbers game. We started focusing our value propositions on high efficiency high cost
solar cells and how and what could be done to drive their prices down. These were the
heterojunction with thin intrinsic layer of amorphous silicon solar cells (also called as
HIT cells popularly) by Panasonic and Interdigitated all back contact solar cells (IBC
cells) by SunPower. Both these cells are considered premium solar cells. They have high
proven efficiencies, and high manufacturing costs as well, mostly because of the cell

architecture. They also used n-type wafers which were slightly costlier than p-type
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substrates. These n-type wafers have better resilience to light induced degradation, an
issue which is critical, and they have higher diffusion lengths. However, just about 5% of
the solar cells today are n-type based and this is largely because it is challenging and not
cost effective to grow n-type silicon especially because of the doping process. Compared
to standard p-type (boron-doped) Si, n-type (phosphorus-doped) Si crystals show a larger
distribution of specific electrical resistance. While for boron doping, a range between one
and three ohm centimeters (Q ¢cm) can be easily maintained, in the case of phosphorus
doping, this range increases to three to 12 Q ¢cm or more. As standard cell concepts require
quite a narrow resistivity distribution to allow stable efficiencies for all the wafers coming
from one crystal, the large variation of the resistivity of n-type Si crystals decreases their
yield for cell production thus increasing overall production costs [65]. From our customer
discovery, we realized that we had value propositions for the HIT cell rather than the IBC
cell. After talking to people involved in the HIT cell processing industry, we realized that
the two biggest challenges to HIT cell processing were the deposition of amorphous
silicon using monstrous sized tools and silver consumption. This was usually done by
chemical vapor deposition. The bigger concern for HIT cells is amorphous silicon
uniformity (yield) and sensitivity to moisture, which requires hermetic encapsulation
(cost and weight). In addition, the Sanyo-like HIT process (used by Panasonic) requires
low-temperature firing silver. The low temperature means that the metal retains
considerable porosity and is therefore not as conductive as would be conventional, high
temperature firing silver inks. consequently, the amount of silver used must be increased,
which is a big cost issue. In contrast, SolarCity acquired the Silevo process where the
silver printed metal was replaced with plated copper, but in that case, there are significant

costs added back due to the need for definition of the contact area, waste disposal issues,
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and the overall sensitivity of plating processes to surface and chemical cleanliness (leads

to occasional dramatic loss of yield). Unfortunately, we were almost towards the end of

the program when we found our potential customer. We still have money left on our grant

and even after finishing the program, we wish to be involved in customer discovery

process to understand HIT cell processing.

Though the NSF I-Corps journey ended and we were a NO-GO, we have a path

forward. Our biggest learnings after 45 days, visiting 7 states, and 107 customer

interviews were:

Our research has value propositions for a technology which would be the
next big shift in solar manufacturing (4-5 years from now). We wish to be
ready by then.

The solar manufacturing industry is conservative today. Innovation at
process level is more accepted than revolution in terms of technology.

A new technology should be disruptive in terms of both high efficiency
and low cost. They must co-exist.

There is an oversupply in the market today largely because the Chinese
have mastered the art of making solar cells in the cheapest possible way.
Because of the federal incentive in China which was expiring in June
2016, there was massive oversupply and costs were very low.

We have a direction for our research and a commercialization path

forward.

The reason why this complete journey constitutes a chapter in my thesis is because

it has helped me focus and direct my research in the direction which the industry needs.

It has opened a new world of opportunities in front of me and to see how much impact
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my research can make is indeed overwhelming. We started out with solar shingles and
today we are working on building value propositions for HIT cell manufacturing and
make them more prominent. All this has happened in course of 1.5 years. Going back to
lab after this project has helped me focus on the specific parameters like efficiency,
throughput and type of tools, bankability, durability etc. |1 have understood the
shortcomings of the technology | work on and challenges in commercializing it. It feels
good to have an industrial approach to lab scale research work and having direction to
step out of lab.

Going forward, along with my professor we are planning on building an enterprise
with all that we learned through these ventures. We wish to apply for a patent for our
invention right away and with larger grants like NSF Small Business Innovative
Research(SBIR) or Proof of Concept funding, we plan on building a small-scale
manufacturing base. This is an ongoing work and we must keep track of the developments
happening in the world around us. In the end, I would like to thank my Dr. Opila from
the depth of my heart for igniting the passion for entrepreneurship and the team at Venture
Development Cell HORN program for introducing me to the new world of

entrepreneurship and keeping me motivated always.
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Chapter 6

CONCLUSION

6.1 Summary of Results

In this thesis, induced junction carrier selective induced junction solar cells based
on PEDOT: PSS were studied in detail. Effective passivation is key to enabling high-
efficiency silicon based devices. Solution processed techniques provide a potential
means to achieve high-quality passivation. With low equipment costs (CAPEX) and
simple deposition (OPEX), this could enable a lower cost alternative to current high-
efficiency solar cells. Devices fabricated with this architecture implemented chemical
passivation technique using benzoquinone. The hybrid solar cells fabricated were about
10% efficient which brings them in relevance to other research happening on hybrid cells.
Hybrid solar cell optimization was discussed and the impact of thinner wafers, texturing,
improved grid design, improved metallization scheme and PEDOT: PSS conductivity was
studied thorough J-V measurement, quantum efficiency and UV-VIS spectroscopy. Post
device optimization, the hybrid solar cells exhibit a 9.6% efficiency with open circuit
voltage of 0.545 volts and a short circuit current of 28.6 mA/ cm?. The fill factor though
on weaker side was 61.6%. Device shortcomings were analyzed and future work is aimed
at attending these concerns. These solar cells have showcased promising results with a
rise from 4% in 2015 to about 10% in 2016. The entrepreneurial journey associated with
this research is discussed in the very end. The NSF I-Corps journey gave direction to this
research and serves as motivation to higher performance and reliability. Induced junction
solar cells have reduced capital expenditure and operation expenditure costs because of

lab-scale processing. If efficiencies tend to increase in this manner, they could be a
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competition to the Panasonic based HIT cells- the commercial opportunity to step outside

lab.

6.2 Future Work

The focus on this thesis was on device optimization but the final device is not the
champion cell. There still lies scope for improvement. Simulations of double-sided
silicon/organic heterojunction show that hybrid cells can achieve power efficiencies of
over 20%, as good as the AL-BSF cells and heterojunction solar cells [29].

The first and immediate plan of action would be discovering surface passivation
mechanism for compounds belonging to quinone family. Understanding benzoquinone
passivation is essential to device performance. BQ does show lifetime improvement but
in terms of devices, cells with and without BQ have not shown big difference in
performance. A lot of studies like XPS, Density functional theory, Sentaurus modelling
have been conducted in the past within the group to understand the way BQ interacts with
silicon but there is nothing conclusive yet. It will also be necessary to measure the strength
of band bending induced by BQ. Surface photovoltage (SPV) measurements provide a
method to quantify band bending near the surface of a semiconductor. In a SPV
experiment the sample is measured both with and without light. Saturating the sample
with illumination results in the generation of free carriers in the material. These will
adjust the Fermi level in the depletion region, building up charge near the surface,
resulting in a flattening of the previously bent bands. If the energy levels of the bands
are measured both before and after illumination, this energy shift can be determined. SPV
can be measured using XPS, which measures the energy shift in each XPS peak.

PEDOT: PSS looks like a good fit for a hole transport/electron blocking layer but

an alternate hole transport layer could be better performing. Metal oxides have started
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gaining popularity recently because they also can behave as hole transport layer. Few
metal oxides which have demonstrated results are Nickel oxide, Molybdenum trioxide,
Vanadium oxide and Tungsten trioxide [66]. Molybdenum trioxide (M005). They have
received significant interest as a high-work-function contact for silicon photovoltaics
[67]. MoO5 contacts with amorphous silicon passivation layers and heterojunction
contacts have been demonstrated to achieve very high conversion efficiencies [68], most
recently reaching 22.5% [69].

While current work was aimed at improving PEDOT: PSS performance, the future
work would be on getting improved coverage on textured samples. Insufficient interface
conformity is a challenge faced in achieving high efficiency hybrid solar cells because
using conventional pyramid antireflection texturing provokes the porosity of the interface
[70]. This porosity in the organic-silicon interface ends up forming local shunt that affect
the fill factor of the solar cell. The contact resistance and lateral resistance are affected
due to this phenomenon. Scanning electron microscope(SEM) could be a good technique
to understand surface coverage of PEDOT: PSS on textured silicon. In addition,
calculating the bandgap of PEDOT: PSS (LUMO and HOMO) will give us a better idea
on band alignment of these solar cells. The best way to characterize transport bandgaps
and band-alignment is using UPS/IPES/XPS. UV-VIS can also be performed but it gives
what is often called the "optical gap", which is not the same thing as transport bandgap
but can be used to characterize the bandgap and absorption depth of PEDOT: PSS.
Additionally, PEDOT: PSS also behaves as an anti-reflection coating and understanding
the change in ARC properties with varying in thickness and co-solvents would be

interesting.
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The obtainable open circuit voltage of a device is limited by the amount of
recombination occurring, and so this parameter can give a measure of the effectiveness
of passivation at the interfaces. The photoconductance decay is a useful means of
obtaining minority carrier lifetimes for a sample. It can also be used to obtain a measure
of the obtainable open circuit voltage for a given recombination velocity measured. This
implied VVoc can be treated as an upper bound for the open circuit voltage. Implied Voc
measurements taken before subsequent processing can help to identify initial wafer
passivation quality. Sinton’s Suns-Voc method is a method of measuring a curve of open
circuit voltage versus illumination intensity. This gives a curve analogous to an IV curve,
while eliminating the effect of series resistance. The Suns-Voc curve can then be used to
determine the performance of the junction itself before deposition of metal contacts. This
technique will be quite useful in reducing the number of variables in device performance
and will allow measurements of junction performance of unfinished devices.

Future work would incorporate device optimization, understand passivation
mechanism, material engineering and improved theoretical understanding of band
bending which would make these devices the next generation of PV technology.

As far as the entrepreneurial journey is concerned, the foremost work to be done
is on establishing intellectual property and forming a company (legal entity). Proof of
concept on a larger scale would help us understand the challenges to scalability. Also,
during the NSF I-Corps journey there were questions raised on the reliability of organics
in the solar cell. At this stage, we have not focused much on reliability but an area we
wish to work on. There do exist solutions like encapsulation barriers or protective layer
which have not been implemented/tried for these cells. The issue of stability is a more

general problem that plagues all organic-based devices and there is growing body of
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research that deals with precisely this issue. Some of the possible encapsulations that can
be considered are “Hybrid-permeation barrier”, ALD deposited AlO,, parylene/AlO,,
parylene/SiN,, etc. [71, 72, 73].
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