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Abstract

Recently nanomaterials like Nanowire (NW), nanoparticle and quantum dot have shown
to have important characteristics like lager surface to volume ratio and quantum
confinement effects that can be exploited by using them as an active element in the solar
cells. NW structured solar cells have shown promising potential for integrated power
source for nanoelectronics systems such as driving element for nanowire sensors and

logic gates.

In this thesis, we report 3D-TCAD study of lateral p-type/intrinsic/n-type (p-i-n)
coaxial, vertical pn and multijunction NW solar cells. We have modeled electric field
inside the radial and planar structures showing advantages of radial structures. The
performance of NW solar cell is benchmarked with similar dimension planar structure
under same illumination conditions. The doping densities of p-core, n-shell and thickness
of intrinsic shell are optimized. The effect of using low quality material on solar cell
performance is also investigated. The studies shows that for a given level of defect
density radial structure gives overall higher efficiency than planar structure. Our results

have significant importance for design of vertical NW based solar cells and applications.

We also investigated a novel NW based multijunction solar cell. This structure
utilizes concept of splitting incoming energy spectrum into multiple (two for our
structure) segments, cach of which contribute to charge generation separately to enable

more efficient charge collection. The result show enhanced efficiency of up to 20%.
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Chapter 1

Solar Cell Device Physics

1.1 Introduction

Supply of energy is one of the main concerns of our society. Because of our growing
economy and modem lifestyle, consumption of energy rises drastically. On the other
hand, the primary energy sources, i.e. the fossil energy sources, have limited reserves-oil
for about 40 years, gas for about 70 years, and coal for about 200 years only [1]. The
current oil prize instability reveals the vulnerability of our economy towards higher
energy prices, not mentioning the political and economical unrest predominant in several
main oil producing countries. Because our Country is highly depends on these supplies,

there is a risk of slipping into an energy crisis someday soon.

Another major reason for the necessity of a change towards regenerative energy
sources is found in the global warming caused by air pollution on account of the carbon
dioxide emission using fossil fuels. One alternative would be to substitute fossil energy
by nuclear- power, but the disposal and handling of the radioactive material is a
problematic and involves much danger, unsolved issue until now. One of the most viable
ways to solve the foreseeable world’s energy crisis is to utilize the power of the sun. The
energy we are getting from the sun is huge; actually 1 hour of solar radiation on earth is
equivalent to the total world energy consumption in 1 year [2]. To utilize this energy
direct conversion of solar radiation into electricity by solar cells has been examined and

developed for several decades.

Silicon is most popular material choice for terrestrial solar cells. This is for several
reasons. Firstly, silicon’s bandgap almost ideally match to the solar spectrum [3].
Secondly, silicon is most abundant and cheap material on earth [4]. Thirdly, by using
silicon, photovoltaic industry can utilize the wealth of knowledge that microelectronics
industry has acquired over several decades of experience. Nowadays, about 85% of the
worldwide solar cell production is based on silicon [5]. However, the market for
photovoltaic applications being one of the fastest growing at present time, In order to

reach this goal, scientific teams in companies and academia are investigating ways to



improve the efficiency of the cells and at the same time also trying to reduce the cost of

solar cell.

At present, material and production costs of the existing inorganic semiconductor-
based (i.e. silicon based) technology are still too high for a widespread substitution of
fossil energy by energy production through solar cell. Therefore, a widespread attention
is currently focused on new types of solar cell structure and materials, such as thin film,
polymer, dye sensitized and NW based solar cell. Among them, NW based solar cells are
seriously considered as potential candidates for the next generation of solar cells.
Although till now the efficiency of such solar cells cell could not stand yet in comparison
with the ones obtained with planar junction semiconductor solar cells [6-7], but cost
factor should be kept in mind. NW based solar cells could potentially be produced in a
much more cost effective way. The price for the material is quite low, and the production

steps are very simple and considerably cheaper than planer semiconductor solar cells.

NW structured solar cells have shown promising potential for integrated power
source for nanoelectronics systems such as driving element for nanowire sensors, logic
gates [9] etc. The nanoparticals/nanowires have been used to improve the charge
collection efficiency in polymer blend [7] and dye sensitized [8] solar cells. Further
recent theoretical studies have indicated that solar cell having junction in radial direction
has better solar cell performance characteristics than its planar counterpart {9]. This is
because of orthogonalization of light and charge carrier transport. Which means that -
even with the low quality material radial junction based solar cell gives higher
conversion efficiency than planar counterpart. Similarly Bozhi Tian et al. has physically
fabricated lateral PIN-NW solar cell in self powered circuits and reported the efficiency

of around 3.4 percent [9].

Different groups [11-12] have also fabricated vertical NW solar cell using bottom up
approach but the conversion efficiency reported in these studies is quite low. In a recent
study by W.F. Liu et al. reported strong enhancement of light absorption in single lateral
silicon coaxial NW core (silicon)/shell (dielectric) type structure [13]. This enhancement
of light trapping providcs another dimension for designing of lateral NW based solar

cell.

Professionals in the solar cell community have been trying to reduce the cost of the

solar cell by using some innovative ideas to fabricate NW solar cells like [14-15] has

2



used VLS method to grow NW solar cells and [16] has grown NW solar cells using silica
beads synthesis. But very few studies have been done on studying the parameters that
affect and guide the performance of solar cells. For full utilization of solar cell potential

we need to understand and optimize the parameters that affect and guide its performance.

1.2  Solar Illumination

When solar radiation travel through the atmosphere, it gets attenuates, which is mainly
due to water-vapour absorption in the infrared, ozone absorption in the ultraviolet, and
scattering by airborne dust [17]. The degree to which atmosphere affects the solar
radiation received at the earth's surface is defined by the " Air Mass". Air mass is defined
as the secant of the angle between the sun and the zenith (sec ©) and measures the
atmospheric path length relative to the minimum path length when the sun is directly

overhead.

1
e cos o (1.1)

Air Mass is followed by a number, which refers to the length of the path through the

atmosphere in relation to the shortest length if the sun was in the apex [18].

Here in our simulation study, we have used A.M. 1.5G solar spectrum.” Air Mass 1.5
indicates that the solar light has been attenuated by passage through the Earth’s
atmosphere a distance equal to 1.5 times the shortest path (which is when the sun is
directly over head). "Global" indicates that both direct and diffuse components of solar

radiation are included.

Figure 1.1 Schematic of air mass [19].

3



(d) Fill Factor (FF): The Fill Factor (FF) is essentially a measure of quality of the solar
cell. It is calculated by comparing the maximum power (Py,.x) to theoretical power (Pr)

and is given as [17-18].

P
FF = -22* (1.8)
Py
= K’"fiim_‘“_ (1.9)
‘/OL"ISC

(e) External Quantum Efficiency: Extemal quantum efficiency (EQE) is the number of

carrier collected to produce the photocurrent divided by number of incident photons.

Nexe = (U1/9)/(Pope /) (1.10)

where [, is the photogenerated current by the absorption of incident optical power Py, at

a wavelength A (corresponding to a photon energy hv).

(f) Conversion Efficiency: 1t is the ratio of the electrical power output P,y to the solar
power input, Pi,, into the solar cell [17-18].

Pout
= 1.11
n P, (1L11)
Vg dgc .FF
= (1.12)

In our work input power is calculated by multiplying power density of solar spectrum
(0.1W/cm?) with area of solar cell on which solar illumination incident. For lateral NW
- structure this area is calculated by multiplying NW length excluding contact length with
the diameter of NW. For vertical NW structure this area is the top cross section area of
the solar cell. For multijunction solar cell this area is the cross section area of bottom

solar cell.

1.4 Recombination Losses

The performance of solar cell is limited by the recombination process that occurs in the

solar cell, which basically reduces the effective collection of charge carrier.

There are following recombination processes that limit the charge collection

efficiency of a solar cell.



1.4.1 Shockley Read Hall Recombination

It is the dominant form of recombination mechanism in most of the solar cells. In this
type of recombination due to the impuritics present in the semiconductor an additional
energy level is introduce within the forbidden energy gap. This energy level acts as a trap

and captures electrons and holes, leading to recombination.

The relationship between recombination rate (U) (in unit of cm™/s) and trap density

(Ny) (in unit of cm™) is given by relation [17].

. 0y en (o = N w13
0u [+ miex (E‘ - E")] + + myexp (—E £ -
n i€Xp xT Op |P T N;exp kT

Where,

op = hole capture cross-section, n; = intrinsic carrier density, vy, = thermal velocity

o, =clectron capture cross-section, E; = intrinsic energy level, = N;= trap density

1.4.2 Band to Band Recombination

It is a radiative form of recombination in which an electron from conduction band
recombines with the hole in the valence band with emission of energy [18]. Band to band
recombination mainly occurs in direct band gap semiconductors. The probability of

occurrence of this form of recombination in indirect band gap semiconductor is very low.

1.4.3 Auger Recombination

This type of recombination occurs in heavily doped semiconductors. In this
recombination mechanism hole from the valence band recombines with the electron in
the conduction band. The excess energy released during this recombination is absorbed
by the neighboring electron in the conduction band, which then goes to some higher

energy level and then again falls back to the conduction band with release of energy [18].

The Figure 1.4 shows all three kinds of recombination discussed above.
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Figure 1.4 Schematic of different kind of recombination in a typical solar cell [18].

1.4.4 Surface Recombination

Because of abrupt termination of crystal structure, semiconductor surface has large
number of dangling bonds. These dangling bond acts as recombination centers for charge
carriers. Carriers generated near the surface fall in to these dangling bonds and gets

recombine.

1.5 Multijunction Solar Cells Concept

With a traditional single junction solar cell, much of the incident light energy is not
converted into electricity. If an incident photon has less energy than the semiconductor
bandgap, the photon cannot be absorbed since there is not enough energy to excite an
electron from the conduction band to the valence band. Therefore, none of the light with
less energy than the semiconductor bandgap is used in the solar cell. If an incident
photon has more energy than the bandgap, the excess energy will be lost in the form of

heat.

Figure 1.5 shows the schematic of the photons that are absorbed in GaAs solar cell,
on right, a plot showing the solar spectrum (in black) and the power converted by the
GaAs cell (shaded green area). The maximum theoretical efficiency of this solar cell is

30% [20].



used VLS method to grow NW solar cells and [16] has grown NW solar celis using silica
beads synthesis. But very few studies have been done on studying the parameters that
affect and guide the performance of solar cells. For full utilization of solar cell potential

we need to understand and optimize the parameters that affect and guide its performance.

1.2 Solar Nlumination

When solar radiation travel through the atmosphere, it gets attenuates, which is mainly
due to water-vapour absorption in the infrared, ozone absorption in the ultraviolet, and
scattering by airborne dust [17]. The degree to which atmosphere affects the solar
radiation received at the earth's surface is defined by the "Air Mass". Air mass is defined
as the secant of the angle between the sun and the zenith (sec ©) and measures the
atmospheric path length relative to the minimum path length when the sun is directly
overhead.

1
AM = cos @ (11

Air Mass is followed by a number, which refers to the length of the path through the

atmosphere in relation to the shortest length if the sun was in the apex [18].

Here in our simulation study; we have used A.M. 1.5G solar spectrum.” Air Mass 1.5"
indicates that the solar light has been attenuated by passage through the Earth’s
atmosphere a distance equal to 1.5 times the shortest path (which is when the sun is
directly over head). "Global" indicates that both direct and diffuse components of solar

radiation are included.

.
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Figure 1.1 Schematic of air mass [19].
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1.3 Solar Cell Characterization Parameters

Solar cell converts energy, which is in the form of photons into electricity via an excited
state. In solar cells made of semiconductor materials, each absorbed photon excites an
electron from the valance band to the conduction band, producing an electron-hole pair.
These carriers diffuse through the quasi-neutral material until they reach the pn-junction
where drift caused by the built-in electric field separates the carriers. For example, in
Figure 1.2 holes move to the bottom of the cell while electrons move to the top the cell.

This process produces a current which can be extracted.

A solar cell often consist of the semiconductor pn-junction with a solid back metal
contact, metal fingers on the top surfaces as a top contact, and an anti-reflective coating
on the top surface [20].

Sunlight

>

Metal grid !

0

Antireﬂecl:tive layer

S

;n-type layer

—<t—

j

p-type layer

j

"\ NN NNV

T

Metal Contact

Figure 1.2 Schematic of simple single junction planar solar cell.

The current—voltage curve provides the basics for the characterization of solar cell
performance. In an ideal cell, the total current [ is equal to the current I; (photo current)

minus the diode current I, [17-18].
I=1—1I, 1.2)

=1 ~I,(e?/¥T —1) (1.3)
4
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Figure 1.3 Schematic of solar cell IV characteristics.

(a) Short Circuit Current (I;): Tt is the current that flows through the solar cell, when no
external voltage is applied. '

H(atV=0)=1I, (1.4)

(b) Open Circuit Voltage (V,.): 1t is the voltage when no current is flowing through it i.c.

under open circuit condition.
ViatI =0) =V, (1.5)

The open circuit voltage and short circuit current is related to each other via following

relationship
kT I
Ve =—In (—5£ + 1) (1.6)
q N\
Where,
I, = recombination current k= Boltzmann constant
q= charge T= Temperature in Kelvin

(c) Maximum Power (Ppq): It is the maximum power that is available at the output of the

solar cell. It is given as the product maximum voltage and maximum current.

Vinax - Imax .7

Prnax



(d) Fill Factor (FF): The Fill Factor (FF) is essentially a measure of quality of the solar
cell. It is calculated by comparing the maximum power (Pp.,) to theoretical power (Pr)

and is given as [17-18].

Pnax
= 1.8
FF P, (1.8)
— Vinax -]max ) (1 9)
Voc-Isc

(e) External Quantum Efficiency: External quantum efficiency (EQE) is the number of

carrier collected to produce the photocurrent divided by number of incident photons.

Nexe = (1/q)/ (Pope /hv) (1.10)

where I; is the photogenerated current by the absorption of incident optical power Py, at

a wavelength A (corresponding to a photon energy hv).

() Conversion Efficiency: It is the ratio of the electrical power output P, to the solar
power input, P;,, into the solar cell [17-18]. -

P out
= 1.11
n P (1.11)
Vocdsc.FF
= _an (1.12)

In our work input power is calculated by multiplying power density of solar spectrum
(0.1W/cm?) with area of solar cell on which solar illumination incident. For lateral NW
- structure this area is calculated by multiplying NW length excluding contact length with
the diameter of NW. For vertical NW structure this area is the top cross section area of
the solar cell. For multijunction solar cell this area is the cross section area of bottom

solar cell.

1.4 Recombination Losses

The performance of solar cell is limited by the recombination process that occurs in the

solar cell, which basically reduces the effective collection of charge carrier.

There are following recombination processes that limit the charge collection

efficiency of a solar cell.



1.4.1 Shockley Read Hall Recombination

It is the dominant form of recombination mechanism in most of the solar cells. In this
type of recombination due to the impurities present in the semiconductor an additional
energy level is introduce within the forbidden energy gap. This energy level acts as a trap

and captures electrons and holes, leading to recombination.

The relationship between recombination rate (U) (in unit of cm™/s) and trap density
(N)) (in unit of cm’) is given by relation [17].

0, 0.V, (pn — ;2N
U= pYn th(p i ) t (1-13)

o, [n + n;exp (%i—)] + 0, [p + n exp (—(E;d—‘ Ei))]

Where,

o, = hole capture cross-section, n; = intrinsic carrier density, vy, = thermal velocity

G, =¢lectron capture cross-section, E; = intrinsic energy level, = N;= trap density

1.4.2 Band to Band Recombination

It is a radiative form of recombination in which an electron from conduction band
recombines with the hole in the valence band with emission of energy [18]. Band to band
recombination mainly occurs in direct band gap semiconductors. The probability of

occurrence of this form of recombination in indirect band gap semiconductor is very low.

1.4.3 Auger Recombination

This type of recombination occurs in heavily doped semiconductors. In this
recombination mechanism hole from the valence band recombines with the electron in
the conduction band. The excess energy released during this recombination is absorbed
by the neighboring electron in the conduction band, which then goes to some higher

energy level and then again falls back to the conduction band with release of energy [18].

The Figure 1.4 shows all three kinds of recombination discussed above.
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Figure 1.4 Schematic of different kind of recombination in a typical solar cell [18].

1.4.4 Surface Recombination

Because of abrupt termination of crystal structure, semiconductor surface has large
number of dangling bonds. These dangling bond acts as recombination centers for charge
carriers. Carriers generated near the surface fall in to these dangling bonds and gets

recombine.

1.5  Multijunction Solar Cells Concept

With a traditional single junction solar cell, much of the incident light energy is not
converted into electricity. If an incident photon has less energy than the semiconductor
bandgap, the photon cannot be absorbed since there is not enough energy to excite an
electron from the conduction band to the valence band. Therefore, none of the light with
less energy than the semiconductor bandgap is used in the solar cell. If an incident
photon has more energy than the bandgap, the excess energy will be lost in the form of
heat.

Figure 1.5 shows the schematic of the photons that are absorbed in GaAs solar cell;
on right, a plot showing the solar spectrum (in black) and the power converted by the
GaAs cell (shaded green area). The maximum theoretical efficiency of this solar cell is

30% [20].
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Figure 1.5 On left, a schematic of photon absorption in GaAs Solar cell; on right solar

spectrum (in black) and power converted by GaAs solar cell (shaded area) [20].

The main idea of getting higher efficiency through utilizing the full solar spectrum is
splitting the incoming energy spectrum into multiple segments, each of which are treated
separately to enable more efficient charge collection. One idea of splitting the spectrum
is to build the solar cell out of multiple semiconductor materiais, and therefore multiple
semiconductor materials, and therefore multiple band gaps. The materials have to be
stacked in order of descending band gap since each material is only transparent to those

photons with energies less than the band gap.

For connecting different cell pn-tunnel junction is used. The tunnel junction provides
a low resistance connection between the p-type base of the upper cell and the n-type
emitter of the lower cell. Tunnel diode must be designed such that the operating current

of the device is below the peak tunneling current of tunnel junction.

The Figure 1.6 shows a schematic of the photons that are absorbed in a multijunction
solar cell. The plot on right shows the solar spectrum (in black) and the power converted
by each of four subcells (the shaded area). The maximum theoretical efficiency of this

device is 55% [20].
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Figure 1.6 On left, a schematic of photons that are absorbed in four junction solar cell;
on right, a solar spectrum (in black) and power converted by each of four sub cells
(shaded regions) [20]. '

The inherent requirement of the multijunction solar cell is that the device has only
two terminals. Therefore, one cell often limits performance of the entire device. To avoid
this all the cells would ideally be current matched such that current produced in each sub

cell is the same [20].
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Chapter 2

Literature Review

2.1 Current Photovoltaic Technology

In recent years, tremendous emphasis is made to make the solar cell device, which is
cost effective as well as giving high efficiency. For that reason nanostructure materials
have been extensively explored for photovoltaic devices. Specifically NW devices have
been studied experimentally and computationally [21-23]. The use of NW in solar cell
has been tried like in dye-sensitized solar cell [24], polymer based solar cell and hybrid

organic and inorganic solar cell [25].

There has been significant work on the use of metal oxide wires in dye-sensitized
solar cell (DSSC) configurations [26], although a number of studies have also used metal
oxide NWs as charge collectors in hybrid organic/inorganic solar cells. Some novel
structures are also been tried like single-crystalline n-CdS nanopillars, embedded in
polycrystalline thin films of p-CdTe [27] and vertically aligned p-type single-crystalline
GaN nanorod arrays on n-type Si for heterojunction photovoltaic cells [28], to enable

high absorption of light and efficient collection of the carriers.

In addition, silicon NWs have also been used to change the reflective properties of
silicon solar cells [16]. Large emphasis is made on growing NWs on different substrate
like glass, aluminum [4]. For getting the high efficiency using the silicon NWs grown
using VLS method, research is going around the world to make them defect free and

~catalyst contamination free [14-15].

Conversion efficiency as high as 23% has been achieved with planar single junction
silicon solar cell [29]. While, solar cell having 41% conversion efficiency has been

demonstrated using multijunction concept {30].

The highest efficiency reported for vertical NW solar cell is around 6% [27] with
CdS/CdTe structure. For lateral NW solar cell the best reported efficiency is around 4%

with silicon co-axial p-i-n structure [9].
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2.2 Current Limitations of Planar Junction Solar Cells

In planar junction solar cells minority carrier diffusion length must be long enough to
allow for effective collection of photo generated charge-carriers generated deep inside
the structure. Thus due to this reason the material needed for fabricating planar junction

solar cell must be very pure, which makes planar junction solar cells bit expensive.

Figure 2.1 shows the schematic of a conventional planar solar cell. Conventional
solar cell structure has requirement that when a photon of energy hv generates an
electron-hole pair in the p-type base of the solar cell, the cell' thickness L must be greater
than its optical thickness (1/c), and the minority-electron diffusion length L, must be
long enough that any optically generated minority carrier can reach the pn-junction

before recombining.

>1/a

Figure 2.1 Schematic of conventional planar junction solar cell [31].

Inexpensive candidate materials for use in photovoltaic application generally have
high density of defects, resulting in low minority-carrier diffusion length [29]. The use of
such low diffusion-length materials as the absorbing base in conventional planar p-n
junction solar cell geometry results in devices having a carrier collection limited by
minority-carrier diffusion in the base region. Increasing the base thickness in such a cell

will therefore produce more light absorption but will not results in an increase in device
efficiency [10].

To overcome this problem a widespread attention is currently focused on new types

of materials and structures for photovoltaic devices, such as polymer, dye sensitized and

12



NW based solar cells. Among them, silicon NW based solar cells are seriously

considered as potential candidates for the next generation solar cells.

2.2 Advantages of NW Based Solar Cells

2.2.1 Defect Density Tolerance

A NW with pn-junction in radial direction can provide the solution to the problem of
requirement of ultra pure material in solar cell by making the solar radiation absorption
and charge carrier transport in orthogonal direction. Each individual pn-junction NW
could be long eriough to absorb the maximum part of solar spectrum, but also thin

enough to allow effective carrier collection.

Figure 2.2 shows the schematic of NW based pn-junction solar cell. Here device
requirement is that when a photon of energy hv generates an electron hole pair in the p-
core of NW, the wire length L must be greater than its optical thickness. But low
minority electron diffusion length L, can be tolerated because radius of the NW is very
small, which makes the collection of charge carriers having low diffusion length

possible.

Figure 2.2 Schematic of NW based pn junction solar cell [31].
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2.2.2 Light Scattering Effect

Solar cell based on NW array is shown to have enhanced light absorption because of
scattering [28]. Figure 2.2.2 shows the schematic of NW array with light scattering
effect. As the light travels through the NW array, it gets reflected by the NWs in turns
increasing scattering and hence absorption, which eventually increases solar cell
performance. The scattering of light in NW array is angle dependent as depicted in
Figure 2.2.2. This makes the NW array solar cell performance angle dependent.

Single Nanowire L/l_ight incident

9.

—
Nantﬁvvire arrays

Figure 2.3 Schematic of NW array solar cell with light scattering effect.

2.2.3 Light Trapping Effect

It has been reported that there is a strong enhancement of the light absorption in single
co-axial NW of silicon core/dielectric shells [13]. It has been found that there is a strong
light trapping in silicon core because of the presence of dielectric shells. This
enhancement in light trapping is basically due to the off-resonance enhancement, which

strongly depends upon the core radius, the shell thickness, and the shell refractive index.

Figure 2.4 shows the schematic coaxial NW, where yellow (blue) stands for silicon

core (shell), my (air), m, (shell) and m; (core) are the refractive index.
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2.2.4 High Surface Area

NW has high surface area, although high surface area is not good for solid state solar cell
because it increases the surface recombination, which degrades solar cell performance.
But in case of dye-synthesized solar cell this high surface is useful and provide direct

pathway for rapid collection of charge carrier generated throughout the solar cell [1-2].

2.2.5 Wider Range of Materials/Heterostructures

Another advantage of using NWs is that wider range of materials can be used in
fabricating multijunction solar cells [22]. This is because NWs can withstand higher stain

as compare to thin film, which allows us to use the different combination of materials to

fully utilize the solar spectrum,

2.2.6 High Built-in Electric Field

NW structure has higher built-in electric field that arises because of its radial geometry.
This higher electric field as compare to its planar counterpart plays, as will be discussed
in chapter 4 and 5, very important role in efficient and rapid collection of generated

electron-hole pairs.
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Chapter 3

Simulation Tools and Methodology

3.1 Introduction to Device Simulation

Device simulations can be thought of as virtual measurements of the electrical behavior
of a semiconductor device, such as a transistor or diode. The device is represented as a
meshed finite-element structure. Each node of the device has properties associated with
it, such as material type and doping concentration. For each node, the carrier
concentration, current densities, electric field, generation and recombination rates, and so

on are computed.

Technology Computer-Aided Design (TCAD) simulation tool by SYNOPSYS is

used in this project.

3.2 Sentaurus Structure Editor

Sentaurus structure editor is a 2D and 3D device editor. It has two distinct operational
modes: 2D structure editing and 3D structure editing and is used to build 2D and 3D

device structures.

From the GUI, 2D and 3D device models are created geometrically using 2D or 3D

primitives such as rectangles, polygons, cuboids, cylinders, and spheres.

The GUI of sentaurus structure editor features a command-line window, in which
sentaurus structure editor prints script commands coiresponding to the GUI operations.
Doping profiles and meshing strategies are defined interactively. All doping and meshing
options of the mesh generation tools Sentaurus Mesh, Mesh, and Noffset3D are

supported.

Sentaurus Mesh is a modular delaunay 2D and 3D mesh generator that can create
both axis-aligned and tensor meshes to be used in simulators that use the box

discretization or finite-difference time-domain (FDTD) methods.

The mesh generator Noffset3D is fully unstructured and pays special attention to

mesh elements near material interfaces.
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Figure 3.1 A typical sentaurus structure editor.

3.3 - Sentaurus Device

Sentaurus device simulates the electrical, thermal and optical characteristics of
semiconductor devices. It handles 1D, 2D, and 3D geometrics, mixed-mode circuit
simulation with compact models, and numeric devices. It contains a comprehensive set
of physical models that can be applied to all relevant semiconductor devices and

operation conditions.

A typical command file of sentaurus Device consists of several command sections,
with each section executing a relatively independent function. The default extension of

the command file is _des.cmd, for example, n1_des.cmd.
The command file typically contains the following sections

(a) File Section: It consists of input, output, parameter, doping and grid (generated after

meshing) files.
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(b) Electrode Section: It consists of electrode name given during structure generation.

We have used onp for contact on p-core and onl for contact on n-shell.

(c) Physics Section: 1t consists of the models that are being used in simulation. We have
included the models like SRH recombination model, Auger recombination, doping

dependent mobility and surface recombination model.

(d) Plot Section: This includes the different device parametric values, which are to be
saved during simulation such as electric field, mobility, charge carrier velocity, current

etc.

(e) Math Section: It includes the different mathematical algorithms, which are to be used

for successful simulation.

(f) Solve Section: 1t consists of statements for solving coupled Poisson electron hole
equations and the quasi-stationary blocks. These quasi-stationary blocks are used to bias
and sweep an electrode with voltage or current value. It also solves for coupled Poisson

electron hole equations at each simulation point.
Figure 3.2 shows the input and output file flow in sentaurus device.

Input;

Models, Pararmeter, Sweeps

cormmand pararneter
_gescmg | desSipa

current
input: _desph Output:
Device Structure [9'd&doping L~ Iv's, Field
_mshidr distributions

F 4

plot

_des.tdr

R g

Output:

Runtime rnessages

Figure 3.2 Schematic of input and output file flow in sentaurus device [32].
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34 Tecplot SV

Tecplot SV is a plotting tool with extensive 2D and 3D capabilities for visualizing data

from simulations and experiments. It represents state-of-the-art scientific visualization.

Tecplot SV can extract slices of data along the coordinate axes or user-defined lines
of a 2D device, obtain 2D cross sections of 3D devices, and perform mathematical

operations on the extracted data.

In addition, it is used to explore and analyze data, to produce informative 2D and 3D

views, to create presentation-quality plots and animations.
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Figure 3.3 A typical tecplot of sentaurus device.
3.5 Inspect

‘Inspect is a versatile tool for efficient viewing of xy plots, such as doping profiles and I—
V curves. Inspect extracts parameters, such as V., and I, from the respective xy plot. A
script language and a library of mathematical functions allow us to compute with curves,

and to manipulate and extract data from simulations.

Inspect features a large set of mathematical functions for curve manipulation, such as

differentiation, integration, and find the minimum and maximum.
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Chapter 4

Built-in Electric Field Modeling

4.1 Electric Field Modeling inside PIN-NW Structure

We have modeled the electric field inside NW along the radial direction as shown in
Figure 4.1, which shows the cross section of NW PIN diode. For driving electric field
expression, we have used the abrupt depletion region approximation. In modelling
equation we do not consider the electric field that will penetrate into the neutral region of

the structure.

p-core neutral: r<r,

p- core depletion : r,<r<r,
intrinsic shell ; r,<r<r,
n-shell depletion : r<r<r,
n-shell neutral: r>r,

Figure 4.1 Cross section of radial junction PIN diode

Electric field in radial structure is calculated by solving Poisson’s equation in

cylindrical co-ordinates [33]

1d p( p(r)
el L4 r’E(M] = (4.1)
Equivalently equation (4.1) can be written as
rp(r)
EG) = f Dar+5 4.2)
Where p is charge density, given as
0 r<ny
—qN, <<r<n
p(r) = 0 n<r<n 4.3)
qNp rR<rirp
0 r>n

(a) In p-core neutral region

Solution of equation (4.2) in p-core neutral region is
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E(r) = % (4.4)

Constant c; is found by using the boundary condition

forr <y, E(r)=0 (4.5)
Which give ¢; = 0.
On substituting the constant ¢y value in equation (4.4), we get electric field value in p-

core neutral region, which is 0.

(b) In p-core depletion region

Solution of equation (4.2) in this region is

E(M) = —%(qNATZ) +2 (4-6)

Constant ¢, is found by using boundary condition
atr = r1,, E(ry) =0 _ 4.7)

Which give ¢, as

gy
Cr = 5 € (4‘-8)
On substituting constant ¢, value in equation (4.6), we get electric field in p-core
depletion region
s ANa(? = 1f)
E(r) = e (4.9)
(c) In intrinsic shell region
Solution of equation (4..2) in this region is
c
E() = 73 (4.10)
Constant c3 is found using boundary condition
N 2_.2
atr = n, E(Tl) = A\ A§2r1 rA") (4’11)
Which give c3 as
Ny(r2 — 1
c3=—q (11 4) (4.12)

2 €
On substituting constant c3 value in equation (4.10), we get electric field in intrinsic shell

region
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qNy(r —13)

E(r) = — :
9 Y (4.13)
(d) In n-shell depletion region
Solution of equation (4.2) in this region is
1 QNDTZ Cy
E(r)-—r( < )+ - (4.14)
Constant ¢, value is found using boundary condition
| atr=rm,, E(ry) = 474\ 7T4) ‘Szrz—“) (4.15)
Which give c4 as
Ny — 1 N, i
ca __1 A A)_q AT2 (4.16)

2€ 2€

On substituting constant ¢, value in equation (4.14), we get electric field in n-shell

depletion region
gy G =15)
E(r)= v (4.17)
(e) In n-shell neutral region
Solution of equation (4.2) in this region is
c
E(r) = 75 (4.18)
Value of constant ¢5 is found using boundary condition
forr>mp, Er)=0 (4.19)

Which give cg as
On substituting the constant csvalue in equation (4.18), we get electric field value in

n-shell neutral region, which is 0.

0 r <1
L G —"A)
Py n<r<n
N — 2
E(r) = 4 —9—";2’7‘26—22 n<r<n} (4.20)
N 2_,2
L7 Gl ) Dg:e L] Rn<r<r
\ 0 . r> 1)
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4.2 Electric Field Modeling inside PIN-Planar Structure
Similarly the electric field for PIN planar junction can be obtained with appropriate

boundary conditions [34].

B0 ®©®
p-layer neutral: x<-x, ©L0) @®
p-layer depletion: -x <x<0 ee ®®
intrinsic layer:'0<x<w p OO i ®®n
n-layer depletion: wex<w+x,| = @ ®®
n-layer neutral: x>w+x,, o ®E

®®
X w "X,

Figure 4.2 Cross section of planar junction PIN diode

The electric field in planar structure can be calculated by solving Poisson’s equation in

E‘ ACC NOaacucinsnitsnnn
=%

rectangle co-ordinates

JE(x
a( ) =2 (4.21)
x € Date--tl.hnui‘ililiﬁilil
Equivalently equation (4.21) can be written as & I. R OOR‘&'@
x)dx
E(x) = f AL E) +e (4.22)
Where p is charge density, given as
0 x < —x,
—qN, —x,<x<0
p(r) = 0 0<x<w (4.23)
qNp w<x<w+x,
0 x>w+tx,

On solving equation (4.22) and equation (4.23) with boundary condition, we get electric

field in planar structure given as

—%"—(x+xp) —x, <x<0
E(x)={-2%2 O<x<W (4.24)
E’—I:—D[xm(W-f—;)cn)] W<x<W+x,
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4.3 Modeled and Simulated Electric Field Comparison in Radial and
Planar PIN-Structures

To do the comparative study of modeled and simulated efield, we have simulated a NW
and planar structures with doping density of 10'"® cm™ and 10" cm™ in p and n region
respectively. Figure 4.3 shows the comparison of modeled and simulated electric field for

radial and planar structure.

Inside i-layer good matching is obtained between simulated and modeled value. We
note that peak electric field in radial structure is 1.53 times higher than peak electric field
in planar structure. This is the main reason that radial structure shows very good
performance in terms of conversion efficiency over its planar counterpart as will be
discussed in chapter 5. We have modeled and plotted electric field inside the radial and
planar structures using equations (4.20) and (4.24) respectively. The values of

parameters used in these equations are as follows

ra=3.78x10° cm, 1) = 5x10° cm, r;=1x10" cm, rp= 1.007x10° cm , Xp= 6.29x107 cm,

W = 1x10"° cm, x,= 6.29x10® ¢em, No= 10'® cm™, Np= 10"’ ecm™.

Since our model does not consider the Debye length effect, hence modeled equations

do not model the electric field inside the quasi-neutral region of the structure.

250 {-- Modeled Eield ~l\i50 | -~ Modeled Efield
'gl(a) -Simulated Efield g kb) —Simulated Efield
-l 200 - ‘5 At nfiinterface
> ~ >
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L =] i L g
2 i 4
8 : "~ 50 )
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Figure 4.3 Modeled and simulated E-field (a) radial structure, (b) planar structure.

4.4 Electric Field Modeling inside PN-Nanowire Structure

Figure 4.4 shows the cross section of NW PN-diode. We have used the abrupt depletion

region approximation for driving electric field expression in NW structure as we have
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used in the case of PIN structure. In modelling equation we do not consider the electric

field that will penetrate the quasi-neutral region of the structure.

p-core neutral : r<r,
p-core depletion : r <r<r;
n-shell depletion : r;<r<r,
n-shell neutral : r>r,

Figure 4.4 Cross section of radial junction PN diode.

Electric field in cylindrical structure is calculated by solving Poisson’s equation in

cylindrical co-ordinates

p(r)

2
rz e [r E(M] = (4.25)
Equivalently equation (4.25) can be written as
rp(1) ,
E(r) = f p; = - (4.26)
Where p is charge density, given as
0 r<T1y
_ —qN, B <r<u
p(r) = gN, n<r<rm (4:27)
0 r>1p

On solving equations (4.26) and (4.27) with boundary conditions E(r) =0 forr=r, and r

= rp, we get electric field as

0 r<mn
E(r) = - METSY 4.28)
aNp(*=rp) n<r<m '
2re J b
0 r>1p
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4.5  Electric Field Modeling inside PN-Planar Structure

Similarly the electric field for PN planar junction can be obtained with appropriate

boundary conditions as

O ®®
p-layer neutral: x<-x OO ®®
p-layer depletion: -x <x<0 CO®®
n-layer depletion: 0<x<x, P PO ®® n
n-layer neutral: x>x OO ®®
OO0 ®®
2000

X X

p

(4 n

Figure 4.5 Cross section of planar junction PN diode.

The electric field in planar structure can be calculated by solving Poisson’s equation

in rectangie co-ordinates

IE(xX) _p
== 4.28
dx € ( )
Equivalently equation (4.28) can be written as
' x)dx
E(x) = f P E) +c (4.29)
Where p is charge density, given as
0 x < —xp,
—qN, X <x<0
= 4. :
p() qNp O0<x<x, (4.30)
0 x> x,

On solving equation (4.29) and equation (4.30) with boundary condition, we get Electric

field in planar structure given as
gN4
~TA(x+x) —x%<x<0

E(x) = , 4.31)
%[x—xn] 0<x<x,
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4.6 Modeled and Simulated Electric Field Comparison in Radial and

Planar PN-Structures

Figure 4.6 shows the comparison of modeled and simulated electric field for radial and
planar structure respectively. We note that peak electric field at p/n-interface in radial
structure is 1.33 times higher than that at p/n-interface in planar structure.

This is the main reason that radial structure shows very good performance in terms of
conversion efficiency over its planar counterpart as will be discussed in chapter 6. We
have modeled and plotted electric field inside the radial and planar structures using

equations (4.28) and (4.31) respectively, with following parameter values.

ra = 9.038 x10° cm, r; = 9.50 x10° cm, rp = 9.962 x10° cm, x,= 3.4x107 cm, x, =

3.4x107 cm, Na= 10" cm™, Np= 10" cm™.
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Figure 4.6 Modeled and simulated E-field (a) radial structure, (b) planar structure.

4.7 Summary

We have modeled and simulated the electric field inside PIN and PN junction NW
structures along the radial direction. Very good matching is obtained between simulated
and modeled value inside i-layer. We note that peak electric field at p/i interface in PIN-
NW structure is 1.53 times higher than the peak electric field in planar structure for the

doping density of 10'® ¢cm™ and 10" cm™ in p-core and n-shell respectively.

Similarly for PN-NW structure results show that for the doping density of 10" cm™

in p-core and n-shell, peak electric field in PN-NW structure at p/n-interface is 1.33

times higher than that at p/n-interface in planar structure.
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Chapter 5
Lateral PIN-Nanowire Solar Cell

5.1 Structure Details

The co-axial PIN-NW structure studied in this work is shown in Figure 5.1. In this
structure, exterior "shell” of the NW is n-type, interior "core" of NW is p-type and the
middle shell is i-type. Aluminium metal contacts are made on interior p-core and on
exterior n-shell. For surface passivation a 20 nm thick silicon oxide (SiO;) layer is used

on the outer surface of the structure.

For benchmarking purpose we have created a planar PIN-junction structure of same

dimensions keeping width of planar structure equal to the diameter of radial structure.

Sunlight AM 1.5G

iy

i-region Aluminum metal contact _

n-region
p-region passivation layer (SiO,)

Figure 5.1 Structure of the co-axial NW PIN-junction solar cell.

sunlight AM 1.5G

Figure 5.2 Structure of the planar PIN-junction solar cell.
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Figure 5.2 shows the planar structure used for benchmarking. Standard A.M. 1.5G
solar spectrum i»s used with light incident normally on the top surface as shown in
Figures 5.1 and 5.2. In device simulation of implemented structure all important
recombination  statistics namely Shockley-Read-Hall recombination, Auger
recombination, and surface recombination are incorporated. TCAD calculates optical
generation rate in solar cell using raytracing model [32] and couples it with electrical

simulation solving Poisson’s and continuity equations.

Table 5.1 shows structural and device mbde‘l parameters of un-optimized NW cell. Same

parameters are also used for planar structure.

Table 5.1 Structure parameters of un-optimized lateral NW solar cell

Parameter Value Parameter Value
Length of NW L5 um Okxide layer thickness 20 nm
p-core radius 50 nm p-core doping density 10" cm™
n-shell thickness 90 nm n-shell doping density 10" cm™
Intrinsic (i) shell thickness 50 nm i-shell doping density un-doped
Surface recombination Surface recombination

velocity at silicon/ aluminium | 10° cm? | velocity at silicon/ oxide 10° cm™
interface interface .

Electron capture cross section | 10”° cm™ | Hole capture cross section 10 cm™

5.2  Structural Parameters Optimization

To optimize NW solar cell structure, we have evaluated I., V,. and conversion

efficiency versus varying doping density and i-layer thickness curves.

The NW structure is optimized firstly by keeping p-layer doping constant and
varying n-layer doping. Figure 5.3 shows the effect of n-layer doping variation on Iy, V.
and conversion efficiency for radial and planar structures. As doping density in n-layer
increases recombination centers are increased, which results in decrease in I, for planar
structure. But for radial structure because of its radial geometry and higher peak electric

field, it has I, which continuously increases with increasing doping density.

As doping density of n-layer is incréased, built-in potential increases, which in turns
increase the V.. From Figure 5.3 best performance, in term of conversion efficiency for
NW structure with n-layer doping density of 10'” cm™ is obtained. At this doping density
radial structure has conversion efficiency, which is 1.7 times higher than that of planar

structure.
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Solar cell performance is limited by the carrier diffusion length which in turns
depends upon the mobility. As doping density increases mobility of charge carriers

decreases, which in turn reduces the charge carrier diffusion length [33].

Figure 5.4 shows the effect of p-layer doping variation on I, V,. and conversion
efficiency for radial and planar structure. As n-layer already have very high doping
density and hence in turns high efield, therefore increase in p-layer doping density has no

effect on I for both radial and planar structure.

With increase in doping density in p-layer minority carrier concentration decreases,
which in turns decreases leakage current [17].

AD, v, AD
_ qAl, P + qALp Ny (5.1)

Jo L L,

P

This reduction in leakage current will increase V. as indicated by equation (1.6).
From simulation results the optimized value of p-core and n-shell doping density are 10"

cm? and 10" em™ respectively. At above optimized values of p-core and n-shell doping
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radial structure has 1.36 times higher conversion efficiency over planar structure as

shown by Figure 5.4 (c).
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Optimization of i-layer thickness is also done keeping optimized value of n and p

2 and 10" cm? respectively. As i-layer

layers doping density, which are 10" cm
thickness is increased, more and more light will get absorbed in i-layer of the structure,
" hence more electron hole pairs (EHPs) will be generated. This results in the enhancement

in the I;; as shown by Figure 5.5 (a).

For the case of V,, as i-layer thickness increases leakage current increases [33]

n;
1, = qWAZ (5.2)

Where W is the width of depletion region, t is life time of carriers and n; is intrinsic

carrier concentration.

Because of this increase in leakage current, there is slight decrease in V,. with
increase in i-layers thickness as depicted by Figure 5.5 (b). From simulation results

optimized value of NW i-layer thickness is found to be 80 nm. At this i-layer thickness
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radial structure has 1.46 times higher conversion efficiency than its planar counterpart as

shown by Figure 5.5(c).
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One of the most important effects of having junction in radial direction is that even
with low quality material it gives sufficiently high efficiency. To compare the
performance of radial and planar structures with different amount of defect density
present in it, we have intentionally introdiiced donor type defects at intrinsic energy level

in i-layers of both radial and planar structures.

Figure 5.6 shows the effect of defect density on I, V.. and conversion efficiency for

radial and planar structures.

We note from Figure 5.6 (a) that I, remains constant for both radial and planar
structure as trap density increases. This is because both radial and planar structure has a
dimension of order of 380 nm; hence the reduction of minority carrier diffusion length

will not affect the I, current.
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But overall radial structure has 1.3 times higher I, than planar structure because of
its radial geometry. But in case of V,, since increasing trap density increase the
recombination centers, which in turns increases recombination current resulting decrease
in V. as shown by Figure 5.6 (b). At low defect density of about 10'? cm™ radial
structure shows 33.50% higher conversion efficiency and while at high defect density of
10" cm™ radial structure shows 118.60% higher conversion efficiency as compare to its

planar counterpart.
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5.3 Illumination Angle Study

To study the effect of solar radiation incident angle on lateral NW solar cell
performance, we have simulated NW structure with passivation oxide (SiO,) layer for

three different angles of solar radiation incident viz. 30°, 60° and 90°.

Figure 5.7 shows solar radiation incident angle effect on I, V,. and conversion

efficiency for radial structure with and without oxide layer.
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Our simulation result shows that with increase in incident angle solar cell conversion

efficiency increases, with optimum angle of incident comes out to be 90°.

To find the behavior of NW cell at different angle of incident for different
wavelength, we have calculated the EQE of NW structure with SiO, at different incident

angle (Figure 5.8).

We have calculated the EQE using equation (5.3) given as

(5.3)

Where h is Plank’s constant, c is is the speed of light, A is the wavelength, I is the

incident light intensity, I is the photogenerated current and S is the incident surface area.

It is found that with the increase in incident angle, EQE increases for smaller
wavelength, while for higher wavelength EQE is almost same for all three different
incident angles. This is because as the incident light wavelength increases absorption

coefficient decreases due to which EQE decreases with increase in wavelength.
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Figure 6.2 On left, 3D view of PN-planar junction solar cell structure used for bench

marking, in this simulation study; on left, 2D cross section view of the same structure.

Table 6.1 shows structural and device model parameters of un-optimized vertical PN-

NW cell. Same parameters are also used for planar structure.

Table 6.1 Structure parameters of un-optimized vertical NW solar cell

Parameter Value Parameter Value
Length of NW 5 um Si;N, layer thickness 20 nm
p-core radius 95 nm p-core doping density 10" cm™
n-shell thickness 95 nm n-shell doping density 10" cm™
surface recombination velocity surface recombination velocity

at silicon/ Si;N, interface 10° cm? at silicon/ contact interface 10° cm?
Electron capture cross section | 10"° cm™ | Hole capture cross section 10" cm™

6.1.2 Structural Parameters Optimization

First of all, we have done the optimization of NW structure for its doping density i.e.
what should be the amount of doping density in p-layer and n-layer to get the best

possible output in terms of conversion efficiency.

For optimizing the NW structure for its doping, we keep p-layer doping density
constant and varying n-layer doping. Figure 6.3 shows the effect of n-layer doping
variation on Iy, V. and conversion efficiency for radial and planar structures. As doping

density in n-layer increases recombination centers are increased, which results in
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Our simulation result shows that with increase in incident angle solar cell conversion

efficiency increases, with optimum angle of incident comes out to be 90°.

To find the behavior of NW cell at different angle of incident for different
wavelength, we have calculated the EQE of NW structure with SiO; at different incident
angle (Figure 5.8).

We have calculated the EQE using equation (5.3) given as

EQE = IThc
T qA,yS

(5.3)

Where h is Plank’s constant, ¢ is is the speed of light, A is the wavelength, [ is the

incident light intensity, I is the photogenerated current and S is the incident surface area.

It is found that with the increase in incident angle, EQE increases for smaller
wavelength, while for higher wavelength EQE is almost same for all three different
incident angles. This is because as the incident light wavelength increases absorption

cocfficient decreases due to which EQE decreases with increase in wavelength.
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Figure 5.8 EQE for radial structure with SiO; layer at different angle of incident.

We get best EQE of value 69.68% at wavelength of 0.42 pm for 90° incident angle.
Hence optimization of ARC thickness should be done with keeping in mind that best
. EQE occurs at wavelength of about 0.42 yum.

54 Summary

Using 3D-TCAD simulation we have optimized doping density and i-shell thickness. We
find that for a given i-layer thickness, for the best conversion efficiency p and n layer
doping density of 10'"® cm™ and 10" cm™ respectively is needed. The optimized value of

1-layer thickness is 80 nm for 380 nm diameter NW structure.

In addition, we studied the effect of defect density present in NW on solar cell
performance. It is find that at low defect density of about 10" cm™ radial structure shows
’ 33.50% higher conversion efficiency and while at high defect density of 1(_)18 cm™ radial
structure shows 118.60% higher conversion efficiency over its planar counterpart. This
better performance is attributed to NW cell radial geometry, which gives rise to higher

electric field in radial structure than in planar structure.

Hlumination angle study shows that optimized angle of solar illumination incident is

90° with the best EQE occurring for a wavelength of 0.42 pm.
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Chapter 6

Vertical PN-Nanowire Single and Multijunction Solar
Cell

6.1 Vertical PN-Nanowire Solar Cell

6.1.1 Structure Details

The co-axial PN-junction NW structure studied in this work is shown in Figure 6.1 along
with its 2D cross section view. In this structure, exterior "shell” of NW is n-type, interior
"core" is p-type. Aluminium metal contacts are made on p-core at the bottom and
transparent ohmic contact on the top surface of exterior n-shell. A 20 nm thick silicon

nitrite (SizNy) layer is used on outer surface for passivation.

For benchmarking purpose, we have created a planar PN-junction structure of same
dimensions. Figure 6.2 shows planar structure used for bench marking along with its 2D

cross section view.

Sunlight AM 1.56

Transparent top contact—
Transparent top contact— c——3

p-region with 95 nm radius

p-region with 95 nm radius > o
, | Passivation layer

of thickness 20 nm ||

T
g

5pm S5pm

n-region with 95 nm thickness—

n-region with 95 nm thickness —1-
Aluminium bottom contact —&====—3  Aluminium bottom contact

Figure 6.1 On left, 3D view of vertical co-axial PN-junction NW solar cell structure used

in this simulation study; on left, 2D cross section view of the same structure.
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Figure 6.2 On left, 3D view of PN-planar junction solar cell structure used for bench

marking, in this simulation study; on left, 2D cross section view of the same structure.

Table 6.1 shows structural and device model parameters of un-optimized vertical PN-

NW cell. Same parameters are also used for planar structure.

Table 6.1 Structure parameters of un-optimized vertical NW solar cell

Parameter Value Parameter Value
Length of NW 5 pm Si3N, layer thickness 20 nm
p-core radius 95 nm p-core doping density 10"° cm™
n-shell thickness 95 nm n-shell doping density 10"° cm™
surface recombination velocity surface recombination velocity

at silicon/ Si;N, interface 10° cm? at silicon/ contact interface 10° cm™
Electron capture cross section | 10° cm™ | Hole capture cross section 10" cm?

6.1.2 Structural Parameters Optimization

First of all, we have done the optimization of NW structure for its doping density ie.
what should be the amount of doping density in p-layer and n-layer to get the best

possible output in terms of conversion efficiency.

For optimizing the NW structure for its doping, we keep p-layer doping density
constant and varying n-layer doping. Figure 6.3 shows the effect of n-layer doping
variation on I, V. and conversion efficiency for radial and planar structures. As doping

density in n-layer increases recombination centers are increased, which results in
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decrease in I, for planar structure. But for radial structure it increases continuously

because of its radial geometry and which give rise to higher electric field.

As doping density of n-layer is increased, built-in potential increases, which in turns
increase the V,.. But since NW structure has lager surface area than planar structure,
hence there is more surface recombination in NW structure than in planar structure case.
This is the reason that radial structure always has V, smaller than that of planar
structure.

From Figure 6.3 (c) the best conversion efficiency for NW structure is obtained with
n-layer doping density of 10'° ecm™. At this doping density both radial and planar

structure both has same conversion efficiency of 4.0%.
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Figure 6.4 shows the effect of p-layer doping variation on I, Vo and conversion
efficiency for radial and planar structures. As doping density in p-layer increases I, of

both radial and planar structure reduces.

With increase in doping density in p-layer minority carrier concentration decreases,

which in turns decrease the leakage current [17].
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6.2 Multijunction Solar Cell

Concept of multijunction is used around the word to enhance the solar cell conversion
efficiency. Here we report a novel approacﬁ of integrating radial junction and
multijunction concept to get enhanced efficiency. We have implemented the GaAs/Si
dual junction concept and get efficiency as high as 20%. Although we get this 20%
efficiency with un-optimized structure but and are expected to get even higher efficiency

with optimized structure [35].

6.2.1 Structure Details

We have created a structure in which top GaAs solar cell is in the form of NW and
bottom Si solar cell is planar. Top and bottom solar cell are connected with a hetero

tunnel junction. Figure 6.7 shows the multijunction structure studied in this work.

p-coreradius: 25 nm

T 1
op GaAs ce = n-shell thickness: 50 nm
ipm
Tunnel junctions p-GaAs tunnel layer thickness: 20 nm
-
n-Si tunnel layer thickness: 20 nm
75pm|
BottomSicell || |
200 nm
L \L//)?/

Figure 6.7 Structure of multijunction solar cell.
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In this structure, top GaAs NW has exterior "shell” of n-type, interior "core” of p-
type. Bottom Silicon cell has top n-type emitter and p-type base. Core of GaAs NW is
connected to the emitter of bottom Si-cell through a GaAs/Si tunnel diode. Contacts are
made at n-shell top of GaAs-cell and at the base of bottom Si-cell.

Table 6.2 shows structural and device model parameters of un-optimized NW

multijunction solar cell.

Table 6.2: Structure parameters of un-optimized NW multijunction solar cell

Parameter Value Parameter Value
Height of GaAs NW 1 ym p-core radius 25 nm
n-shell thickness 50 nm p-core doping density 10”7 em™
n-shell doping density 10"°cm’ p-layer tunnel diode thickness | 20 nm
n-layer tunnel diode thickness 20 nm p-layer tunnel doping density 8x10"” cm™
n-emitter Si-cell doping density | 10" cm” [ n-layer tunnel doping density 10”° cm™
Si-cell junction depth 10 cm? | p-base Si-cell doping density [ 10" cm™
Depth of Si-cell 75 pm Width/breadth of Sicell 0.2 um

6.2.2 Results and Discussion

First of all, we have optimized 1 um long GaAs NW cell structure, separately, for doping
density. p-core radius and n-shell thickness of top GaAs cell used for optimization is 100
nm, The effect of doping density variation in GaAs NW cell is shown in Figures 6.8-6.9.
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Figure 6.8 Characteristics of GaAs NW cell for different n-shell doping (a) I, (b) V.

and (c) conversion efficiency.
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Figure 6.9 Characteristics of GaAs NW cell for different p-core doping (a) I, (b) Vo
and (c) conversion efficiency.
From above figures optimized value of p-core, n-shell comes out to be 10'” cm™and 10'

cm” respectively.

Although p-core radius and n-shell thickness of top GaAs cell used for optimization
is 100 nm, which is different than what we have used in multijunction structure as listed
in table III. But since the trend of doping density variation on solar cell performance will
remain same and hence optimized value of doping density will remain same irrespective

of dimensions.

Top and bottom cell are connected to each other via a GaAs/Si hetro-tunnel diode.
We have done the optimization of tunne! diode doping density to get the best peak
tunneling current, separately. Figures 6.10 show the band diagrams of tunnel diode for
different p and n-layer doping density along with their dimensions and bandgap. Here
Figure 6.10 (a)-(b) are for 3D tunnel junction structure and Figure 6.10 (c)-(d) are for 2D
tunnel junction structure. As shown by Figure 6.10, we get best tunnel diode for doping

density of 8x10'? cm™ and 1x10?° cm™ in p-GaAs and n-Si layers respectively.
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Figure 6.10 Band diagrams of tunnel diode for different doping density.
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decrease in I, for planar structure. But for radial structure it increases continuously

because of its radial geometry and which give rise to higher electric field.

As doping density of n-layer is increased, built-in potential increases, which in turns

increase the V,.. But since NW structure has lager surface area than planar structure,

hence there is more surface recombination in NW structure than in planar structure case.

This is the reason that radial structure always has V. smaller than that of planar

structure.

From Figure 6.3 (c) the best conversion efficiency for NW structure is obtained with

n-layer doping density of 10'® cm™>. At this doping density both radial and planar

structure both has same conversion efficiency of 4.0%.
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Figure 6.4 shows the effect of p-layer doping variation on I, V,. and conversion

efficiency for radial and planar structures. As doping density in p-layer increases I, of

both radial and planar structure reduces.

With increase in doping density in p-layer minority carrier concentration decreases,

which in turns decrease the leakage current [17].
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I = qADppr, + qAD,n,,

6.1
‘o Lp Ln ( )

This reduction in leakage current will increase V. as indicated by equation (1.6).
From simulation results the optimized value of lﬁ—core and n-shell doping density are 10"

cm™ and 10" cm? respectively.

Although V. of NW structure is low as compare to planar structure, but since NW
structure has higher I . than planar structure as a result overall conversion efficiency of

NW structure is 1.36 times higher than that of planar structure.

0.7 - -
——Radial structure --—Radial structure
17 J(a) -+ Planar structure (b) -+ Planar structure
/‘\\ 0.6 -
2?15 - 35
o [<]
_813 1 ;75
11 4 e el 0.4 -
9 — — - 0.3 T 1] T T
0 15 16 17 18 19 20
8.0 15 i6 iz _.18 ,.19 20 Log N (cm_a)
‘ (C) —=Radial structure

-~ Planar structure

Figure 6.5 Characteristics of radial and
planar structure for different amount of
doping in p-layer (a) I, (b) Vo and (¢)

conversion efficiency.

16 17 20

18 19
Log N{cm™3)
To compare the performance of radial and planar structures with different amount of

defect density present in it, we have intentionally introduced donor type defects at

intrinsic energy level in silicon of both radial and planar structures.

Figure 6.6 shows the effect of defect density on I, V. and conversion efficiency for
radial and planar structures. As trap density increases minority carrier life time and hence
diffusion length decreases. Since NW structure has junction in radial direction, this

reduction in diffusion length does not affect radial junction solar cell performance as a
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results Iy remains constant even with high as high as 10'® cm™ amount of defect density.

While for the case of planar case it gets reduced.

Since increasing trap density increase recombination centers, which in turns increases

recombination current resulting decrease in V. as shown by Figure 6.6 (b).

At low defect density of about 102 e¢m™ radial structure shows 24.62% better
conversion efficiency and at high defect density as high as 10'® c¢m™ radial structure

'shows 82.36% better conversion efficiency over its planar counterpart.
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6.1.3 Summary

Using 3D-TCAD simulation, we have optimized doping density. We find that the
best output in terms of conversion efficiency occurs for p and n layer doping density of
10" cm™. In addition, we studied the effect of defect density present in NW on solar cell
performance It is found that even with high defect density, as high as 10" cm™, radial

structure has 82.36% higher conversion efficiency over its planar counterpart.
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6.2 Multijunction Solar Cell

Concept of multijunction is used around the word to enhance the solar cell conversion
efficiency. Here we report a novel approacﬁ of integrating radial junction and
multijunction concept to get enhanced efficiency. We have implemented the GaAs/Si
dual junction concept and get efficiency as high as 20%. Although we get this 20%
efficiency with un-optimized structure but and are expected to get even higher efficiency

with optimized structure [35].

6.2.1 Structure Details‘

We have created a structure in which top GaAs solar cell is in the form of NW and
bottom Si solar cell is planar. Top and bottom solar cell are connected with a hetero

tunnel junction. Figure 6.7 shows the multijunction structure studied in this work.

p-coreradius: 25 nm

Top GaAs cell
ipm _
Tunnel junctio

n-shell thickness: 50 nm

p-GaAs tunnel [ayer thickness: 20 nm

n-Si tunnel layer thickness: 20 nm

75 pm|

Bottom Si cell

200 pm

Sy

Figure 6.7 Structure of multijunction solar cell.
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In this structure, top GaAs NW has exterior "shell” of n-type, interior "core" of p-

type. Bottom Silicon cell has top n-type emitter and p-type base. Core of GaAs NW is
connected to the emitter of bottom Si-cell through a GaAs/Si tunnel diode. Contacts are
made at n-shell top of GaAs-cell and at the base of bottom Si-cell.

Table 6.2 shows structural and device model parameters of un-optimized NW

multijunction solar cell.

Table 6.2: Structure parameters of un-optimized NW multijunction solar cell

Parameter Value Parameter Value
Height of GaAs NW 1 pm p-core radius 25 nm
n-shell thickness 50 nm p-core doping density 10" cm?
n-shell doping density 10'°cm™ | p-layer tunnel diode thickness | 20 nm
n-layer tunnel diode thickness 20 nm p-layer tunnel doping density 8x10” cm™
n-emitter Si-cell doping density | 10" cm™ | n-layer tunnel doping density 10 cm™
Si-cell junction depth 10" cm™ | p-base Si-cell doping density 10" ecm™
Depth of Si—cell 75 ym Width/breadth of Si-cell 0.2 um

6.2.2 Results and Discussion

First of all, we have optimized 1 pm long GaAs NW cell structure, separately, for doping
density. p-core radius and n-shell thickness of top GaAs cell used for optimization is 100
nm. The effect of doping density variation in GaAs NW cell is shown in Figures 6.8-6.9.
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Figure 6.8 Characteristics of GaAs NW cell for different n-shell doping (a) I, (b) Vi

and (c) conversion efficiency.
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Figure 6.9 Characteristics of GaAs NW cell for different p-core doping (a) I, (b) Ve
and (c) conversion efficiency.
From above figures optimized value of p-core, n-shell comes out to be 10" cm”and 10"

cm” respectively.

Although p-core radius and n-shell thickness of top GaAs cell used for optimization
is 100 nm, which is different than what we have used in multijunction structure as listed
in table IIL. But since the trend of doping density variation on solar cell performance will
remain same and hence optimized value of doping density will remain same irrespective

of dimensions.

Top and bottom cell are connected to each other via a GaAs/Si hetro-tunnel diode.
We have done the optimization of tunnel diode doping density to get the best peak
tunneling current, separately. Figures 6.10 show the band diagrams of tunnel diode for
different p and n-layer doping density along with their dimensions and bandgap. Here
Figure 6.10 (a)-(b) are for 3D tunnel junction structure and Figure 6.10 (c)-(d) are for 2D
tunnel junction structure. As shown by Figure 6.10, we get best tunnel diode for doping

density of 8x10'? cm™ and 1x10%° cm™ in p-GaAs and n-Si layers respectively.
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Figure 6.10 Band diagrams of tunnel diode for different doping density.
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Total power incident on multijunction solar cell is calculated by multiplying power
density of A.M. 1.5G solar spectrum (0.1 W/cm?) with top cross section of Si-cell. With
this un-optimized structure we obtain an I, of 2.65 pA and V.. of 0.967 giving

conversion efficiency of 20.57%.

6.2.3 Summary

In this study, we have implemented the GaAs/Si dual junction concept and obtain
conversion efficiency as high as 20% with un-optimized structure. We are expected to
achieve even higher efficiency with the optimized structure. There are following

parameters, which are needed to be optimized.

1. p-core radius of top cell. _
2. Height of top and bottom cell to match the I, of the both cells.
3. ARGC, although we have not used ARC in this study.
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Chapter 7

Conclusion and Future Work

In this thesis we have explored the ability of radial junctions to enable PV device to have
high conversion efficiency despite using low grade material. Using 3D-TCAD simulation
we have optimized doping density, i-shell thickness. We have modeled and studied the
effect of electric field on cell performance in radial junction structures. It is seen that the
performance of cell is strongly enhanced by increased electric field. In addition we

studied the effect of defect density present in cell on its performance.

We have modeled and simulated the electric field inside PIN and PN junction NW
structure with very good matching is obtained in i—layer of PIN structure. We note that
peak electric field at p/i interface in PIN-NW structure is 1.53 times higher than the peak
electric field in planar structure for the doping density of 10'® cm™ and 10" cm™ in p-
core and n-shell respectively. Similarly for PN-NW structure results show that for a
doping density of 10'° cm™ in p-core and n-shell, peak electric field in PN-NW structure
at p/n-interface is 1.33 times higher than that at p/n-interface in planar structure. This is
the main reason of radial structure having higher conversion efficiency compared to

planar structure,

Using 3D-TCAD simulation, we bhave optimized doping density and i-shell thickness
of lateral PIN-NW structure. We find that for a given i-layer thickness, the best
conversion efficiency occurs for p and n layer doping density of 10'® ¢cm™ and 10" cm?
respectively. The optimized value of i-layer thickness is found to be 80 nm for 380 nm
diameter NW structure.

In addition, we studied the effect of defect density present in PIN-NW solar cell
structure on its performance. It is found that at low defect density of about 10" cm™
radial structure shows 33.50% higher conversion efficiency while at high defect density

of 10"® cm™ radial structure shows 118.60% higher conversion efficiency over its planar
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counterpart. This better performance is attributed to NW cell radial geometry, which

gives rise to higher electric field than in planar structure.

Illumination angle study shows that optimized angle of solar illumination incident is
90° with the best EQE occurring at a wavclength of 0.42 um. Hence, optimization of
ARC thickness should be done keeping in mind that best EQE occurs at wavelength of
about 0.42 pum. This study serves as future guideline for designing and developing NW

solar cell and application devices.

We have also optimized the doping density in vertical PN-NW structure. We find
that the best output in terms of conversion efficiency occurs for p and n layer doping
density of 10" ¢cm™. In addition, we studied the effect of defect density present in NW
on solar cell performance. It is found that even with high defect density, as high as 10*®
cm>, radial structure has 82.36% _l%gher conversion efficiency over its planar

counterpart.

We have introduced a novel way of using multijunction concept in NW solar cell.
We have implemented GaAs/Si Heterojunction in making multijunction solar cell and

obtain a conversion efficiency of 20% for un-optimized structure.

Future study should address the need of optimization of ARC coating thickness and
light trapping effect to achieve enhanced conversion efficiency. Considerable effort is
needed to optimize radial multijunction structure. We need to do current matching of top

and bottom cell, optimize the top cell NW diameter and ARC coating.
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