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Abstract

A novel combination of quantum dot intermediate band solar cell and dual-junction tandem
cell is proposed and studied numerically. We built our device model by using Matlab® coding
and commercial software Silvaco® and:APSYS”. A proper inclusion of quantum-dot-related
carrier absorption is adapted through modified extinction coefficient k, and effective band gap
of the device. The final calculation shows the optimal efficiency enhancement is about 1.11
times of the non-quantum-dot embedded device. This design has great potential to realize a

triple junction result with a dual-junction photovoltaic device.
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Chapter 1 Introduction

The growing phenomenon of global warming is causing the world adapting strict
control on carbon dioxide emissions. Together with fossil fuel depletion, these factors
have contributed to the emphasis on alternative energy and demand, also stimulate the
booming of solar industry. Semiconductor solar cells, which can directly convert
sunlight into electricity, has been one of the alternative energy sources to meet our

expectation™.
1-1 The advantage of solar cell

The solar cell is a promising new type of power supply with three major advantages:
permanent, clean, and flexible. Solar power can be available as long as there is sun, so
the solar cells can be an investment in long-term use; and compared with thermal
power, nuclear power, solar cells will not cause environmental pollution. Different
solar cells can be adapted into different formats, which greatly increase its flexibility

in the applications.

1-2 Types of solar cells

Today, there are many different types of solar cells. Therefore, we will give a brief

introduction about their characteristics of the different types solar cells.



Best Research-Cell Efficiencies L:NREL

50

Multijunction Cells (2-terminal, monolithic) ~ Thin-Film Technologies Fnaunhoiav lSE ; s,g
48|~ ¥ Three-junction (concentrator) ® Cu(ln,Ga)Se; l"‘“"'"m"“" 28 | ﬁab {laos maiched,

w Three-junction (non-concentrator) o CdTe 4189

A Two-junction (concentrator) © Amorphous Si:H (stabilized) oo . Sermmm /
441~ single-Junction GaAs  Nano-, micro-, poly-Si amorphic

ASgingle crystal 0 Multijunction polycrystalline (mNRE e (ﬂw\wﬁﬁ)

g L

40} 4 Concentrator Emerging PV (ivertsd, metamorphic)

W Thin film crystal 0 Dye-sensitized cells

e 5 @ Organic cells (various types) Boeing-

Crystalline Si Cells i e > (1M, |4un

3B = Single crystal A Organic tandem cells NREL (iverted, Y )

metamorphic,1-sun) _ ==~ FhG-ISE

0 Mulicrystaline & Iiceganic ook - (l-sun)

@ Thick Si film OQuanumdoteells o Speciiab. Jeopuniad  eesseietd
@ Silicon Heterostructures (HIT) 'ESUW (||7x)

w
N
T

-------- i > NREL
PGt ____ === - W R, g

S
T

Efficiency (%)
OB
T T
£
gi’

z

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

H
s i 8
25

L

1
21'
24323
[ s :.

Y € %"

&, L
§s \>

First Solar

% w T
Mobi " NREL (ynal,arga) NREL United Solar Chemed
Solar N R ¥ =/ NRE\LEWCIS United Solar 7 himbansler) (CITeCIS) la&’mﬂ UCLA-
12 P ~__ " Boging Sharp, NIMS S""C Momo
Matsushita == 7 Unted o e {
8 ; ARCO  \eqsdar EPFLO”EPFL "3‘::3 Solar  NREL/Konarka (CT2550)_Konarta, 24 oo
b Solarex EPFL on gass) Univ. lJnZ\ Kon — / UCLA
y PR Gm"'“QGQ / A/ Sunitomo
4r- i 4 G \ Plextroncs“ iy, “"‘“‘*"/ v ol
Rk e iversity Linz University Siemens  Dresdén  NREL
| W | (Y (T R L e (S N U Y (S| TN [N () SN N (A Y (/00 'l‘mZ () R | |(ln? 1 )| !
1975 1980 1985 1990 1995 2000 2005 2010

Fig. 1-1 Types of solar cells.
http://en.wikipedia.org/wiki/File:PVeff(rev100414).png

Silicon solar cell

There are three major categories of silicon solar cells: single-crystal silicon,
polycrystalline silicon and amorphous silicon. At present, most of the applications are
using single-crystal and polycrystalline silicon because of the following reasons: A.
single-crystal silicon has the highest efficiency. B. the polysilicon technology is
mature, and the price is cheaper. Most important of all, its efficiency can be
competitive with the single-crystal silicon. Meanwhile, amorphous silicon has lowest
efficiency, and it can only be used in low-end products . Single-crystal silicon solar
cell boasts the highest efficiency in the silicon device family. The current available

devices ranging from 11% to 27.6% depend on their sizes and designs. The multiple
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crystalline device can be as high as 20.4%, and the amorphous device can be 12.5%
when stacking different cells together. Even though amorphous cell is not very
popular at this moment, we have to remember that its manufaturing is currently the
lowest cost. If the lifetime and efficiency issues can be solved, the flexibility of

amorphous silicon will be the key for its wide application.

Fig. 1-2 Monocrystalline solar cell
(source: http://www.archiexpo.com)
Group 11-VI material related solar cell
Group II-VI materials (like CdTe) with special characteristics such as good p-type
conductivity and right energy band gap remain a strong contender for the advanced
solar cell technology. Emission layer with n-type CdS or ZnSe, and other third group
elements are usually needed to adjust the energy gap for the optimized design. In
order to reduce the cost of CdTe thin films, often polycrystalline structure mainly

available a variety of methods for the preparation.



Many designs of n-CdS/p-CdTe solar cells have been published and the highest
record of power conversion efficiency can achieve 17.3%. Large area CdTe solar cell
module has recently been in the mass production stage, and the energy conversion
efficiency of is more than 10%, with the lifetime up to 25 years. The CdTe solar cell
unit with one US dollar per watt, is the lowest-cost thin film solar cells. One of the
great concerns about this technology, however, is the Cd element, which is
environmentally unfriendly. In Europe, due to the environmental protection protocol,
most of the hazardous material are banned from use, such as the electronic parts. The
solar cell currently is not in the list. But.in the long run, more stringent environmental

requirements will be executed, and-it'is not good for CdTe solar cells.
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Fig. 1-3 Cadmium telluride thin film solar cell

(source:http://mrsec.wisc.edu/Edetc/SlideShow/slides/pn_junction/CdTe.html)
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Copper-Indium Gallium Selenide

Copper Indium Gallium Selenide (CIGS) is a direct band gap semiconductor. With
different combinations with ZnO (3.30eV), CdS (2.42eV), and CIS (1.02eV), high
performance solar cells can be achieved. Energy conversion of CIS-based absorption
layer solar cells is up to 15.4%, and can be as high as 20.3% in the research lab
sample.

The efficiency of CIGS solar cell module is almost comparable to silicon family.
Although CIGS production technology is not mature, a small amount of production

lines have already come out.

Fig. 1-4 CIGS device

(source:http://lwww.solarserver.com/solar-magazine/solar-energy-system-of-the-mo
nth/photovoltaic-production-in-the-cigsfab-integrated-factories-provide-competitive-s
olar-electricity.html)

Gallium arsenide multijunction



Multi-junction photovoltaic cells are composed of multiple epitaxial layers. By
using different alloys of Ill - VV semiconductors, the band gap of each layer may be
adjusted to absorb the specific ranges of electromagnetic radiation from sun, but each
layer must be lattice matched and each cell needs to be current-matched. These
matching criteria dominate the design and performance of the current multi-junction
solar cell design.

Each layer of Il - V solar cells has optical absorption in series which has the
highest band gap material at the top. It receives the entire spectrum in the first
junction. Then top layer with a higher band.gap material will first absorb the shorter
wavelength (i.e. higher energy) photons, and bottom layer will absorb photons which
are transmitted through the top cell.

GaAs-based devices are the most efficient multi-junction solar cells so far. By

October 2010, the triple junction metamorphic cell reached a record high of 42.3%

(61




Fig. 1-5 Gallium arsenide multijunction solar cell

(source:http://spie.org/Images/Graphics/Newsroom/Imported-2010/003124/003124

_10_figl.jpg)

Chapter 2 Quantumdot TI-V solar cell

2-1 Motivation

Fossil fuels such as oil and coal nature accumulated over the years, and finally
exhausted. Use too much fossil fuel emissions of carbon dioxide caused by the
greenhouse effect also very worried about the future of the Earth's environment. By
the semiconductor manufacturing process of solar. cells can convert sunlight directly
converted into electrical energy, has long been one of the great hopes of alternative
energy production methods.

Currently used as a power generation of solar cells mainly Flatbed polycrystalline
silicon solar cells and single crystal silicon solar cell, solar cell grade silicon material
quality equal to semiconductor grade silicon, so many high-quality silicon material
needs. So many high-quality silicon material requirements, use of solar energy power
generation goal to become very difficult. And to produce so many of the silicon wafer
must also consume a lot of energy. A feasible method is the use of concentrating
technology, and use a cheap lens or mirror to focus sunlight on a small solar cell,

significantly reduce the amount of solar cells. Focus on one type of solar cell power
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generation system, the condenser the higher the magnification, and the higher the
amount of conversion efficiency of solar cells used, the lower the cost of power
generation.

[1I-V solar cell has two main aspects of concentrating solar energy power

generation system with the help!™EIeIL]

1. A higher rate of condenser: Silicon semiconductor material properties, silicon
solar cell concentrator magnification is limited to about 200 times to 300
times, GaAs solar cells can be up to 1,000 times to 2,000 times.

2. Provide a higher conversion efficiency.can practice: Single-crystal silicon solar
cell production, 20% energy-conversion-efficiency is almost the upper limit,
but InGaP / GaAs dual-junction:solar electricity, you can reach 25 to 30%.

Among the various material systems of the solar cells, the 111-V solar cell has been
the forerunner of the power conversion efficiency (PCE)™. The multiple junction
tandem cell can run as high as 40% in PCE, but is still bounded by the famous
Shockley-Queisser limit*?. To break through this limit, however, requires different
thoughts in the solar cell. One of the possible solutions is to use intermediate band (IB)
to increase the utilization of solar spectrum. It can be shown theoretically that the
single band gap material with addition of IB can convert more than 60% of received

solar energy into electricity ),



2-1-1 111-V solar cell

I11-V semiconductor energy gap is direct bandgap. In theory, group I1-V
solar cell materials used in weight less and thin thickness than silicon. For the
transfer of electrons and holes, thin materials only need to pass the shorter the
distance you can reach the electrode, as long as the lattice of the material do not
have too many defects in the natural loss of smaller, high cell efficiency. Another
feature of the group II-V solar cells is the deployment of different bandgap
materials, similar to the lattice dimensions of these materials can create stacked
solar cell.

GaAs characteristics
GaAs as a direct bandgap materials at room temperature, the GaAs lattice
constant 5.6532A band gap was 1.42 eV, its bandgap theoretically quite suitable
for the production of a single junction solar cell.

InGaP characteristics
InGaP material lattice constant match with GaAs, Ga and In, the proportion of
about 0.5:0.5 (a more precise figure is 0.51:0.49), and usually InGaP / GaAs
dual-junction solar cell, IngsGap. sP as the upper sub-solar material.

A typical Multijunction cells I11-V solar cells construct the top anti-reflective layer,

then the positive electrode, the top-level components for high-energy band gap of

9



GalnP, followed by the tunneling junction. Next is low band gap in the underlying
components GaAs and then finally Ge substrate. and the back electrode. GalnP lattice
constant changes by the proportion of the adjustment of In and Ga, Ga and In is about
1:1, the lattice constant is very close to the GaAs lattice, these two kinds of materials
with very good access surface at the stress and defects can be reduced to a minimum,
and is conducive to electron transfer. In addition, the Tandem Cell theoretical
efficiency with upper and lower components of the energy gap with the absolute

relationship, with a bandgap of GalnP and GaAs is quite suitable for high theoretical

efficiency %%,
4 T T T T T 1 T ] 1 1 |
C Zns
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Fig. 2-1 Lattice constant versus energy gap

http://www.tf.uni-kiel.de/matwis/amat/semitech_en/kap_2/backbone/r2_3 1.html
2-2 Theory
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2-2-1 Physics of p-i-n solar cells

Semiconductor solar cells for an optimal design can absorb part of the conversion
of sunlight to produce voltage, current semiconductor photodetector. Semiconductor
materials absorb photons to produce electronic and electrical, combination of
semiconductor materials of different types of mixed together to form a diode, the
diode body built-in electric field will be electronic and electric separation, and in

particular the direction of current is potential difference at the p-n junction[*®!.

Solar cells need sunlight to work, so mast;of the solar cell in series with the battery,
there will be electricity generated when the“sun first store to discharge to use for
non-sun. Basically, solar cells can absorb_the-solar spectrum energy is larger than the
semiconductor bandgap, and the amount of solar energy into electrical energy. All
electromagnetic radiation, including sunlight by photons with specific energy photons
have a wave nature, with the wavelength A; photon energy and wavelength

corresponding relationship

A (2-1)
his Planck's constant, ¢ is the speed of light, only greater than the semiconductor
material bandgap photons to generate electron hole pairs, so the solar spectrum is an

important consideration in the design of solar cells.
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When the sun light shines on this P-N structure, the P type and N-type
semiconductor due to the absorption of sunlight and produce electron - hole pairs.
Due to the depletion region provided by the built-in electric field, allowing the
semiconductor electron flow within the battery, through electrode leads to the current,

we can form a complete solar cell.

Relative to the original ideal diode, solar illumination light current is a negative
current. The solar cell current - voltage relationship is the ideal diode with a negative
current to the light, that is, illumination, the solar cell is an ordinary two diode

current:

| =1 (e —1)-1; (2-1)

When the solar cell short-circuit, that is, VV = 0, the short-circuit current, compared
with, that is when the solar cell short circuit, short circuit current is the incident
photocurrent, if the solar cell open circuit(open circuit), that is, |1 = 0, the open circuit

voltage (open-circuit voltage) was

V., 2V, In(:—L +1J

(2-3)

In addition, the main applications of solar cells to convert light energy into

electricity, and electricity on behalf of the features is electric power, which is the

12



current multiplied by voltage, the former little corresponding to the voltage with
current in the current - voltage curve can be thought out a rectangle Fig.2-2, the area
of the rectangle is power, in order to facilitate analysis of solar cell device
characteristics from the current - voltage curve, in particular, the maximum power
voltage Vm and maximum power current Im shall be a rectangular area, and open

circuit voltage Voc withshort-circuit current (Isc) for the rectangular area ratio defined

fill factor, which is

oc'sc oc'sc (2_4)

Isc

<
3

Voc

Fig. 2-2 The solar cell 1V curve

Semiconductor solar cells as an energy conversion element, most important, of

course, the power conversion efficiency, output power with the ratio of the incident

13



power is

FFV,|

R (2-5)

]7 = & =
R
Which the incident power P;j, can measure the incident light spectrum to determine.

Semiconductor solar cells is another important parameter is the quantum
efficiency as a measure of the photon conversion efficiency of the electronic, can be

divided into external electronic efficiency and internal efficiency.

The external electronic efficiency (EQE) means: a given wavelength of light
irradiation, the components can colléct the;maximum number of electrons and output

photocurrent with the ratio of the number of-incident photons, can be expressed as

__L@ya @)
EQ Eﬂ')_ E(;LyEp?Q, y AS(lq) (2-6)

Internal quantum efficiency (IQE): in a given wavelength of light irradiation, the
components can collect the output photocurrent of the maximum number of electrons

with the ratio of the number of photons absorbed, can be expressed as

1.(1) I.(1)
E T SRy & I A JERUTT € R VE, 6
_ EQE(A) _ EQE(4) )
1 R(AFT &) (1 )] R ™ 1] 2-7)

Abs (A), R (A), T (A) is the wavelength absorption rate, reflectance and

14



transmittance; and Wo for is the so-called optical thickness, which is equivalent to

the optical absorption length.

2-2-2 Detailed Balance Model

One of the fundamental limit on the power conversion efficiency of a solar cell was
proposed by Shockley and Queisser ™. This limit is based on detailed balance model.
Detailed balance provides a technique to evaluate the maximum efficiency of
photovoltaic devices under ideal situation. The calculations for detailed balance
model only consider the particle flux for electrons and photons. The theory can be
easily used in the analysis of solar:cell designs and thus serves as the basis for our
research In the following, we will follow the derivation in ref. 17 to explain the

detailed balance model, and its significance towards the device physics.

There are two simplest and most common basic assumptions in detailed balance:™?/*"]

1. The mobility is infinite, allowing collection of carriers no matter where they
are generated.

2. Complete absorption of all photons above the band gap.

15
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Fig. 2-3 The blackbody radiancy solar spectra at 6000 K™

For the source of light, the blackbody:spectrum is most often used in theoretical
analysis. The AMO spectrum is useful for space-based photovoltaics. The AM1.5G
spectrum is often used for non-concentration-solar cells while the AM1.5D spectrum
is used for concentration devices*.

Planck’s law for blackbody radiation

dd, 2E* 1

S

dE ht? e 1 (2-8)

represents a photon flux per unit energy flowing out of a blackbody cavity, where E is
the energy, h is Planck’s constant, c is the speed of light, k is Boltzmann’s constant,
and T is the temperature of the blackbody.

The sun can be treated as an ideal blackbody, so the solar energy can be summed

up as:

16



© _do
DfE,, o) Ej dE =

o (2-9)
where Ts is the temperature of the sun. Actually, since (2-8) represents the spectral
flux flowing out of the blackbody, then (2-9) represents the absorbed total flux at the
sun’s surface. For a solar cell on earth, the incident solar lights are almost the same as
the plane waves. Therefore the photon flux absorbed by the solar cell is actually
decreased by a factor of
fo fm (2-10)
where Q is the solid angle subtended by the sun and the factor of z* accounts
for plane waves impingent on a planar surface: A'standard value for f; is 2.1646x10™ .

Similarly, The solar cell may be treated as-an ideal blackbody at some temperature

Te.

T, do
dDE,, o |[dE—

e (2-11)

When a voltage V is applied across the device, due to the increased carrier injection,
the p-n junction will see an increase in radiative recombination proportional to the
Boltzmann factor, which is similar to what we saw in the forward bias current formula,

and the expression for radiative recombination is thus given as

— qVv/KT;
U=ADe (2-12)

where A is the surface area of the device and q is the elementary charge. Similarly,

17



the recombination rate due to non-radiative transitions is

— qVv/KT;
R=Re (2-13)

where Ry is the thermal generation rate. Applied to a photovoltaic device, the

principle of detailed balance implies that the sum of the overall variation of the

electron-hole pair populations must be zero; thus:

0=Af®,-U+R,—-R-1/q
= AL®,+ OAH( PA- W R B- Vg (2-14)

where | is the current. The term in parentheses is the net generation rate of electron
hole pairs when the device is at thermal equilibrium with its surroundings.
Substituting the quantity (A®.—Ro) ", Selving for | yields the expression for the

current density of the solar cell

(00 X ol 1)
q (2-15)

It is instructive to compare this result with the photovoltaic form of the Shockley

equation:

I =|sc _IO(qu/kT _1) (2-16)
The maximum efficiency is approximately 44% for the sun with an energy gap value

of 1.1 ev.
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Fig. 2-4 Efficiency versus band gap/eV

2-2-3 Intermediate band

For increasing the efficiency of solar cell we add the intermediate band in the
structure to absorbs additional lower energy photons, Intermediate band can be by
several means like (lone pair bands, low dimensionality superlattices, quantum dots,
impurities), Fig. 2-5 is the original design of the intermediate band solar cell. The
traditional solar cell had only one band gap. By adding intermediate band, we can
extend our absorption into longer wavelength region. In theory, the cell added
intermediate band, its efficiency can exceed the Shockley and Queisser efficiency for

ideal solar cells*223108]
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Fig. 2-5 The original design of the intermediate band solar cell

We assume that the photons inthe absorption process of this structure, including

the electronic conversion process Acy between the valence band and conduction band

electrons in the valence band and intermediate band conversion process Ay in as well

as electronic band in the middle band and conduction band between the the

conversion Ac;; we assume that the photons are absorbed to produce a free

electron-hole pairs the same time, the electron-hole pairs will be the opposite

compound emit photons, so we will use the detailed balance deduced. Like the model

of SQ of derivation, we assume that any irreversible process, the following derivation

is derived under the assumption of an ideal solar cell of the following seven:

The ideal condition 1 (IC1): Suppose that any non-radiative recombination process
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takes place between any two energy levels.

The ideal condition 2 (1C2): assume that the carrier has infinite mobility.

The ideal condition 3 (IC3): assume that the composition of the external current, only

the conduction band of free electrons and the valence band free holes, and the middle

band in any of the electron and hole flow external.

The ideal condition 4 (of IC4): assume that the battery is thick enough to absorb all

the incident photons, in order to ensure that all three conversion process will occur.

The ideal condition 5 (IC5): assume that the bottom of the battery or other locations

are set to have a perfect mirror to ensure;that the photon escaping from the battery to

the front area.

The ideal condition 6 (of IC6): Suppose thatin any photon energy range, only a

photoelectric conversion process will occur.

The ideal condition 7 (IC7): assume that the light in the isotropic within the battery.

As shown, we assume that the three quasi-Fermi levels were €rc, € f, and € gy the

battery chemical potential Hcv in = the the €Erc-Erv, the Leci= €rc,-€ kI, v = EF- EFvs

set the energy gap between the energy gap between the conduction band and valence

band is set to €g, the conduction band and intermediate band €c, the energy gap

between the intermediate band and the valence band is set to €,, andlocated €, <€,

we can consider the incident photon energy € will have the following four absorption
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modes:

1. € <€ no photon is absorbed.

2. When €, <€ <e&c: the photon is absorbed and lead to the transition between
the electron and hole in the middle of the band and the valence band.

3. When and €c <€ <€g: photons are absorbed and lead to electron-hole
interband transitions in the conduction band and the middle

4. € <€: the photon is absorbed and lead to electron and hole in the
conduction band and valence interband transitions.

Assume that the cell has a maximum.condenser 46000 times, the incident photons

and emit the photon flux N will meet the following thermodynamic equation °!;

. 2n Td
N(Em! Ej.-j'.l' TJ‘F] 7 hsﬂz _IrEE;I.f ::E_E'-Ij.-E (2-17)
m g K‘T_l

Where T is temperature, c is the speed of light, h is Planck's constant, p is the
chemical potential; p set to 0 and T is set to sun the temperature Ts, you can get the
incident photon flux ¥(€m: €4 T5.0). Then we can get the flow to the external

current conduction band to meet the following formula:
+[W(ec € T5,0) — N(E € Tobe))] (2-18)

Output current in an external potential difference is equal to the conduction band

and valence band between the Fermi gradient qV = pcv= pci + . In the absence of
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any current outflow from the middle band, so you can launch the current conservation
equation:

[N(€, €0,T5,0) — N(€,, €¢, Ty ity )] = [N(E, €6, T, 0) — N(Ec, €, Tou iy (2-19)

calculate the maximum power divided by the incident radiant power

(o is the Boltzmann constant) can be the theoretical maximum efficiency.
Calculation results shown in Fig. 2-6, calculated in arbitrary €, € maximum
efficiency corresponds to the intermediate band, perfect backlit mirror and the largest
condenser the theoretical maximum efficiency) curve; results showed that with the
middle of the band structure of photoelectric conversion efficiency can reach 63.1%,

40.7% higher than that of SQ the model calculation results.
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Energy El eV

Fig. 2-6 Intermediate band theoretical maximum efficiency of the cell.
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2-2-5 Quantum Dot Solar Cell

We can divide the photocurrent into three sections, where the first and second are
current generated from n and p-type regions and the final is current generated from
QD’s structure. For one thing, at the p-type region, we can define the scope is

extended from Z=0 to Z=Z,,.

~ EgB

Fs

"'_N_ o

Fig. 2-7 Schematic structure of energy-band diagram of p —i — n QD solar cell.

Because of the standard equations for electron current density and electron
continuity, we can figure out the distribution of minority carriers and obtain the

electron-hole generation rate (&

G( 2= @B- R (B( Exp ok 2] (2-20)
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Which is under room temperature situation and where R(A) is the surface reflection
coefficient and a(A) is the light absorption coefficient of GaAs. For overall
understanding, we should find out the inconvenient part of solar flux F(L). In this we
make use of the model of solar spectrum described by a black body curve at the

temperature of 5760 K, and acquire that

- h - hot
F(1)=35x10"1 {exp(k{i}q Cmg(;o;n (2-21)

where h is the Plack’s constant, ¢ is the velocity of light, k is the Boltzmann’s
constant, and T;=5760K.

To follow we induce continuity equation since the excess electrons.

d?An(z) An(z) s G,(42) 0
dz? Ln D, (2-22)

where L, and D, are the electron diffusion length and diffusion constant,
respectively. Furthermore, owning to thereis no bias voltage, we learn that the
generation current only in proportion to the Dn=0An(x)/ox section . On account of the

boundary conditions we can obtain

D, dan - _ S,An(0)

g (2-23)

Finally, by solving the continuity equation we have

a,(4)
a,(4) -1

x l:bn +a,(1)-ep [— Z“il_wj[[b +a, (i)]COSh([%J +[1+b,a, (z)]sinh[zl_:m (2-24)

jn(A)=eF(2)1-R(2)] B,

Where e is the electronic charge, g =[cosh(z,/L,)+b,sinh(z,/L,)]* b, =S,L,/D,and

a,=a(4)L,, the total photocurrent collected by p-type region is equal to

N :J‘; L(ﬂ)ﬂ (2_25)
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where Ay is the absorption cut-off wavelength. Similarly, we can obtain the
photocurrent of the intrinsic and n-type region by the same derivation. The final
short-circuit current Js; can be written as:
Joo=Fi(3n +Jp +30) (2-26)
The results obtained from equations (2-20) to (2-23) are generic and no quantum
dots effects are considered. To properly include the contribution from quantum dots,
we have to modify several things. First, the carriers generated from bulk GaAs and
quantum dots can be calculated separately using similar concept in equation (2-20) to
(2-23). However, when we consider the summation of all currents and the solar cell
circuit model, the ordinary current-voltage relation: J=Js-Jo[exp(eV/KT)-1], needs to
be changed. The saturation current JO can be divided into two components: one from
the edge of depletion layers (jspui), and the other from interior of depletion
region(jsop) (1% By detailed balance between the radiation and thermal equilibrium,

these components can be written in the form of; 141201

E
; :Aedd _Tg.eff
Js,eff exp( kT )
(2-27)

where A IS a constant proportional to Eg,effZ,and Eg,eff is the effective band gap
defined by percentage of i-region volume occupied by quantum dots (denoted by P):
Egefi=(1-P)XEgputPXEgop. For the bulk case, the Aecr and Eger(=Egcans) Can be

found in regular textbook MY, The resultant Jo is the combination of the jspui, and
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Jsop- With Jo changed due to quantum dots, we can calculate the I-V (or J-V)
characteristics of a quantum dot device more accurately. Second, the spectral
absorption line shape of quantum dot needs to be considered when we model the
generation rate G(A,z) in equation (2-20). The shape of absorption of quantum dot can
directly affect the photo-generated currents and thus the efficiency of the solar cell. In
the ideal case, the quantum dot absorption is a delta function located at the discretized
levels. However, in practical case, the quantum dot absorption is broadened by the
non-homogenous size distribution of the dots, and imperfect of the material. The Fig.

2-8 shows our simulation on the single junction device in the ref. (#2,

2
I (mA/em”) Ve (V) Effeciency (%)

3.0 3.0

T T 25 —~25
g e £

©m @ ~2.0
g £ 20 %

-~ = £115
= .2 )
= 1. £ 15 =

A = = 1.0

~ 10 Cos

0.0

1e#17 2e+17 3e+17 4e+17 Se+17 1e+17 2e+17 3e+17 de+17 5e+17 16417 20417 3e+17 Ae+1T Se+17
QD volume density (cm-3) QD volume density (cm-3) QD volume density (cm-3)
(a) (b) (©

Fig 2-8. QD layer thickness and QD volume density impact to (a)Jsc (b) Voc(C)

efficiency!*®
The shape of absorption of quantum dot can directly effect the photo-generated

currents and thus the efficiency of the solar cell. In the ideal case, the quantum dot

absorption is a delta function located at the quantum dot discretized levels. However,
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in practical case, the quantum dot absorption is broadened by the non-homogenous

size of the dots, and imperfect of the material. Usually a Lorentzian line shape is used

[22]

2-2-4Tunnel Junction

The wide bandgap tunnel junction connecting the InGaP and GaAs two
sub-solar and avoid absorbing too many photon of the GaAs solar cell photon need. A
tunnel junction is a simple p **/ n " junction where the p* *or n** material in high
doping concentrations, has reached the degenerate state. The relationship with A
tunnel junction tunneling current. density: J,. and the bandgap reference doping

concentration is?!

(2-28)

Eg is able to band gap, N * = NaNp / (Na+ Np) is dimensional equivalent doping
concentration. The maximum tunneling current density J, must more than
solar-generated photocurrent, otherwise it will seriously reduce the solar cell

conversion efficiency.

2-2-5Tandem Cell

Tandem Cell is the cell of the original novel structure, by designing multi-layer
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bandgap solar cell to achieve the best structural design of the absorption efficiency.
By the theoretical calculation, if there are more number of layers in the structure, the

cell efficiency will be increased gradually, and can even reach 50% conversion

efficiency!*®!.
AN AN N\
IR \ red \ blue \
. 4 v v
il el
small E; cell intermediate E; large E; cell

Fig. 2-9 Use dichroic mirror to separate the spectrum to allow other cell

absorption!*®!

In fact, the effective to separate the spectrum as shown in Fig. 2-9 is difficult
to achieve. So in reality, we use the variety of different band gap semiconductor
materials to stack the cell, and the wide energy gap of the material stacked on the top
of the solar cell to absorb higher energy photons, while the low energy photons will

be absorbed by smaller band gap material. It can be optimized to produce the
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greatest efficiency from the independent design of the different junction(?4?°!.

We use the two available energy gap Eq: and Egp, respectively bottom and top
the cell to calculate the available power. Assuming that the solar spectrum can be
perfectly separated, and all the photon energy E> Eg of the top cell will be
completely absorption, while the photon energy Eq <E <Eg; is absorb by bottom cell,

we can get the maximum power output

Pmax:qvml{N(E gEg Ts’ p’N(E JgE Z;’Taﬂqvml)}
+qu2{N(Egz o T, )}N (E 2 qo’Ta?quZ)} (2-29)

While where the V1 and Vi, are respectively to generate maximum power for the
top cell voltage and the bottom cell voltage: In the-Pnax equation the two bias can be

independently optimized.
pm ax_ q(vl +V2 IN (Eg 1 Egz Ts ! b_ N ég 1 Egz ’Ts1qvl)} (2_30)
Where V1 and V2 are no longer representative of the individual cell voltage, but to
meet the constraints current Pnax under stable conditions

IN(Eyu, By T.0)= N(Eyp E o T, GV, )= IN(E,, 0, T, ,0)— N(E 0, T,., GV, )} (2-31)

When Pax in stable conditions, the efficiency is smaller, the impact of energy band

will be more obvious.
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Reduce heating losses, at the same time, improve the absorption efficiency to

provide a solar cell in a narrow photon energy interval Eq<hw <Eg+dE, and the other

photon of solar cells with different band gap.

For blackbody solar spectrum, solar cell energy gap Eq and idealized absorption

rate ofa ( hw<Eq) =0’ a ( hw Ey) =1, short-circuit current is

. Q = (o}
o=l o[ 1),
Pl

From Fig. 2-10 the shadow rectangle in thermal equilibrium, we can see jg, eh

(2-32)

dhow

energy transfer to the maximum value of electron=hole pairs!?®!.

E./e/V
b 05 1.0 15 20 25

200}
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o~ .
< 600
3
-

800 |

-1000

Fig. 2-10 js. with Eg diagram, Ts = 5800K %]

In thermal equilibrium, the energy current generated electron-hole pairs as
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jE,eh =_jscEg le= jy,absEg (2_33)

The Eg+3KT replaced (Ee.+En)=Eg, we divided the overall efficiency of n is slightly
different (and not entirely correct) into the thermal and thermodynamic efficiency,
Jsc(Eg/e) the area under the entire incident energy current jesun from the sun. This can
see if we determine that the of the variation djsc, the short-circuit current changes dgg

absorption in the band gap.

E.’ (2-34)
dj,, ——e— " dE

47°n%c? E 9
exp| — |-1

3 2-35
" =_J.ooi Y J,oo E, i (2-35)
Eodooe T a3 o E, 9
e Y | —
KT,

This formula can be seen the relationship between short-circuit current and the

energy gap,
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E./e/V
1. 15

[

Fig. 2-11 The two energy gaps, respectively Eq = 1.8eV, Eg = 0.98eV of the solar

cell current - voltage propertiest®®!

Fig. 2-11 For two solar cells with\different can the gap Eg: and Egp, exposure the
light intensity for the AMO spectrum, when the energy greater than the energy gap Eg,
all photon in #iw <Eg is absorbed by first cell. remaining transmission had to know
all the photon energy in Eg: energy for Eg, << Egy, is at the bottom of the second cell

absorption to produce a larger current and improve efficiency.

The remaining transmission over the photon energy is smaller than Eg. And energy
with Eg<hm <Egq, is absorb by the bottom of second cell to produce a larger current

and improve efficiency.
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Chapter 3 Simulation and Results Discuss

In this section, we will demonstrate our simulation results by combining the
aforementioned theories and models. We built our device model by using Matlab®
coding, commercial software Silvaco® and APSYS®. A proper inclusion of
quantum-dot-related carrier absorption is adapted through modified extinction
coefficient k, and effective band gap of the device. The final calculation shows good
agreement to measurement. This platform has great potential to analyze novel
photovoltaic devices.

3-1 Simulation software

Next, | will give a brief introduction for the software | use to calculate the structure.

3-1-1 Silvaco®

We used software is called TCAD® by corporation Silvaco® and use the modular
Atlas® to do device simulation. ATLAS provides general capabilities for
physically-based two (2D) and three-dimensional (3D) simulation of semiconductor
devices. ATLAS is a physically-based device simulator. There are three basic
semiconductor equations to solve the device calculation. There are: Poisson’s

equation, carrier continuity Equations, the transport Equations %),
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3-1-2 Matlab®

MATLAB® is a programming environment for algorithm development, data
analysis, visualization, and numerical computation. Using MATLAB®, you can solve
technical computing problems faster than with traditional programming languages. In
my simulation, | use the 2-2-5 Quantum Dot Solar Cell I mentioned formula to

calculate the structure!®™,

3-1-3 APSYS?

APSYS® is a general purpose..2D/3D modeling software program for
semiconductor devices. Based on finite element-analysis, it includes many advanced
physical models. APSYS® offers a very flexible and simulation environment for
modern semiconductor devices. The variety of physical phenomena in a
semiconductor require many different physical models. However, Poisson’s equation,
carrier continuity equations, the transport equations are the most basic since many of

the well known characteristics of a semiconductor device®®.

3-2 Simulated structure

3-2-1 Single junction solar cell

First, we use the scheduling function of VWF Silvaco® simulation software to

identify most of the material added thickness and doping concentration. VWF can
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carry out experiments, where a chosen optimization algorithm is used to vary split

parameters so that a defined target is minimized!?®..
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g 1.0 50_8
(0] [2]
2 08 8
é % 06
S 06 £
c c - G
o
8 04 04 —7
=Y 2 — 3
9
02 02 w10
002 004 006 008 010 002 0.04 0.06 0.08 0.10
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(@) (b)

Fig. 3-1 Optimization of the solar-cell (a);GaAs single cell (b) InGaP single cell

The structure of the solar cell is composed of GaAs /InGaP materials. After

optimization of the design, we find out that the structures of the GaAs cell and InGaP

solar cells shows in Fig. 3-2

‘ thick:0.01pm accep:3e18 ‘*

‘ thick:0.02um accep:5el8 "

‘ thick:0.05um accep:3e18 "

‘ thick:0.03um accep:3e18 ‘
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\

(a) (b)

Fig.3-2 The optimize structure of single cells (a)InGaP cell (b) GaAs cell
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Calculation of the use of Silvaco” software, we designed the structure the js of

InGaP is 9.69 mA/cm?and Vo of INGaP is  1.32 V: the js; of GaAs is 23.21 mA/cm?

and Voc of GaAs is 0.92 V. Then we use the other two software which are Matlab® and

APSYS" to campare the calculation result in Fig 3-3. We can see that the calculated

results are quite similar.

.........

——InGaP, Silvaco
== InGaP_APSYS
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Fig.3-3 Calculated EQE / IV characteristics of InGaP and GaAs solar cell by

softwares (a)and(c) EQE versus wavelength (b)and (d) IV curves.

3-2-2 Solar cell with quantum dots

This chapter, we added quantum dots GaAs solar cells we design (as shown in
Fig 3-4) . First of all, we used the simulation software APSYS" to calculated the

guantum dot same thickness but the density is not the same, on the solar cell affect.
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Fig 3-5. The different density of quantum dots on GaAs solar cell calculated by
APSYS®(a) EQE versus wavelengthand (b) IV curves.
GaAs cell is added to the quantum dots, EQE shows different quantum efficiency, but

APSYS keeps Jsc the same.
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Fig. 3-6 The different percentage of quantum dots in the i-layer of GaAs solar cell
APSYS® [(a) and (b)] ,and Silvaco® [(c) and (d)]
By Fig. 3-6 can be seen, in APSYS calculation, the higher the percentage of
guantum dots in the i region and EQE in a long wavelength pick more obvious, but
the efficiency, current density and v, are decreased. In Silvaco the calculation under,

this software model of the quantum dots is not enough to complete the calculation,
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Cause the QD different percentages in the i layer EQE considerable confusion.

Then we will use the the simulation software silvaco to do simulate different

wavelength absorption quantum dots (as shown in Fig 3-7) in GaAs solar cells i

region to know the impact of the cell.
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Fig. 3-7 The different position of the absorption of the quantum dots
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Fig. 3-8 Different QDs wavelength absorption in solar cell calculated by Silvaco (a)
EQE versus wavelength (b) IV curves
Under in simulation software silvaco calculation, we can see that in the quantum
dots in the different position of absorption, the current-voltage characteristic of the
solar cell does not impact (as shown in Fig. 3-8).
Next use the software Silvaco” to simulation the different intensities of quantum

dots absorption (I call test 56 in my research) in GaAs solar cell.
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Fig. 3-10 different QDs intensities in solar cell calculated by Silvaco (a) EQE versus
wavelength:(b).I1V curves
Under in simulation software: Silvaco® calculated, by Fig. 3-10 seen, when the
increase in the intensity of the absorption of the quantum dots, the current density will
rise, but under in silvaco calculation, the increase in the absorption intensity of the
quantum dots in the open-circuit voltage does not affect.
Next we compare the measured data to our calculation. A single junction

AlGaAs/GaAs/InAs QD solar cell device (shown in Fig. 3-11)1%%
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Fig. 3-11 The schematic diagram of a single junction InAs-QD solar cell.
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Fig. 3-13 Comparison of calculated and measured EQE / IV characteristics of GaAs

solar cell with QD by Silvaco® [(a) and (b) with QDx3] ,[(c) and (d) with QDx5]
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Table 3-1 Simulated in Silvaco® and measured values

Device Jsc (MA/cm?) Ve (V)
type ) _
Measurement | Calculation | Measurement | Calculation
QD*3 8.5 8.6 0.72 0.72
QD*5 8.4 8.48 0.54 0.57
45
40 - = Measurement
35 —— Simulation
o 30
Y
<25
'-c',J 20
Ll 15
10
> (a)
0 &=
350 850 1350

Wavelength (nm)
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Fig. 3-14 Comparison of calculated and measured EQE / IV characteristics of GaAs

solar cell with QD byMatlab® [(a) and. (b) with QDx3] ,[(c) and (d) with QDx5]

Table 3-2 Simulated in-Matlab” and measured values

Device Jse (MA/cm?) Ve (V)

type . ]
yp Measurement | Calculation | Measurement | Calculation

QD*3 8.5 8.3 0.72 0.72

QD*5 8.4 8.4 0.57 0.57

We use Silvaco and Matlab to simulate the structure with different layers of

guantum dot which were QDx3, QDx5, and the one QD layer's thinkness was 0.01um.
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Fig. 3-11 shows our device layer design, and Fig. 3-12 the band diagram from the
software. The quantum dot layer is based on GaAs material parameters but also adapt
the quantum dot absorption spectral line shape in !, And then we use our simulation
result to compare with the measurement data. In the Fig. 3-13 to Fig. 3-14 different
layers of QD were placed in the ordinary GaAs solar cell structure, and their EQE and
IV were calculated. We put lots of emphasis in the fitting of wavelength dependent
EQE and try to match the IV as well. From the results, we can see that the EQE with

longer wavelength absorption was successfully fitted.

3-2-3 Dual junction solar cell

Reference 3-2-1 single junction solar cell design out of a solar cell data and various

data related papers, we Use the tunnel junction to connection GaAs solar cells and
| (301311

InGaP solar cells for tandem cel

Efficiency

InGaP Cell

Tunnel Junction

GaAs cell i thickness (um)

GaAs Cell

0.4 06 0.8 1.0 12 1.4 1.6

InGaP cell i thickness (um)

Fig. 3-15 Optimization of the InGaP/GaAs tandem cell calculated by Silvaco®
After we use the tunnel junction to connect the two single cells > we use the VWF in

software to optimize the thickness of the best tandem cell. As the Fig. 3-15 shown, we
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can see when i region of InGaP cell in 0.5 um and i region in GaAs cell in 1 um has

the maximum efficiency.

25
o= — Tandem cell
£ oo [ W e GaAs cell
§ : - — InGaP cell
15
E
e 10 \
Q \
o |
s 9 |
(&) l (a)
0 1
0 1 2 3
V (V)
25
i \ —— Tendem cell
g 20 N . GaAs Cell
P - - InGaP cell
15
E
E 10 ——
o : \
- \
= S |
o | (b)
0
0 1 2 3
V (V)

53



N
a

o~ [ ——Tandem cell
g 20 [ GaAs cell
E = = InGaP cell
15
£
S \
t \
= 5 |
o |
; ! (c)
0 1 2 3

vV (V)
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Fig. 3-17 EQE vurses wavelength of tandem cell simulated by three software (a)

Matlab® (b) Silvaco® (c) APSYS"”

Use of three different software simulation the tandem cell structure | design, we

can see three software calculation results are quite close.
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3-2-4 Dual junction solar cell with quantum dots

InGaP p-i-n
top cell Tunnel Junction

GaAs p-i-n :
bottom cell

InGaAs QDs

Fig. 3-18 InGaP/GaAs QD tandem solar cell schematic diagram
After we achieve a good fitting on_the:single  junction InAs QD cell and good
simulation of tandem cell, we can move onto-a more complicated design. As shown in
Fig. 3-18, a dual junction InGaP/GaAs+InAs QD is a good candidate for high
efficiency devices. In our simulation, we have two types of devices to be
demonstrated, one is using structure which is close to what other people implemented,
and the other is the ideal device with 100% quantum efficiency®®?. Fig.3-19 shows the

generic result of EQE and IV calculation from ordinary structure.
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Fig. 3-19 Calculated EQE / IV characteristics of Tandem solar cell with QD by

Matlab®[(a) and (c)], and Silvaco” [(b) and (d)]

The QD absorption is marked at the longer wavelength band (> 880nm). With full

current-voltage characteristics obtained, the final PCE can be found as well. In Fig.

3-20, we calculated power conversion efficiency (PCE) versus the percentage of
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quantum dot volume in the intrinsic region with three different designs: the bottom
two curves are practical structures, and the top one is the ideal cell result. From the
calculation, several observations can be deducted: first, the ideal enhancement
brought by quantum dot can be estimated to 11% at most, which is consistent with our
detailed balance model B,

Second, if we use the structures published in most papers, the efficiency tends to drop
when QD layer is added (as the green curve in Fig. 3-20), and only when we increase
the intrinsic region

thickness to ensure at least 90% quantum efficiency, the addition of QD layer is
beneficial (the blue curve in Fig. 3-20). Third, we found there are knee-like features in
the plot (like in ideal case), which“is:rising-from the crisscross of the shortcircuit

current between the top and bottom cells.
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Fig. 3-20 Efficiency vs. percentage of QD volume in the intrinsic region calculated

by Matlab®.
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From our calculation, we found that in most of the cases, the QD devices
generate inferior PCE compared to pure GaAs/InGaP tandem cells. Although this is
not very encouraging, they do agree with most of the experimental data so far *. The
calculation makes the authors to believe that the utilization of the photon in the cell
has to be nearly perfect for QD layer to be useful. As we see in the ideal case, a
perfect quality of the material growth will be required for IBSC device to outperform

the ordinary device.
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Chapter 4. Summaryé& future work

We demonstrate Silvaco®, Matlab® and model to calculate the GaAs solar cell with

quantum dot. . The calculation was carried out by Matlab®, Silvaco TCAD® and
APSYS® software for the analysis purpose. The final results show a very good match

between measurement and calculation

We propose a novel design by combining the merits of IBSC and multiple junction
tandem cell. This idea was carried out by a Matlab® and Silvaco® platform for the
numerical study. The final results show an efficiency as high as 34.5% can be

achieved.

Future research, | have to strengthen the simulation software APSYS® calculation

research, hope to add quantum dots in daul junction solar cell, expect to design more

high efficient solar cells.
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