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Abstract

The InGaN/GaN multiple quantum well solar cell was considered for future generation
of photovoltaic applications due to the high efficiency. However, due to the high reflectance,
and the high absorption by ITO at short wavelength region. The efficiency is limited. How to
improve light harvesting is-a very important issue in high efficiency InGaN/GaN multiple
quantum well solar cell. Antireflection and photo collection are key techniques for efficiently
harvesting solar photon.

For the first problem, Several studies—of nanostructure offer ultra-low reflectivity,
another feature of nanostructure is diffraction of light, which get longer optical path length
and then further enhance the light absorption. Here we use textured PDMS film to solve the
problem. The advantages of using PDMS film are the low-cost, non-vacuum system and
simple process (only spin coating and imprinting needed). PDMS film provides a refractive
index gradient to serve as an anti-reflection layer. Extra benefits of light trapping and
scattering can be added when the film is stamped with high texture pattern.

We demonstrated the textured PDMS film is useful in harvesting solar photon and
enhancing the power conversion efficiency of InGaN/GaN multiple quantum well solar cell.
Compared with a flat InGaN/GaN multiple quantum well solar cell, the power conversion

efficiency achieved 7.1% enhancement, and the Js; achieved 7.2% enhancement respectively.



Second part we will solve problem for the high absorption by ITO at short wavelength
region. So the UV region light loss in the process. We use quantum dot(QD) to solve the
problem. This CdS QD layer is capable of converting ultraviolet photons (A<400nm) to the
visible blue band. So we can spread the quantum dots on the cells, it can absorb the UV
region light before ITO layer and converting to visible region light that ITO can not absorb. In
this way, we can solve the problem mentioned before, just by adding some CdS quantum dots
material.

We demonstrated the quantum dots is serve as the down conversion center of the light in
InGaN/GaN multiple quantum well solar cell. Compared with a InGaN/GaN multiple
quantum well solar cell without quantum dots, the power conversion efficiency achieved

7.2% enhancement, and the J. achieved 6.3% enhancement respectively.



Acknowledgements
W E R LIS - ":ff]&i?]ﬁ{?;g‘!ﬁ IR R e Y- e TR E
FAEERCHIRIAFIGELT RIS 4 Bi6 > 7 27 EY IS i R
G A E R e § A AR R BN Y g fodrd A ki & g7 cpat e %
EREFF LD A LFTEBIEE Y I A oA R SR % o gt

RPEPHREDE G2 FAAPGE AR RDER T REL® E5 & BH0-E R RN

an

ok £ R S S R S XL RS U U B

4 PR T R Rl o
B d AP RARTIRIEL > AFL L P EY s Ad o BERHE

B E L FTE A S T R R R o B R BRI 00 K 5 90 H s
:T‘,%;f%’»\ﬁﬁi— BooAa 00 L BERY L EcRmE F iR B ammE L o A
FELE 0 F LA T 2 HFH0 TP R o T AR R B AR T
*BoBo ~ % ~ B ~ Joseph~» 4% ~David~ L~ 4p 25 F £ 28 ondy o AR -
ko AL B R SHRALS  GEE F e SRS R B R 2 R AT R 2 ¥
FHEF 5 hks 7 rogiE ik ps L B g i o

P ARRIREA B ERT T A RAREROT R P A AEIE 3
ERAPR - v F X AR R R PR T B L R B2 o

Fod o ARSI RS B B REHN BN A BB 2 ORBGIFE

AT FIED AR APAGEE - B 2 B AR SRR D ki o}
RG] B E)E A S o 0 AR M cBush R R T F A R R 3 E

ﬂé?fiﬁ%%ﬂﬁﬂﬁﬁﬁ?iiﬁ%ﬁ?%pJY%?EH?*?::iﬂﬂﬂzﬁﬁﬁw
B ARREMAPERG NG Bk F R  FIS G R aEaA A T
EHEES £ HHEPRENCFIEEA PP LN - I et b oA
B il B I npE ok > B iR AR 0 A E R e
BAHmT A SANE DHEE EFE o X R A T R FF L RE

ARERI A RTE DER X pLap S



BB B s i
ADSTTACT. ... et i
ACKNOWIEAGEMENLS ...t e nre e enes v
(070] 11 (=] | APPSR vi
LISt OF TADIES ... bbb viii
IS 0 T [N =SSOSO iX
Chapterl. INntroduction.................cooooiiiiiii e 1
1.1 Brief development of the solar Cell...........ocooiiiiiiie 2
1.2 Introduction of GaN-Based solar cells............ccocoeiiiiiiiiiiiiiniiiin. 5
1.2.1 The characteristics Of INGAN ......ccevveriverieiiiiieiieie e 5
1.2.2 The advantages and the challenge of GaN-Based solar cells.................. 6
1.3 Motivation.........cceeve... il BB B ol Fad R - AR o oovvrevenreiniennens 10
Chapter2. Basic Theoriesof SolarCell....................................... 11
2.1 The fundamental structure of solar cell ... i, 11
2.2 The physics 0f SOIAr CEllS ... 12
2.3  The parameter of solar Cells...........ccooiiiiiiiiic e 14

Chapter3. Experimental Instruments and Measuring Instruments.20

3.1 Scanning Electron MicroSope (SEM)........ccooiiiiininiiiiiie e 20
3.2 Plasma-enhanced chemical vapor deposition (PECVD) .........ccccccevviieiieennenn, 22
3.3 Inductively-Coupled Plasma (ICP)..........ccoiiiiiiie e 23
3.4 Current-voltage measurement (J-V CUIVE) .......cccveiieerieeiiie i 24
3.5 External quantum efficiency measurement (EQE) ........cccvvviiiniiiiiiinicinnn, 25
3.6  Angle resolved Integrating sphere reflectance measurements ...............cc....... 26

vi



Chapter4. Device fabrication and characteristics analysis.............. 29

4.1 The fabrication of GaN/InGaN multiple quantum well solar cells............... .29
4.2 Polydimethylsiloxane (PDMS)........c.oouiiiii e, 31
4.2.1 Fabrication process of textured PDMS film.....................cooa. 31
4.2.2 The optical properties analysis of PDMS film.............................. 33
4.2.3 Reflectance SPeCctrum.........ooovriiiii e 36
4.2.4 Angular reflectivity...........oooiiii 37
4.2.5 The current-voltage (I1-V) characteristics.................ccoeviiiinnn.. 40
4.2.6 External quantum efficiency.............ccooiiiiii i 42
4.2.7 Nano scale PDMS film........covieiiniiiiii 43
4.3 QUaNtumM dotS (QDS). .. . ne e tit et et e e o e e e e 47
4.3.1 Reflectance Property.. .. oot iue s coeaen e et be et e e eeeeeaanenen 49
4.3.2 The current-voltage (I-V) characteristics...........cot.coooviiiininn.n, 52
4.3.3 External quantum efficienCy.. oo 53
4.34DBReffect....... . 54
Chapter 5. ConcCluSiON...............oooii 59
REFEIENCE. ... 60

vii



Table 4.1-1

Table 4.1-2

Table 4.2-1

Table 4.2-2

Table 4.2-3

Table 4.3-1

Table 4.3-2

Table 4.3-3

List of Tables

The content and the thickness of our GaN/InGaN multiple quantum well solar

The measured angular reflectance spectra for the reference cell, cell with flat
PDMS and cell with rough PDMS..... ..., 39
The details of measured current-voltage characteristics of reference cell, cell
with flat PDMS and cell withrough PDMS...............oooiiii, 41
The details of measured current-voltage characteristics of reference cell and cell
with nano-sclae rough PDMS........oo i 45

The measured angular reflectance spectra for the reference cell and cell with

The details of measured current-voltage characteristics of reference cell, cell

with QDs and cell with both-QDs andDBR.................ccooiiiiiii, 57

viii



List of Figures

Figure 1-1  The energy usage trends in 2000 to 2100. The primary energy is the currently
used energy by humans including coals and oils. But in the future, as the
reduction of the stock of primary energy is bound to be replaced by green
energy. The solar energy used in electricity generation in 2100 will be on the
leading energy demand............cccooiiiiiiiiiee e 2

Figure 1.1-1 This is the classification of various materials and the efficiency of solar cells

under the standard solar simulator irradiation measurement................cc.coovenne. 4
Figure 1.2-1 The band gap and lattice constant of several semi-materials.................c.coc.... 6
Figure 1.2-2 The relationship between critical thickness and indium content ratio.............. 8
Figure 2.1-1 Illustrations of the fundamental structure of solar cell...............cc.coviiieenn. 12

Figure 2.2-1 Illustrations of the carrier generation, carrier diffusion and carrier drift in solar

(v'=] | TN, § * " & oSSR 14
Figure 2.3-1 The diagram of solar cell equivalent CIFCUIt....ci.......cccoviriiiiiiieieic s 14
Figure 2.3-2 The |-V characteristics with and without Hlumination..............c.ccccocvvvviennnne. 15

Figure 2.3-3 Effect of increasing series and reducing parallel resistances. In each case the
outer curve has Rs = 0 and Rsh = oo. In each case the effect of the resistances

is to reduce the area of the maximum power rectangle compared to Jsc x

V(o [T, .+ \, . <N /. RO 19
Figure 3.1-1 Schematic diagram of @ scanning-electron MiCroSCOPE............cvvvvvereervesieennnns 21
Figure 3.3-1 The plasma-assisted etching process proCeeds...........coovvvvevveieeriesieeseeriesnnenns 23
Figure 3.4-1 The schematic of Current-voltage measurement SyStem...........ccocevvrvrvrnennn. 24
Figure 3.5-1 The schematic of grating quantum efficiency measurement system................ 26

Figure 3.6-1 (a) Schematic diagram of conventional reflectivity measurements. (b) Schematic
diagram of Integrating sphere reflectance measurements.............cc.cccevevveenee. 27

Figure 3.6-2 Schematic diagram of integrating sphere in our laboratory............c.cc.cceevevenne. 28
Figure 4.1-1 The fabrication flows of GaN/InGaN multiple quantum well solar cells......... 30
Figure 4.2.1-1 The fabrication flows of rough PDMS film. Figure (a) is the textured substrate.
Figure(b) is the PDMS spread on the substrate. Figure (c) is the rough

PDIMS FillML et 32
Figure 4.2.1-2 The textured substrate is prepared as (a). And the textured pattern is
transformed by PDMS film as (D).....cccoovviiiiiiii e 32

Figure 4.2.1-3 The cell was shown in (a). And the textured PDMS film was put on cell as



Figure 4.2.2-1 The transmittance of flat PDMS and rough PDMS...........cccccoiiiiiiiiienn. 33
Figure 4.2.2-2 The haze of flat PDMS and rough PDMS............cccccoiiviiiie i, 34
Figure 4.2.2-3 The chart of the bidirectional transmittance distribution function (BTDF)
)] (<] 1 OO TP TPPRPRP 35
Figure 4.2.2-4 The intensity and the corresponding angle of flat and rough PDMS........... 35
Figure 4.2.3-1 The measured reflectance of the reference cell, cell with flat PDMS and cell
WIth rough PDMS. ..., 37
Figure 4.2.5-1 The measured current-voltage characteristics of Reference cell, cell with flat
PDMS and cell with rough PDMS..........cccoiiiiicce e 40
Figure 4.2.6-1 The measured external quantum efficiency of reference cell, cell with flat
PDMS and cell with rough PDMS............ccooiiiiiiceeee e, 42
Figure 4.2.7-1 The SEM images of the nano-scale textured substrate(a); and the transformed
nano-scale PDMS fIIm(b)....... .0 i 44
Figure 4.2.7-2 The measured current-voltage characteristics of Reference cell and cell with
nano-scale rough PDMS .. .. 45
Figure 4.2.7-3 The measured external quantum efficiency of reference cell and cell with
nano-scale rough PDMS . oo i i e 46
Figure 4.3-1 The absorption and EQE of the GaN/InGaN solar cell..................cccco...... 48
Figure 4.3-2 The absorption0f Front ITO layer.....ci i 48
Figure 4.3-3 The absorbance and photoluminescence spectrums of CdS QDs in
L0 L1 =] 3= USSR 49
Figure 4.3.1-1 The chart of the reference cell and cell with QDs....................oooiniil. 50
Figure 4.3.1-2  The measured reflectance of the reference cell and cell with QDs......... 50

Figure 4.3.2-1  The measured current-voltage characteristics of Reference cell and cell with

(0] B S 52
Figure 4.3.3-1 The measured external quantum efficiency of reference cell and cell with

QDS et 54
Figure 4.3.4-1 The measured transmittance of reference cell and cell with QDs............ 55
Figure 4.3.4-2 The measured reflectance 0f DBR..............ccooiiiiiiiiiiiiiii 55

Figure 4.3.4-3 The absorption spectrum of reference, cell with QDs, cell with DBR and cell
With both QDS and DBR........oiii i, 56

Figure 4.3.4-4 The measured current-voltage characteristics of reference cell, cell with QDs



and cell with both QDsand DBR.............coiiiiiiiieiiee 57
Figure 4.3.4-5 The measured external quantum efficiency of reference cell, cell with QDs
and cell with both DBR and QDS.........c.ooviiiiiiiii e 58

Xi



Chaper 1. Introduction

Since the development of the global environment has passed hundreds of thousands of
years, as technology advances and the development of capacity and population growth,
growing demand for expansion of the Earth's resources. IEA (International Energy Agency,
IEA) mentioned in 2007 and 2030 global energy demand will grow by 1.5% at World Energy
Outlook 2009, while after 2030 the world's electricity demand is expected to increase the rate
of 2.5% per year [1]. Coal is still the main fuel of power generation industry. However, the
one of main cause is derived from the carbon dioxide caused by continued growth in global
carbon dioxide emission. This will certainly lead to a long large-scale climate change. It will
give the irreparable harm to the earth. So, how to effectively reduce carbon dioxide emission

is the common face of the issue.

In this regard, an energy revolution can be expected, and-the rise of green energy will
play a big lead of the energy revolution. The green-energy is a reusable and less polluting
energy sources, such as wind, solar, geothermal, tidal, hydropower, only solar cells is a
one-step conversion process which directly convert sunlight into electricity. Solar energy is
also a very environmental protection renewable energy, the process converting sunlight to
electricity does not produce waste and exhaust emissions, so it will not produce any pollution
to water, air, and soil. Solar energy has a very large number of sources of supply. Because the
sun produces about 1.76 x 105 MW energy per year, of which 600 MW irradiation on the
surface of the earth are available. Its energy is 100,000 times than the global average power. If
we can use the solar energy effectively, we can not only solve the threat of energy depletion,
but also solve the environmental problems caused by the greenhouse effect. Therefore solar

energy will be the most important renewable energy source in the future. (Figure 1-1).
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Figure 1-1 The amount of energy usage in next 100 years (German Advisory Council on

Global Change WBGU Berlin 2003)

1.1 Brief development of the solar cell

The development of the solar cell stems from the work of the French physicist
Antoine-César Becquerel in 1839. Becquerel discovered the photovoltaic effect while
experimenting with a solid electrode in an electrolyte solution; he observed that voltage
developed when light fell upon the electrode. About 50 years later, Charles Fritts constructed
the first true solar cells using junctions formed by coating the semiconductor selenium with an
ultrathin, nearly transparent layer of gold. Fritts's devices were very inefficient, transforming

less than 1 percent of the absorbed light into electrical energy.

By 1927 another metal-semiconductor-junction solar cell, in this case made of copper
and the semiconductor copper oxide, had been demonstrated. By the 1930s both the selenium
cell and the copper oxide cell were being employed in light-sensitive devices, such as

photometers, for use in photography. These early solar cells, however, still had



energy-conversion efficiencies of less than 1 percent. This impasse was finally overcome with
the development of the silicon solar cell by Russell Ohl in 1941. In 1954, three other
American researchers, G.L. Pearson, Daryl Chapin, and Calvin Fuller, demonstrated a silicon
solar cell capable of a 6-percent energy-conversion efficiency when used in direct sunlight.
By the late 1980s silicon cells, as well as those made of gallium arsenide, with efficiencies of
more than 20 percent had been fabricated. In 1989 a concentrator solar cell, a type of device
in which sunlight is concentrated onto the cell surface by means of lenses, achieved an

efficiency of 37 percent due to the increased intensity of the collected energy.

Generally there are two major types of solar cell, the first one is organic solar cell and
the second one is inorganic solar cell. Due to the short lifetime and low conversion efficiency,
the development of organic solar cell was limited. There are many types of inorganic solar
cells, the main solar cells materials are.compound semiconductor materials which include II
- VI(CdS/CdTe) and I -_V, silicon (crystalline, poly-crystalline, amorphous)[2-4]. Figure
1.1-1 shows the highest conversion efficiency of various solar.cells. CdS / CdTe solar cell is
not a wise choice due to cadmium inhalation or ingestion will accumulate in the human liver
and cause kidney poisoning, therefore the manufacturing processes waste which will cause
environmental issues. The advantage of I - V compound solar cells is ultrahigh power
conversion efficiency, the power conversion efficiency of single-junction GaAs solar cell is
about 18% [5] and the efficiency of the three junction of I - V solar cells can up to 30%
[6], furthermore it has a good anti-radiation property so it is very suitable for the satellites or
space application. However, the cost of I - V compound wafer is very high, such as
GaAs , InP, etc., and it is a complex epitaxial technology, so it is not suitable for universal
power applied to the people's livelihood. The way to reduce the cost of Il - V solar cells is
using concentrating system, which can greatly reduce the usage of Il - V material

furthermore to reduce the costs.



Silicon base material which include single crystalline silicon, polycrystalline silicon
and amorphous silicon, because of the mature process technology of single crystalline silicon
and poly crystalline silicon materials, so the earliest solar cell was the crystalline silicon solar
cells and the power conversion efficiency of single crystalline silicon solar cell is around 20%,
so the market share of crystalline silicon solar cells is nearly 90%. But the efficiency of
silicon base solar cell is only16~17%. If we need about 1GW electrical power, we need about
hundred million of 12 inch silicon high quality wafer to achieve. This make it impossible, so

the high efficiency I - V solar cells will replace silicon base solar cell is a tendency in the

future.
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Figure 1.1-1 The highest conversion efficiency of various solar cells (Res. Appl.17, 85-94
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1.2 Introduction of GaN-Based solar cells

I11-nitrides are ideally suited to the fabrication of optoelectronics devices such as lasers
and light-emitting diodes, due to their high efficiency and wide applicability. The properties
of Ill-nitrides include large carrier mobility, high drift velocity, strong optical absorption, and

resistance to radiation, making them ideal for the development of photovoltaics.

1.2.1 The characteristics of InGaN

GaN-based photovoltaics with an InyGa;.xN absorption layer are promising these years.
InGaN alloys have been widely exploited as active materials for light-emitting diodes and
laser diodes with emission wavelengths covering from.near UV to green spectral regions.
InGaN alloys recently emerge.as a new-solar cell materials system due to their tunable energy
band gaps (varying from 0.7.e€V for InN to 3.4 eV for GaN), covering almost the whole solar
spectrum and superior photovoltaic characteristics such as direct-energy band gap in the entire
alloy range and high carrier mobility, drift -velocity, -radiation resistance, and optical
absorption of ~10° cm ™ near the band edge.

InGaN alloys have been shown to have superior high energy radiation resistance for
space based PV applications. The band gap of InN was recently discovered to be 0.7 eV as
opposed to the previously believed 1.3 eV. The importance of this discovery is that the band
gap of the InGaN material system spans nearly the entire solar spectrum (0.7~3.4 eV), thus
enabling design of multijunction solar cell structures with near ideal band gaps for maximum
efficiency.

The figure shows the bang gap of several materials. For In,Ga;.«N material, the ratio of
InN is x, and the ratio of GaN is 1-x( x = 0~1 ). Since it’s a direct bandgap material, the

bandgap of In InyGa;.xN obey the following formula (1-1):

EJ inxgatxn = 0.7 * X + 3.4 * (1-x)-1.43*x*(1-X) (1-1)
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Figure 1.2-1 The bandgap and lattice constant of several materials.

1.2.2 The advantages and the challenge of GaN-Based solar cells

I11-nitrides are ideally suited to the fabrication of optoelectronics devices such as lasers
and light-emitting diodes, due to their high efficiency and wide applicability. The properties
of Ill-nitrides include large carrier mobility, high drift velocity, strong optical absorption, and
resistance to radiation, making them ideal for the development of photovoltaics.

Nowadays the p-GaN/i-InGaN/n-GaN heterojunction solar cells gets lots of attention

because of some main advantages such as :

1. Direct band gap : Unlike Si-based solar cells, the band gap of GaN/InGaN is direct
band gap. It means during the energy conversion, it won’t loss some energy like

heat. This point enhances the use of sunlight.



2. Tunable band gap : By mixing the different ratio of GaN/InGaN, we can have the
band gap different from 0.7e\VV~3.4eV. The range is just overlap the solar spectrum.
It means we can make the band gap just what we need.

This direct and wide band gap range makes the InGaN material system useful for
photovoltaic applications due to the possibility of fabricating not only high-efficiency
multijunction solar cells but also third-generation devices such as intermediate-band solar
cells based solely on the nitride material system.

Despite the tremendous advantages and potential applications provided by GaN/InGaN
solar cells, there still some challenges such as :

1. Growth of InGaN : The most important challenging task for high efficiency

I11-nitride solar cell is to.grow high quality InyGa;.xN materials with high In content.
GaN is the most extensively studied material and comparatively has matured among
the Ill-nitrides, while the lower band gap InGaN; which is more useful for
photovoltaic application, is still a topic of fundamental research. High quality
InyGa;«xN layers with an._In content from around 25 to 100% is required to obtain
high-efficiency multijunction solar-cells. Presently this becomes difficult with more
than 20% content of Indium. Increasing the In content in InGaN during growth
poses many challenges in controlling phase separation and defect density which
results poor performances in the InGaN solar cells [7], [8], [9]. Growing an InGaN
layer (>100 nm) with high crystal quality remains a challenge (Figure 1.2-2) and
has severely limited the number of studies on p-GaN/i-InGaN/n-GaN heterojunction

solar cells[10]-[13].
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2. Lattice mismatch and defects ... The Ill-nitride solar cells face important challenges
in lattice mismatch.issue. The large difference in interatomic spacing between InN
and GaN results poor quality growth of InGaN, especially in the intermediate range
of In content . In general, a large lattice-mismatch between InN and GaN and the
low temperature growth of InGaN detracts-from the crystalline quality in epitaxial
layers and induces defects due to threading dislocation (TD), thereby generating
nonradiative recombination centers (NRCs) in the light absorbing layer.[14]
Furthermore, these defect centers trap and interact with photogenerated carriers,
thereby reducing the carrier lifetime and short-circuit current carrier of the solar
cells.[15]

3. Phase separation and In fluctuation and carrierdynamics : There are many
roadblocks to achieving efficient Ill-nitride PV devices. Foremost, growing high
quality InGaN layers with high indium compositions and the required thickness is
difficult, which is already discussed. Phase separation in InGaN layer is also among

the key challenges to obtain high performances solar cells. Phase separation is the



formation of microscopic or macroscopic domains of variable constituent
composition in a material. Phase separation incorporates lower band gap domains
within the material that absorbs corresponding low energy light, its effect is
opposite to that of intermediate bands or quantum dots. As the size and distribution
of the lower bandgap phase-separated domains are not optimal, they act as
recombination centers decreasing the short circuit current of the solar cell. It is also
evident from the theory of quantum well solar cells [16] that the lower bandgap
material tends to dominate by pinning down the open circuit voltage of the device.
When the thickness and/or mole fraction of InxGal—xN materials increase, In-rich
clusters in InGaN films easily induce phase separation. This leads to lower Voc
compared with theoretical values, low FFs,.and large recombination rate by defect
states that degrade the Jsc of InGaN-based PV devices.

Although InGaN based solar cells offer tremendous potential for terrestrial as well as
space photovoltaic applications, there are only a few reports-on InGaN based solar cells.
Furthermore, most reported InGaN solar cells have In contents lower than 15% and band gaps
near 3 eV, or larger, and therefore deliver-diminishing quantum efficiency at wavelengths
longer than 420 nm.[17]-[21] An earlier theoretical material system to obtain solar cells
having a solar energy conversion efficiency greater than 50% can be fulfilled by InGaN alloys
with In content of about 40%.[22] Additionally, I11-nitride multijunction solar cells with near
ideal band gaps for maximum solar energy conversion efficiency must incorporate InGaN
layers with higher In contents or lower energy band gaps. However, the realization of high
crystalline quality In- GaN films in the entire composition range is highly challenging. One of
the biggest problems is attributed to the large lattice mismatch between InN and GaN,
resulting in low solubility and phase separation.[23]-[24]

InGaN/GaN multiple quantum well solar cells is one way to improve lattice mismatch

and critical thickness. In this way, we can grow higher In content layer with short thickness in



order to enhance the absorption of the incident light.

1.3 Motivation

The high efficiency solar cells has become more and more important in the future.
Compared to Silicon-based solar cell, the GaN solar cell has higher efficiency and is
considered for future generation of photovoltaics applications. But due to the absorption range
of GaN/InGaN solar cells is short, otherwise the reflectance of GaN is over 20% without any
antireflection coating layer. So how to achieve the most use of the light will be an important
issue in GaN/InGaN solar cells.

So antireflection is a key technique for efficiently harvesting solar photon. Several
studies of nanostructure demonstrate it offer ultra-low reflectivity.

As mentioned before, the.absorption range for GaN/InGaN solar cells is short. So how to
use the short wavelength region is an important thing to enhancethe efficiency of InGaN/GaN
multiple quantum well solar-cells. We observe the ITO will absorb the the light before 380nm.
That will cause a big loss.

In this study we will compare the flat InGaN/GaN multiple quantum well solar cells to
the nanostructured ones. We used textured PDMS film to reduce the reflectance without
making electricity property poor. We use a material called quantum dots (QDs) to solve the
problem of high absorption of front ITO layer. QDs will absorb the short wavelength light

before ITO and reemit the visible region light. So we can reduce the UV region light loss.
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Chaper 2. Basic Theories of Solar Cell

2.1 The fundamental structure of solar cell

A complete solar cell structure design was shown in Figure 2.1-1 [25]-[26], there is a

glass protective layer (cover glass) and a transparent adhesive layer outside, which play the
role of fixed and the protection of the internal components of solar cells are not damage by
the environment water vapor and other material. According to their function the internal
components of solar cell, they can be divided into three parts, the first one is the
anti-reflective layer (antireflection coating), which improve the light harvesting in solar cell
by the optical design further to reduce optical losses due to the reflection; The second one is
the semiconductor pn junction (active layer), the.pn junction can absorb the light and
generate the electron-hole pair and then separate the electron and hole which diffuse to the
electric field the between the pn junction. The third one is electrode, which extract the carrier.
The front electrode which:allows light to pass through so it will be designed into different
spacing and the rate of metal shielding finger patterns according to different cells, back
electrode which with the whole plane structure, and reflect the light which one is incomplete
absorbed at once optical path back to the active layer and increase the power conversion
efficiency. By using the load of outside circuit, the photocurrent can change into to an output
power. For enhancing the power efficiency of solar cell, there are three keys can be
improved.

(i) Enhancing the photon collection, the implementation is an anti-reflective layer, an
effective anti-reflective layer in solar cells which should have features of broadband
and omnidirectional anti-reflective characteristics, and increase the photo collection
per unit area of solar cells.

(i) Enhancing the internal quantum efficiency (IQE), the implementation is

improving the quality of semiconductor material. Reducing the semiconductor
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material defect at manufacturing process or reducing opportunity of the carrier
recombines by defect. Developing high-quality solar material or by epitaxial process
to create the most suitable structure for photovoltaic which improve the solar energy
conversion efficiency and has a broadband absorption spectrum.

(ili)  Enhancing the electron extraction (Carrier collection), the implementation is to
develop a high-quality electrodes. The front electrode which allows light to pass
through, it will be designed into different spacing and the rate of metal shielding
finger patterns according to different cells further to enhance the electron extraction.
Another key point of electrode design is reducing the series resistance and forms an

ohmic contact to reduce the loss of carrier.

Front electrode ()

Anti-reflection coating | . i

N\
N-type silicon (P +) —=

u @)
P-type silicon (B <) =

Back electro/c;e (#) : L,_qum

Figure 2.1-1 Illustrations of the fundamental structure of solar cell
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2.2 The physics of solar cells

Typically, solar cell was formed as a diode, and there is a pn junction between the
n-type and p-type semiconductor, due to the different concentration of electron and hole,
carrier diffusion will occur and result in diffusion current. In the vicinity of the junction, the
electron concentration of n-type is higher than the electron concentration in p-type, so the

electron will diffuse form n-type to p-type. Similarly, the hole concentration of p-type is
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higher than the hole concentration in n-type, so the hole will diffuse form p-type to n-type, so
the neutral will be broken. The junction at the n-type side will exist the positive charges which
were caused by the donor, and the junction at the p-type side will exist the negative charges
which were caused by the acceptor. The region with n-type positive charges and p-type
negative charges which we called space charge region, and there is an electrical field in the
space charge region and the direction is from n-type side to p-type side.

When the light with the energy higher than the band gap of the semiconductor was
incident, the light will be absorbed then transfer the energy to electrons, and then the electron
are excited to a higher energy state which resulting in an electron - hole pairs. Due to the
built-in electrical fields the electrons will move to the n-type region and the holes will move
to the p-type region. The electron hole pairs move by the built-in electrical fields will result in
drift current.

The basic working principle of solar cells is separate the electron hole pairs by using the
built-in electrical field in the'space charge region before they recombine. Figure 2.2-1 shows
the diffusion mechanism and drift. mechanism when the light incident into the solar cell, the
photocurrent is the sum of diffusion current-and-drift current [27]-[28]. If we make a contact
with two terminals in a diode, it is called short circuit and the current was called short circuit
current which equal to photocurrent. If there is no contact with two terminals in a diode, it is
called open circuit, when the light incident, the electron will accumulate at n-type side and the
hole will accumulate at p-type side which results in a photo-voltage or called open circuit

voltage.
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Figure 2.2-1 lllustrations of the carrier generation, carrier diffusion and carrier drift in

solar cell
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Figure 2.3-1 The diagram of solar cell equivalent circuit.

Figure 2.3-1 illustrates the equivalent circuit of solar cell. From this diagram, one could

find the photo-generated current (I) as follows [29]:

_ 1 _ AV+IR] _ 4] _ V+IRs ]
I= Is — o {exp [1522] — 1} - 2-1)

where Iy is the short-circuit current (also called light-generated current, 1), lo is the reverse

saturation current of the diode, k is the Boltzmann’s constant, T is the absolute temperature in
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degrees Kelvin, n is the ideality factor of diode (1<n<2, n=1 for the Shockley equation), R
Is the equivalent series resistance and Rg, is the equivalent shunt resistance of the solar cell.
An idealized solar cell, the series resistance Rs is close to infinity and treats as open in the

equivalent circuit. Therefore, the Eq. (2-1) can simplified as:

[= Isc— I [exp (25) - 1] 2-2)

In Figure 2.3-1, when the intensity of solar radiation is weak, the current of diode is

approximately the leakage current (I = :—d), therefore, Rs can be ignore and Ry, effect is
sh

important, then Eq. (2-1) can be rewritten as:

[ = I, — 1 [exp (% — 1)] N Rlsh (2-3)

When the intensity of solar radiation is great, the light-generated current is great and

diode is on condition. Therefore, the current of diode is greater than the leakage current

(Iq » }Z—d), and the Rsh can be ignore and the Rs effect is important. Then the Eq. (2-1) can
sh

be rewritten as:

_ 7 _ QVHIRs) ]
[= I — I [exp (To2) = 1] (2-4)
Jsc
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Figure 2.3-2 The I-V characteristics with and without illumination.
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The 1-V characteristics of solar cell in dark condition and under illumination were shown
in Figure 2.3-2 [30]. Four parameters are usually used to characterize the solar cell output
performances and shown in this figure. The parameters used to describe the solar cell

performances are indicated as follows [31]:
(1) Short-Circuit Current, Ig

Isc is a current when the solar cells were under illumination, and with a zero external load,
it means the solar cell circuit is short circuit. It is determined on the voltage (V) equal to zero
by Eqg. (2-2). This is equal to the light-generated current I, ideally. As V=0, the Eqg. (2-2) can
be written as:

I'= I (2-5)
(2) Open-Circuit Voltage, Vo

The open-circuit voltage is is a voltage when the solar cells were under illumination, and
with an infinite external load, it means the solar cell circuit.is open circuit, at this time the
output current is zero. Vo can be solved.in 1=0 and. V=V, from Eq. (2-2), which is expressed

as:

V,. = %ln (I— + 1) (2-6)

Io

V¢ is determined by the properties of the semiconductor by virtue of its dependence on

(3) Fill Factor, FF

Which is defined as the maximum ratio of the output power to the product on the

short-circuit current and open-circuit voltage, which can be expressed as:

I xV P kT \% KT
FF = max*Vmax _ max  __ 1 — In (1 + q max) _ (2_7)
IscXVoc IscXVoc qVoc KT qVoc
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It is measure of how squareness the output characteristics are. For cell of reasonably
efficiency, it has a value in the range 0.7 to 0.85.

(4) Conversion Efficiency, 7

The conversion efficiency of solar cell is defined as the maximum ratio of the output

power to the input power, which can be expressed as

kT quaX KT
I x[1 1n(1+ )
Pmax _ ImaxXVmax _ IscXVocXFF _ 'L qVoc KT qVoc

n l:)in lDin l:’in l:’in

(2-8)

where Pj, is the total power under the light incident to the cell.

The solar cell parameters such as open-circuit voltage V., short-circuit current Is; and
fill factor FF can provide the information about designing and improving the photodiode due
to their characteristics depended. on the properties of the semiconductor materials and the

structure of device.

(5) Quantum Efficiency

Quantum efficiency (QE)‘is the ratio of the number of charge carriers collected by the
solar cell to the number of photons of a given energy shining on the solar cell. QE therefore
relates to the response of a solar cell to the various wavelengths in the spectrum of light
shining on the cell. The QE is given as a function of either wavelength or energy. If all the
photons of a certain wavelength are absorbed and we collect the resulting minority carriers
(for example, electrons in a p-type material), and then the QE at that particular wavelength

has a value of one. The QE for photons with energy below the band gap is zero.

The quantum efficiency ideally has a square shape, where the QE value is fairly constant
across the entire spectrum of wavelengths measured. However, the QE for most solar cells is
reduced because of the effects of recombination, where charge carriers are not able to move

into an external circuit. The same mechanisms that affect the collection probability also affect
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the QE. For example, modifying the front surface can affect carriers generated near the
surface. And because high-energy (blue) light is absorbed very close to the surface,
considerable recombination at the front surface will affect the "blue” portion of the QE.
Similarly, lower energy (green) light is absorbed in the bulk of a solar cell, and a low
diffusion length will affect the collection probability from the solar cell bulk, reducing the QE
in the green portion of the spectrum. In somewhat technical terms, the quantum efficiency can
be viewed as the collection probability due to the generation profile of a single wavelength,

integrated over the device thickness and normalized to the number of incident photons.

"Quantum efficiency" is also sometimes called IPCE, which stands for

Incident-Photon-to-electron Conversion Efficiency.

Two types of quantum efficiency (QE) of a solar cell are often considered:

« External Quantum Efficiency (EQE) Is the ratio of the number of charge carriers collected
by the solar cell to the number of photons of a given energy shining on the solar cell from
outside (incident photons).

 Internal Quantum Efficiency (IQE) is the ratio of the number of charge carriers collected
by the solar cell to the number of photons of a given energy that shine on the solar cell

from outside and are absorbed by the cell.

The IQE is always larger than the EQE. A low IQE indicates that the active layer of the
solar cell is unable to make good use of the photons. A low EQE can indicate that, but it can

also, instead, indicate that a lot of the light was reflected.

To measure the IQE, one first measures the EQE of the solar device, then measures its

transmission and reflection, and combines these data to infer the IQE.

(6) Parasitic Resistances
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In real cells power is dissipated through the resistance of the contacts and through
leakage currents around the sides of the device. These effects are equivalent electrically to

two parasitic resistances in series (Rs) and in parallel (Rsy) with the cell (Figure 2.3.3).

The series resistance arises from the resistance of the cell material to current flow,
particularly through the front surface to the contacts, and from resistive contacts. Series
resistance is a particular problem at high current densities, for instance under concentrated
light. The parallel or shunt resistance arise from leakage of current through the cell, around
the edges of the device and between contacts of different polarity. It is a problem in poorly

rectifying devices.

Series and parallel resistance reduce the fill factor as shown in Figure 2.3-3. For an

efficient cell we want R to be.as small-and Rs, to be as large as possible.

A| Al

Decreasing Rqy

Increasing Rq

V l\~ V
>

Figure 2.3-3 Effect of increasing series and reducing parallel resistances. In each
case the outer curve has Rs = 0 and Rg, = 0. In each case the effect of the
resistances is to reduce the area of the maximum power rectangle compared to Js. X

Voc.
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Chaper 3.  Experimental Instruments and Measuring Instruments

3.1 Scanning Electron Microsope (SEM)

A scanning electron microscope (SEM) is a type of electron microscope that images a
sample by scanning it with a high-energy beam of electrons in a raster scan pattern. The
electrons interact with the atoms that make up the sample producing signals that contain
information about the sample's surface topography, composition, and other properties such as

electrical conductivity.

The types of signals produced by an SEM include secondary electrons, back-scattered
electrons (BSE), characteristic X-rays, light.(cathodoluminescence), specimen current and
transmitted electrons. Secondary electron detectors are. common in all SEMs, but it is rare that
a single machine would have detectors for all possible signals. The signals result from
interactions of the electron beam with atoms at or near the surface of the sample. In the most
common or standard detection mode, secondary electron imaging or SEI, the SEM can
produce very high-resolution images of a sample surface, revealing details less than 1 nm in
size. Due to the very narrow electron beam, SEM micrographs have a large depth of field
yielding a characteristic three-dimensional appearance useful for understanding the surface
structure of a sample. This is exemplified by the micrograph of pollen shown to the right. A
wide range of magnifications is possible, from about 10 times (about equivalent to that of a
powerful hand-lens) to more than 500,000 times, about 250 times the magnification limit of
the best light microscopes. Back-scattered electrons (BSE) are beam electrons that are
reflected from the sample by elastic scattering. BSE are often used in analytical SEM along
with the spectra made from the characteristic X-rays. Because the intensity of the BSE signal
is strongly related to the atomic number (Z) of the specimen, BSE images can provide
information about the distribution of different elements in the sample. For the same reason,

BSE imaging can image colloidal gold immuno-labels of 5 or 10 nm diameter which would
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otherwise be difficult or impossible to detect in secondary electron images in biological
specimens. Characteristic X-rays are emitted when the electron beam removes an inner shell
electron from the sample, causing a higher energy electron to fill the shell and release energy.
These characteristic X-rays are used to identify the composition and measure the abundance
of elements in the sample [32].

As the sample is scanned by the electron beam as shown in figure 3.1-1, it emits
electrons and electromagnetic radiation. A detector counts the low energy secondary electrons
(< 50 eV) or other radiation emitted. The image is produced by two dimensional intensity
distributions by scanning a cathode ray tube (CRT) spot onto a screen and modulating the
brightness by the amplified current from the detector. Three dimensional samples change the
way electrons are emitted and results in the appearance of a three dimensional image.

Resolutions less than 1 nm may be achieved.
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Figure 3.1-1 Schematic diagram of a scanning electron microscope.

21



3.2 Plasma-enhanced chemical vapor deposition (PECVD)

Plasma-enhanced chemical vapor deposition (PECVD) is a process used to deposit thin
films from a gas state (vapor) to a solid state on a substrate. Chemical reactions are involved
in the process, which occur after creation of a plasma of the reacting gases. The plasma is
generally created by RF (AC) frequency or DC discharge between two electrodes, the space

between which is filled with the reacting gases.

Plasma deposition is often used in semiconductor manufacturing to deposit films onto
wafers containing metal layers or other temperature-sensitive structures. Silicon dioxide can
be deposited from dichlorosilane or silane.and oxygen, typically at pressures from a few
hundred millitorr to a few torr. ‘Plasma-deposited silicon nitride, formed from silane and
ammonia or nitrogen, is also. widely-used, -although it is important to note that it is not
possible to deposit a pure ‘nitride in this fashion. Plasma nitrides always contain a large
amount of hydrogen, which can be ‘bonded to silicon (Si-H) or nitrogen (Si-NH); this
hydrogen has an important influence on UV absorption, stability, mechanical stress, and

electrical conductivity.

Silicon Dioxide can also be deposited from tetraethoxysilane (TEOS) in an oxygen or
oxygen-argon plasma. These films can be contaminated with significant carbon and hydrogen
as silanol, and can be unstable in air. Pressures of a few torr and small electrode spacings,
and/or dual frequency deposition, are helpful to achieve high deposition rates with good film

stability.

High-density plasma deposition of silicon dioxide from silane and oxygen/argon has
been widely used to create a nearly hydrogen-free film with good conformality over complex
surfaces, the latter resulting from intense ion bombardment and consequent sputtering of the

deposited molecules from vertical onto horizontal surfaces [33].
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3.3 Inductively-Coupled Plasma (ICP)

ICP etching system is dry etching system. The plasma region was crylindrical. This low
aspect ratio contributes to the high plasma production efficiency in that it reduced the ratio of
the plasma flux hitting the walls to the plasma flux hitting to the wafer. A circular array of
magnetic line cusps was used to aid in plasma confinement and improve uniformity. The

plasma was driven by a coil, separated from the plasma by a dielectric window.

The plasma-assisted etching process proceeds in five steps as illustrated in Figure3.3-1.
1. The process began with the generation of the etchant species in the plasma.
2. The reactant was transported by diffusion through a stagnant gas layer to the surface.
3. The reactant was adsorbed to the surface.
4. This was followed by chemical reaction along with physical effects, such as ion
bombardment to form volatile compounds.
5. These compounds were desorbed from the surface, diffused into the bulk gas, and

pumped out by the vacuum system.

Plasmas Flowing Gas

_______________________..
(1)Generation Of Etchant Species
>
(2)Diffusion to Surface [
I
Stagant Gas Layer |
|
] {(4)Reaction
(3)Adszorption
(5)Dezorption and| Diffusion
l into Bulk Gas

%

Figure 3.3-1 The plasma-assisted etching process proceeds
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Here we use nanosphere spreaded on GaN to be mask etching by ICP-RIE to form some
nanostructure. We use Cl,/Ar to be the etching gas. By adding different ratio of the gas, we

can achieve different kinds of the nanoscale shape.

3.4 Current-voltage measurement (J-V curve)

Solar cell device characteristics measurement and analysis in the laboratory, set up by
self-complete measure machine architecture to achieve. We use the U.S. company
manufacturing Newport's AM1.5G 1000W Class A standard solar simulator, the United States
National Renewable Energy Laboratory (NREL) calibrated with international standards set by
the solar spectrum in all bands are within error of only 2%. Before the actual measurement,
using Newport calibration withstandard solar cells go after the correction light intensity under
the conditions in 1 sun. We use the temperature controller to maintain the temperature of load
placed at 25°C. And with a Keithley 2400 digital power meter, through a computer Labview
program to control the 1-V measurement system. Figure 3.4-1 is our measuring machine

architecture:

Solar cell 'V Measurement

1KW
Power Supply

Class A
AM1.5G

Simulator

Figure 3.4-1 The schematic of Current-voltage measurement system
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Energy conversion efficiency of solar cells is measured the I-V characteristics under
simulated sunlight illumination conditions (AM1.5G). We can learn about the important
parameters through the conversion efficiency of solar cells, including short-circuit current (ls),
open-circuit voltage (Voc), fill factor (FF), power conversion efficiency (), Maxima power

voltage (Vmax), Maxima power current (Imax), series resistance (Rs), and shunt resistance (Rsp).

3.5 External quantum efficiency measurement (EQE)

Measuring the external quantum efficiency (QE (A)), also known as spectral response
(SR (M) is very important for understanding the carrier generation and the diffusion
mechanism of photovoltaic device. The unit of spectral is the amperage of current generate
from per wattage of incident light (A./"W). - Formula 3-1 shows the mathematical formula of
external quantum efficiency, which indicate the probability of incident photon transform to

electron-hole pairs.

qSR(4)
Ahc

We assume that the operating point of maximum. power output and short-circuit are

QE(1) = 3-1)

the same, so usually the spectral response is the short circuit current. During solar cell
research there are several systems of external quantum efficiency measurement, such as
interference filter, grating spectrometer etc... For single-junction solar cells we use the
periodic single-frequency light to irradiate solar cell and measure the photocurrent then using
lock-in amplifier to transfer the signal into AC signal. In our experiment we use a grating
spectrometer system for broadband spectral measurements (400-3200 nm) and for high
spectral resolution, the setup is as figure 3.5-1 [34]. Xenon lamp with wide spectrum when the
wide spectrum light pass through a grating it will become a single frequency light and then
focus on the solar cell. The aberration can be solved by using a spherical mirror or a parabolic

mirror.
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Figure 3.5-1 The schematic of grating quantum efficiency measurement system

3.6 Angle resolved Integrating sphere reflectance measurements

Figure 3.6-1(a) is a traditional reflectivity measurements diagram. When we want to
measure the reflectance of the.smooth surface, the laser light is incident to the sample surface
by a specific angle. As the sample-itself-is.a smooth surface, and the incident light is single
wavelength, we can obtain the reflected light at corresponding angle by the Snell’s law. At
this point we just put on a light detector on the path of the reflected light, and we can collect
the reflected light from the sample surface effectively. Thus it can measure the reflectance

value.
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Figure 3.6-1 (a) Schematic diagram of conventional reflectivity measurements. (b)

Schematic diagram of Integrating sphere reflectance measurements.

For the particles surface or rough samples, we also want to understand the different
wavelengths light reflectivity, so we change the incident light source to the Xe lamp light with
broadband spectrum. Figure 3.6-1(b) shows, when we made the surface of the textured
structure which the dimension size is closed to the wavelength of incident light, the different
wavelengths of light on the structure surface produce different levels of splitting, and at the
same time with a large number of light diffraction and scattering phenomenon, which will
make the direction of reflected light is no longer regularly, but from different angles toward
the divergent out. In such condition, if we still use previously measurement way which placed
a light detector in a particular direction, we will only receive a small portion of the reflected
light, so that out of the reflectance measurement is not an objective value. For rough surface
samples, in order to improve the problem of not only received light at a specific point, Fig.
3.6-1(b), our approach is coupled with an integrating sphere to collect the complete angle

scatter light, the light spilling in all directions will be limited to points inside the integrating
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sphere and were eventually collected by the light detector. And in order to analyze the
reflectivity of different wavelengths, we require a light detector which can detect wide
spectrum of light. By this way we obtained an objective of the reflectivity data, which

compared to the previous method of measuring reflectivity will be more realistic and accurate.

Figure 3.6-2 you can see the whole device roughly, we use Xe lamp as the light source to
simulate a wide spectrum of solar incident light, then light pass a convex lens by a guiding

fiber, this allows light to show about horizontal to pass the aperture of the integrating sphere.

The horizontal light pass the aperture of the integrating sphere then illuminate the sample on
the fixture in the integrating sphere. The reflected light is not absorbed by the sample will be
limited to points inside the integrating sphere, and then be collected by the light detector at the
rear of integrating sphere. This fixture platform can be set around rotating, and we can use
this rotating to change the incident light angle of sample illumination. So the angle-resolved

reflection of textured sample can be measured by the integrating sphere easily.

Aperture Sample “Light concentrator

Figure 3.6-2 Schematic diagram of integrating sphere in our laboratory.
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Chaper 4. Device fabrication and characteristics analysis

4.1 The fabrication of GaN/InGaN multiple quantum well solar cells

Figure 4.1-1 shows the fabrication flows of GaN/InGaN multiple quantum well solar
cells. As mentioned before, GaN/InGaN multiple quantum well solar cells is better than bulk
i-layer because we can grow higher content indium with thin thickness. So we decide to use
this type to grow our solar cell. The p-GaN ~ i-layer (GaN/InGaN multiple quantum well) ~
n-GaN was deposited by Metal-organic Chemical Vapor Deposition (MOCVD) on sapphire
substrate. Then we use Plasma-enhanced chemical vapor deposition (PECVD) to grow
SiNx(Figure 4.1-1 (a)). After that, we use mask aligner and exposure system to define mesa
pattern and the Photo Resistor (PR) was used as mask immersed in Buffered Oxide Etch
(BOE) to remove some SiNx. Then we remove the rest PR by Acetone. The sample was
etching by Inductively-Coupled Plasma (ICP) with SiNx as mask. The p-n junction was
defined as figure 4.1-1(b). Then we use sputter to grow Indium-tin oxide(ITO). After that, we
use mask aligner and exposure system to define ITO pattern and the PR was used as mask
immersed in aqua regia to remove some ITO(figure 4.1-1(c)). And the ITO on p-GaN was
used as Transparent conductive layer. Then-we use mask aligner and exposure system to
define electrode pattern. We use E-gun to deposit our electrode. After that, we remove the PR
in acetone. Finally, the GaN/InGaN multiple quantum well solar cells is achieved. (figure

4.1-1(d)) The material and the thickness are in following tables.

Substrate p-type Active layer n-type Conducting electrode
layer
sapphire p-GaN i-GaN/InGaN n-GaN ITO Cr
430um 200nm 112nm 1.5um 110nm 50nm

Table 4.1-1 The content and the thickness of our GaN/InGaN multiple quantum well

solar cells
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i-layer content thickness In (%)

Quantum well 14pair GaN/InGaN 5nm/3nm 16%

Table 4.1-2 The content and the thickness of i-layer.

sapphire A7

ITO

electrode

Figure 4.1-1 The fabrication flows of GaN/InGaN multiple quantum well solar cells.
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4.2 Polydimethylsiloxane (PDMS)

Due to lots of defects caused by the dry etching process mentioned before, the electricity
properties must be poor. These defects will trap the electron-hole and decrease the efficiency.
So we found another material to reduce the Fresnel reflection which called
Polydimethylsiloxane (PDMS). The advantages of using PDMS film are the low-cost,
non-vacuum system and simple process (only spin coating and imprinting needed). Other than
ease of fabrication, PDMS film provides a refractive index gradient to serve as an
anti-reflection layer. Extra benefits of light trapping and scattering can be added when the film

is stamped with high texture pattern.

4.2.1 Fabrication process of textured PDMS film

To prepare a flexible textured PDMS film,.a randomly textured crystalline silicon (c-Si)
mold-pattern was prepared by wet-etching with potassium hydroxide (KOH) [35]-[36], which
was used to imprint PDMS film(figure 4.2.1-1(a)), and the cross-sectional scanning electron
microscope (SEM) image of the randomly textured silicon substrate with a height of about 6
um was shown Fig. 4.2.1-2(a). Second, the-PDMS pre-polymer solution (in the form of a
viscous liquid) was dropped on randomly textured c-Si mold-pattern surface. Then, the spin
coating method was employed to form a uniformly PDMS polymer layer which can cover
over the c¢-Si mold-pattern(figure 4.2.1-1(b)), and then the substrate was baked at 70 ‘C for
half hour. After detaching from the c-Si mold, a flexible textured PDMS film was successfully
obtained(figure 4.2.1-1(c)) and the height of the textured structure was about 3 um, as shown

in Fig. 4.2.1-2 (b). Finally, the flexible textured PDMS film was put on the cell(figure4.2.1-3).
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Figure 4.2.1-1 The fabrication flows of rough PDMS film. Figure () is the textured

substrate. Figure(b) is the PDMS spread on the substrate. Figure (c) is the rough PDMS

film.

Figure 4.2.1-2 The textured substrate is prepared as (a). And the textured pattern

is transformed by PDMS film as (b).

A A AAAAAAA

FP

Figure 4.2.1-3 The cell was shown in (a). And the textured PDMS film was put on

cell as (b).
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4.2.2 The optical properties analysis of PDMS film

We measure the optics properties of flat PDMS and textured PDMS. From the results,
the transmittance of both the flat and textured ones are very high(Figure 4.2.2-1). So it won’t
loss much energy. After that, we measure the Haze of both ones(Figure 4.2.2-2) , and the
definition formula is below(4-1). It means the ratio with transmittance of scattering light by
the total transmittance. From the figure, the haze of flat one is almost 0%, it means the light
go out from the flat PDMS in straight. Otherwise, the Haze of textured one is very high, it
means the light will scatter after go through the texture PDMS. And the optical path length is

getting longer, which is benefit for solar cell to absorb more light.
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Figure 4.2.2-1 The transmittance of flat PDMS and rough PDMS.
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Figure 4.2.2-2 The haze of flat PDMS and rough PDMS.

Haze(%) = Lairr (1)
71total

In order to understand how the scattering light capability of the flexible textured and
flat PDMS films, we first measured the angle-dependent intensity of transmittance by
bidirectional transmittance distribution function (BTDF) system with an incident light of 380
nm and ultraviolet-visible spectrophotometer. The system setup is shown in below(Figure
4.2.2-3). The light will go through the sample and scatter. And there is a detector moving as a
circle to receive the light. So we will know the intensity of the scattered light with the angle.
The results is shown in figure 4.2.2-4. The view angle of the flexible textured PDMS film at
the full-width at half-maximum was enlarged from 12° to 48° compared with the flat PDMS

film, which could be attributed to the increased light scattering by the textured structure as

shown in Fig. 4.2.2-4. As the results, the introduction of the flexible textured PDMS film can
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deflect the photons in much wider angle and lengthen the traveling distance in the cell, which

implies higher possibility of getting absorbed.

BDTF system
Light
Incidence

Transmittance / l \

(diffraction)

Transmittance

(O-order)

detector

Figure 4.2.2-3 The chart of the bidirectional transmittance distribution

function(BTDF) system
o 0 = Flat PDMS
a 330 30 Textured PDMS
0.8 1
067 300
0.4 1
0.2 1
0.0-270 l 90
120

Figure 4.2.2-4 The intensity and the correkpdnding angle of flat and rough PDMS.
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4.2.3 Reflectance spectrum

In order to confirm the broadband anti-reflectively characteristics of cell with PDMS,
we measure the reflectance of reference cell, cell with flat PDMS and cell with rough PDMS
by integrating sphere reflectance measurements, the lower reflectivity means the more light
was absorbed with both flat and rough PDMS, the rough PDMS is better than flat PDMS
because of the better anti-reflectively effect from graded refraction index effect.

Figure 4.2.3-1 shows the result of the measured reflectance of the reference cell, cell
with flat PDMS and cell with rough PDMS under the light at normal incident. The result
indicates the anti-reflective characteristic of cells with both flat and rough PDMS are better
than reference cell over a broadband wavelength range. Especially at the wavelength of
350nm to 420nm which just mapping to the highest absorption range of GaN/InGaN multiple
quantum well solar cell. For the cell with rough.PDMS, we consider the reflectance is lower
than cell with flat PDMS is-caused by the scattering of the light, which enhance the optical
path length. Otherwise, we consider the low reflectance was caused not only by anti-reflection
characteristic but also by the light scattering characteristic of rough PDMS which can enhance
the optical path length of long wavelength-to further reduce the reflectance. The result
indicates cell with PDMS has nice anti-reflective and enhance the light absorption and photo

collection just confirm the idea we had before.
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Figure 4.2.3-1 The measured reflectance of the reference cell, cell with flat PDMS and

cellwith rough PDMS.

4.2.4 Angular reflectivity

The incident-angle-dependent reflection properties are important to solar cells due to
the sun movement. Here, we employ an-—angle-resolved reflectance spectroscopy to
characterize the reference cell, cell with flat PDMS and cell with textured PDMS. The
spectrum for the reference cell, cell with flat PDMS and cell with rough PDMS are shown in
table 4.2-1.

The cold and warm colors in the color bar represent the low and high reflectance,
respectively. Except for the reference cell, the reflectance of the both cell with flat PDMS and
textured PDMS remains low at normal incidence and small angle of incidence(AOls);
however that of the reference cell gradually rise up at large AOIls. Compared to the cell with
flat PDMS, the cell with rough PDMS shows the low optical reflection (R<10%) over the
entire spectrum especially in the wavelength region which just mapping to the highest

absorption range of GaN/InGaN multiple quantum well solar cell and an AOI up to 40°.
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We demonstrate the cell with both flat PDMS and rough PDMS not only inhibit the
broadband reflectivity at normal incidence but also reduce optical reflection at large incidence

angle of light, promising a superior photocurrent generation over an entire day.
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Table 4.2-1 The measured angular reflectance spectra for the reference cell, cell with flat

PDMS and cell with rough PDMS.
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4.2.5 The current-voltage (I-V) characteristics

In this study, the solar cell power conversion efficiency measurement system which
includes, 1000W ClassA AM 1 .5 G solar spectrum which made by Newport company and
calibrated with Renewable Energy Laboratory (NREL) and there is only 2% of error at each
wavelength in international standards solar spectrum, then corrected incident sun light power
intensity of 1 sun and maintain the temperature for the 25 ° C through the temperature control
system, and then measure the current - voltage characteristics by Keithley 2400 source meter.

The current density-voltage curve of GaN solar cell, GaN soalr cell with flat PDMS,
GaN soalr cell with rough PDMS are shown in Figure 4.2.5-1. The details of measured

current-voltage characteristics are shown in table 4.2-2.

Reference
Rough PDMS
Flat PDMS

1.2
1.0
0.8
0.6
0.4
0.2

0.0 : :
0.5 1.0 1.5 2.0

| Voltage(V) |

Current density(mA/cm?)

Figure 4.2.5-1 The measured current-voltage characteristics of Reference cell, cell with

flat PDMS and cell with rough PDMS.
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Voc (V) Jsc(mA/cm?) FF. Efficiency(%6)

Reference 1.63 0.98 62.78 1.001
Flat PDMS 1.63 1.02 62.87 1.049
Rough PDMS 1.64 1.05 62.63 1.072

Table 4.2-2 The details of measured current-voltage characteristics of reference cell, cell

with flat PDMS and cell with rough PDMS.

From the J-V curve result, we can observe the Js; of flat PDMS cell and rough PDMS
cell is higher than the reference ones. It means the more photon is absorbed, and generates
more electron-hole pairs. And more photons are absorbed because of the anti-reflection effect.
We can prove PDMS is a newable material that can have the the effect of anti-reflection. And
Jsc of rough PDMS solar cell‘is higher-than flat ones is because of the effective medium theory
mentioned before. Otherwise, there are structures on the top, it will scatter the light just as we
measured before. So the enhancement is from the effect of light trapping, the light will go
through a longer optical path length.

The GaN solar cell with flat PDMS layer can effectively enhance the short-circuit
current density from 0.98 to 1.02 mA/cm? and the power conversion efficiency from 1.001 to
1.049 %, corresponding to a 4.8 % enhancement compared to one without textured PDMS of
GaN solar cell.

The GaN solar cell with textured PDMS layer can effectively enhance the short-circuit
current density from 0.98 to 1.05 mA/cm? and the power conversion efficiency from 1.001 to
1.072 %, corresponding to a 7.1 % enhancement compared to one without textured PDMS of
GaN solar cell.

The open-circuit voltage (Vo) and the fill-factor (FF) in GaN solar cell exhibit

negligible change, because the textured PDMS film was pasted up on the surface of GaN solar
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cell and did not interfere with the diode operation.

4.2.6 External quantum efficiency (EQE)

To understand more thoroughly on the interaction of the textured PDMS with photons
into the GaAs solar cell, we measured the spectral response of the external quantum efficiency
(EQE). Figure 4.2.6-1 shows the external quantum efficiency (EQE) as function of
illumination wavelength for all three types of solar cells (with textured PDMS, with flat

PDMS, and without any coating).

50
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Flat PDMS
Rough PDMS

40
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Figure 4.2.6-1 The measured external quantum efficiency of reference cell, cell with flat

PDMS and cell with rough PDMS.

The EQE of GaN solar cell with both flat and rough PDMS show a significantly EQE

enhancement in broadband, from the wavelength 350nm to 440nm, just matching the best

absorption region of GaN solar cell. And the EQE enhancement is resulted from antireflection
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effect.

The GaN solar cell with textured PDMS film can offer a superior anti-reflective property
in the range of wavelength from 350 nm to 440 nm, compared with the cell without textured
PDMS film, and this result agrees with measurement of EQE. The reduction of reflectance
means more photons can get into the devices due to suitable refractive index of textured
PDMS film (n~1.42) and the increase of light scattering due to the introduction of the textured
PDMS; hence, more carriers can be generated, and an increase of photocurrent accordingly.
From these experiments, we could found the textured PDMS film on GaN solar cell surface
brings several advantages: first is the reduction of reflectance; second is the increase of light
scattering at the surface; third is a simple fabrication process. All these effects can greatly

improve the short-circuit current density with our conventional GaN-based solar cells.

4.2.7 Nano scale PDMS film

One advantage of PDMS is its transformation. ability. And the PDMS is flexible for
different kinds of substrate. Here we made the nano-scale PDMS film. We all know if we
make the right ratio of the diameter to the wavelength of the incident light. We can make the
reflectance very low. In this way, the nano-scale PDMS film is a very important concept.
Figure 4.2.7-1 shows the SEM images of the the textured nano-scale substrate(figure
4.2.7-1(a)) and the nano-scale PDMS film was successfully achieved from the method

mentioned before(figure 4.2.7-1(b))
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Figure 4.2.7-1 The SEM images of the nano-scale textured substrate(a); and the

transformed na e PDMS film(b).

From the J-V curve res the Jsc of nano-scale PDMS

cells higher than the refere is absorbed, and generates
more electron-hole pairs. And'r se of the anti-reflection effect.
The details of measured current-o ta hown in table 4.2-3.

The GaN solar cell with nano-scale PDMS layer can effectively enhance the
short-circuit current density from 0.98 mA/cm? to 1.03 mA/cm? and the power conversion
efficiency from 1.001 to 1.051 %, corresponding to a 5 % enhancement compared to one

without textured PDMS of GaN solar cell.
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Figure 4.2.7-2 The measured current-voltage characteristics of Reference cell and cell

with nano-scale rough PDMS.

Voc (V) Jsc(mA/cm?) - FF, Efficiency (%)
Reference 1.63 0.98 62.78 1.001
Nano PDMS  1.63 1.03 62.88 1.051

Table 4.2-3 The details of measured current-voltage characteristics of reference cell and

cell with nano-sclae rough PDMS.

The EQE of GaN solar cell with nano-scale rough PDMS show a significantly EQE

enhancement in broadband compared to reference ones(figure 4.2.7-3), from the wavelength

350nm to 440nm, just matching the best absorption region of GaN solar cell. And the EQE
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enhancement is resulted from antireflection effect.
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Figure 4.2.7-3 The measured external guantum efficiency of reference cell and cell with

nano-scale rough PDMS.

We successfully make out the nano-scale-PDMS; and put on the GaN-bsaed cell to get the
higher efficiency. | believe it will be a popular material used on solar cell in some days
because it have so many advantages such as low-cost, non-vacuum system and simple process
and large area, and the PDMS film is flexible, it can use in many substrate. The most
important point is it don’t make the electricity property poor. That’s why it’s a successful

novel materials.
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4.3 Quantum dots (QDs)

Quantum dots (QDs) is a new material apply for solar cells. The benefits of adapting
qguantum dot material in the solar cell are mainly for low-cost, large area, flexible substrates
potentially high efficiency and photon down conversion center. One of the major limits in
current solar cell is the lack of absorbing material at ultraviolet (UV) region. These high
energy photons get absorbed quickly in the bulk material but the carriers are consumed near
the surface by the traps and defects. This portion of sunlight takes up to 7% of the overall
energy [37], and this percentage is even higher in the outer space. Therefore, efficient use of
UV part of the solar spectrum for energy conversion is crucial. If UV photons can be
harvested, it is then possible to enhance the efficiency.

Quantum dots (QDs) materials are a good down converter materials abundant in
earth.[37] The reduced dimensionality of QDs exhibits quantization of their electronic energy
levels, and consequently the-blue-shift of optical absorption edge takes place. Because the
QDs electronic energy levels-and optical spectrum depend on their size, the effective band gap
can be tuned for the solar spectrum.[38] In addition, due to the low cost and easy fabrication,
casting the QDs films from colloidal -methods has been explored for solar cells
applications.[39]

The figure 4.3-1 shows the absorption and EQE of the GaN/InGaN solar cell, and we
can see the poor collection of electron-hole pairs in the short wavelength region. So we
measured the absorption of Front ITO layer(figure 4.3-2) and discover that the absorption of
ITO material is very large in the short wavelength region, which cause the poor collection of

carriers.
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The figure 4.3-1 The absorption and EQE of the GaN/InGaN solar cell.[40]
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Figure 4.3-2 The absorption of Front ITO layer.

If we can use these UV region, we must can enhance the efficiency of GaN/InGaN solar

cells. So quantum dot is the key technique to solve this problem. The figure 4.3-3 shows the

absorbance and photoluminescence spectrums of CdS QDs in toluene.

photoluminescence spectrum was measured by the 365 nm excitation, and a major emission
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peak at 460 nm was found. In absorbance spectrum, a sharp rising edge was detected around
450nm and a steady increase from 400 nm on. Therefore, this CdS QD layer is capable of
converting ultraviolet photons (A<400nm) to the visible blue band. So we can spread the
quantum dots on the cells, it can absorb the UV region light before ITO layer and converting
to visible region light that ITO can not absorb. In this way, we can solve the problem

mentioned before, just by adding some CdS quantum dots material.

-~ -
o -
) g
b} =,
g - .
i )
= n z

'
= =
Z e

300 350 400 ‘450 500 S50 600 650 700
Wavelength (nm)
Figure 4.3-3 The absorbance and photoluminescence spectrums of CdS QDs in

toluene.[41]

4.3.1 Reflectance property

So we spread the QDs on the cell to see if the efficiency is improved(figure4.3.1-1).
Figure 4.3.1-2 shows the result of the measured reflectance of the reference cell and cell with
QDs under the light at normal incident. The result indicates the anti-reflective characteristic of

cells with QDs is better than reference cell over a broadband wavelength range. Especially at

49



the wavelength of 350nm to 420nm which just mapping to the highest absorption range of
GaN/InGaN multiple quantum well solar cell. We prove that the cell with QDs has the

anti-reflectance coating effect.
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Figure 4.3.1-1 The chart of the reference cell and cell with QDs.
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Figure 4.3.1-2 The measured reflectance of the reference cell and cell with QDs.
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Otherwise, we measured the incident-angle-dependent reflection properties.(table 4.3-1)
Except for the reference cell, the cell with QDs remains low at normal incidence and small

angle of incidence(AQIs); however that of the reference cell gradually rise up at large AOls.
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Table 4.3-1 The measured angular reflectance spectra for the reference cell and cell with

QDs.
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4.3.2 The current-voltage (I-V) characteristics

The photovoltaic 1-V characteristic were measured under air mass 1.5 global illumination
and room temperature conditions by a class-A solar simulator complying with the IEC 904-9
standard. The results was shown in Fig. 4.3.2-1. The device characteristics were summarized
in Table 4.3-2.

The GaN solar cell with QDs layer can effectively enhance the short-circuit current
density from 0.95 to 1.01 mA/cm? and the power conversion efficiency from 0.97 to 1.03 %,
corresponding to a 7.2 % enhancement compared to reference ones.

From the J-V curve result, we can observe the Js. of cell with QDs is higher than the
reference ones. It means the more photon is absorbed, and generates more electron-hole pairs.
And more photons are absorbed ‘because of the QDs. It convert the light in UV region to

visible region before ITO layer so the light in.UV region doesn’t 10ss.
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Figure 4.3.2-1 The measured current-voltage characteristics of Reference cell and cell

with QDs.
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Voc (V) Jsc(mA/cm?) FF. Efficiency(%6)

Reference 1.62 0.95 62.82 0.97

400nm QDs 1.62 1.01 63.42 1.03

Table 4.3-2 The details of measured current-voltage characteristics of reference cell and

cell with QDs.

4.3.3 External quantum efficiency

However, it is still unclear whether this improvement is from down-conversion photons
or from other factors. To understand more thoroughly on the interaction of QDs with photons,
we measured the spectral response of the external quantum efficiency (EQE).

Figure 4.3.3-1 shows the EQE of the reference cell and cell with CdS QDs layers. The
cell with CdS QDs layers shows an enhanced  EQE in the range from 350nm to 440nm.
Especially in the range 350nm to 400nm, it shows the higher enhancement, just matching to
the absorption of the QDs.

The overall shape of EQE enhancement resembles the absorption curves of QDs, and we
believe this is a strong indication of QD absorption and down-conversion process. Most of
electron—hole pairs generated in this UV regime are located near surface of device, and the
surface defects consume most of the photo-generated carriers, which lead to inferior cell
efficiency in UV wavelength range. Therefore, the addition of CdS QDs layers on the GaN
solar cell can produce photon down-conversion effect, in which QD-originated photons with
visible wavelengths can be absorbed in the depletion region, and the power conversion
efficiency is improved. On the other hand, when the incident photons’ wavelength is longer
than 400nm, the QDs layer is served more like an AR coating, which can also enhance the

light harvesting.
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Figure 4.3.3-1 The measured external- guantum efficiency of reference cell and cell with

QDs.

4.3.4 DBR effect

After then, we measured the transmittance-of the cell with QDs. And we found out the
transmittance of the cell with QDs is still high(figure 4.3.4-1). That means many photons loss,
we didn’t get use of it. So we think how to solve this situation, and comes the DBR material
in.

From figure 4.3.4-1, we observe the transmittance of cell with QDs is slightly higher than
reference. The reason is the anti-reflectivity characteristic of QDs. QDs let more light in the

cell, but it can’t absorb all of them. So some light come out the cell.
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Figure 4.3.4-1 The measured transmittance of reference cell and cell with QDs.

DBR can reflect the light.of specific wavelength. WWe desigh-a DBR that reflect the light

effectively from 370nm to 430 nm. The reflectance spectrum is'shown in figure 4.3.4-2.
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Figure 4.3.4-2 The measured reflectance of DBR.
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From figure 4.3.4-2, we observe the reflectance of DBR is very high (R>95%). We think
that may reduce the problem mentioned before. So we add the DBR to the back of the cell and
want to reflect the light into cell to be used again. We measured the absorption spectrum of

reference cell, cell with QDs, cell with DBR and cell with both QDS and DBR(figure4.3.4-3).
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Figure 4.3.4-3The absorption spectrum of reference, cell with QDs, cell with DBR and
cell'with both-QDS and DBR.

We can see the cell with QDs is higher than reference before 400nm, it means the QDs do
convert the light into the cell to be used. And the cell with DBR is higher after 370nm because
it reflect the light back to the cell to be used again. As we expect, the best absorption is the
cell with QDs and DBR. It shows the broadband enhancement in absorption from 350nm to
460nm.

So we measured the J-V curve to see if the efficiency is improved. The results is shown
in figure 4.3.4-4. We compare the reference cell, cell with QDs and cell with both QDs and
DBR. The device characteristics were summarized in Table 4.3-3.

The cell with both QDs and DBR can effectively enhance the short-circuit current density

from 1.01 to 1.15 mA/cm? and the power conversion efficiency from 1.019 to 1.162 %,
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corresponding to a 14 % enhancement compared to cell with QDs.

From the J-V curve result, we can observe the Js. of cell with DBR is higher than the
reference ones and cell with QDs. It means the more photon is absorbed, and generates more
electron-hole pairs. And more photons are absorbed because of the reflection of the DBR. It

reflect the light into the cell to be use again, and reduce the loss in photon.
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Figure 4.3.4-4 The measured current-voltage characteristics of reference cell, cell with

QDs and cell with both QDs and DBR.

Voc (V) Jsc(mA/cm2) F.F. Efficiency(%)
Reference 1.62 0.95 62.82 0.97
QDs 1.61 1.01 62.28 1.019
QDs+DBR 1.63 1.15 62.23 1.162

Table 4.3-3 The details of measured current-voltage characteristics of reference cell, cell
with QDs and cell with both QDs and DBR

After all, we measured the external quantum efficiency of the reference, cell with QDs
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and cell with QDs and DBR.

Figure 4.3.4-5 shows the EQE of the reference cell, cell with QDs and cell with QDs and
DBR. The cell with DBR and QDs layers shows an enhanced EQE in the range from 350nm
to 440nm. Especially in the range 350nm to 420nm, it shows the higher enhancement, just

matching to the high reflectance of the DBR.
50

-—= Reference
— QDs

40 — QDs+DBR

30

20

EQE (%)
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0 2 2 2 2
360 380 400 420 440

Wavelength (nm)

Figure 4.3.4-5 The measured external quantum efficiency of reference cell, cell with QDs

and cell with both DBR and QDs.
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Chaper 5. Conclusion

In summary, we successfully demonstrate the textured PDMS film serve as
anti-reflectance coating layer. The advantages are the low-cost, non-vacuum system, large
area and simple process. PDMS film provides a refractive index gradient to reduce the
reflectance. From the reflectance spectroscopy and angle-resolved reflective spectra, we
observe that both flat and rough PDMS show the the better omnidirectional and broadband
anti-reflective characteristic (ARC) compared to reference cell.

Then we demonstrated the PDMS film which is useful in harvesting solar photon and
enhancing the power conversion efficiency of InGaN/GaN multiple quantum well solar cells.
Compared cell with flat PDMS and cell with rough PDMS to reference one, the power
conversion efficiency achieved 4.8% and 7.1% enhancement, and the Js achieved 4.1% and
7.2% enhancement respectively.

Second part, we successfully demonstrate the quantum dots(QDs) serve as photon down
conversion centers. From thereflectance spectroscopy and angle-resolved reflective spectrum,
the result indicates the anti-reflective characteristic of cells with QDs is better than reference
cell over a broadband wavelength range.-We prove that the cell with QDs has the
anti-reflectance coating effect.

From the J-V curve, the GaN solar cell with QDs layer can effectively enhance the
short-circuit current density from 0.95 to 1.01 mA/cm? and the power conversion efficiency
from 0.97 to 1.03 %, corresponding to a 7.2 % enhancement compared to reference ones. The
overall shape of EQE enhancement resembles the absorption curves of QDs, and we believe
this is a strong indication of QD absorption and down-conversion process. The enhancement

is higher before 400nm, just mapping to the absorption spectrum from quantum dots.
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