Thin film solar cell: use Si as an example

c-Si (wafer technology)

a-Si thin film

c-Si solar cell technology

Si-thickness
0.5 um

solar module
M=95-7 %)

Si-thickness
200 - 300 pm

solar module
M=11-15%)

- required thickness of thin film solar cell is around 0.5 um, 1/500 of that of wafer based solar cell
- material cost is very low



Advantage of Thin-Film

Feedstock Module System

Thin-Film

Crystalline Si

MModule Cells Wafer

@ Thin-film solar cells required a shorter value chain
@ |Long value chain presents difficulties with reaching grid parity.



Advantages of thin film solar cells

1. low raw materials are required for fabrication
2. light transmission is better

3. more competitive price (CdTe, USS1 per watt ; First
Solar, stock price is USS180)

4. frameless design

5. Ideal for BIPV( building integrated photovoltaic)



Comparison of Atomic Structure of
¢-Si and a-Si:H




Device structure of amorphous Si solar cell
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-a-Si’s absorption coefficient at visible light is one order of magnitude than
c-Si, so only 10-30 nm is needed to capture most photon in the visible region
-thickness of p and n type are around 10-30nm, thickness of i layer is less than 500 nm



Structure of an amorphous Si solar cell
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I1-VI compound solar cell: CdTe

Abbreviated periodic table

I m v v Vi
B C N O
Al Si P S
Cu Zn Ga Ge As Se
Ag Cd In Sn Sb Te

\\ //
1I-VI group as light
harvesting materials

band gap of CdTe : 1.5 eV

Spectral Response Characteristics of Solar Cell
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Device structure of a CdTe solar cell

Laser
scribes (3) Incident sunlight

I

Glass superstrate
/ :Silicon dioxide
/" Fluarine-doped
~tin dioxide
— Cadmium sulfide
" Cadmium tellurice
*, “Mickel
\\\Alumlnum
\‘\\‘Em\ll vinyl acetate

“Glass laminate

+«— back contact
«—p-CdTe 2-10pum

$_ n-CdS 100nm
TCO 100nm

Fig. 1. The ‘superstrate’ configuration used for CdTe/CdS het-
erojunction solar cells.

Figure 9 TEM micrograph showing the as deposited cross section of [TO/CdS/CdTe P-ty p e : CdTe

structure. Both CdS and CdTe are vapor deposited from the respective
n-type: CdS

compounds.



First solar
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Efficiency n [%]

Band gap and optical absorption of CIGS
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I-111-V. compound solar cell: (CIGS)

Schematic picture

Current collection grid
D

HR-ZnO/n+-ZnO (0.5um)

n-typeCdS (0.05 um)

Cu(InGa)Se2 (2um)

Substrate

Soda lime glass

total device thickness less than 5 um (Crystalline Si module™~200 um)



Compared to CdTe solar cells

Schematic picture

Current collection grid
D

HR-ZnO/n+-ZnO (0.5um)

Cu(InGa)Se2 (2um)

Soda lime glass

n-typeCdS (0.05 um)

+«— back contact
+— n-CdS 100nm

/\/\/\/\

Fig. 1. The ‘superstrate’ configuration use

erojunction solar cells.

Much less Cd required

\
TCO 100nm

glass 1-5 mm

d for CdTe/CdS het-



An example of vaccum-based CIGS film
deposition

Heater/Substrate

AAS Source AAS Sensor
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Mass- Spectrometer

Evaporation Sources
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Y. Hamakawa Thin-film solar cells,



Vaccum-based CIGS film deposition

Heater/Substrate

-Highest efficiency (lab scale: 18~20%)
-Usually UHV/MBE
-Cost prohibitive (but <cryst-Si) Mass- Spectfometer

AAS Source L gy, AAS Sensor

®  EEIS Sensor

Evaporation Sources

General drawbacks:

-Difficult to achieve controlled-stoichiometry over large device areas
-Manufacturing equipment is “very” expensive (> NT 0.1 billion)
-The deposition process is time-consuming

-Poor materials utilization (30-50%)

-Low throughput



Non-Vacuum Processing

ceramic powder binder and additives
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-Synthesize colloidal nanocrystals with controlled CIGS stoichiometry

and deposit layer
-Roll-to-roll manufractruing process



Nano solar- Nanoparticle as ink for printable solar cell

Add a video has denmostrated a 1GW coater in a movielé



1 GW CIGS solar cell fabrication process
demonstrated by nanosolar
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Silicon Vacuum- Roll-printed
Wafer cells |based thin |thin film
film
Process Si wafer High Roll-to-roll
processing |vacuum printing
depositon
Process Robust Fragile Robust
Yield
Materials |30% 30-60% Over 97%
Utilization
Throughput |1 2-5 10-25




Nanosolar Ships First Panels - oec. 12007

Martin Roscheisen,
CEO
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CIGS Rocks!

2012
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CIGS Rock!
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http://www.tsmc-solar.com/Assets/downloads/en-US/TSMC_Solar_Press_Release_EN_Jan_31_2013.pdf
http://www.tsmc-solar.com/Assets/downloads/en-US/TSMC_Solar_Press_Release_EN_Jan_31_2013.pdf
http://www.tsmc-solar.com/Assets/downloads/en-US/TSMC_Solar_Press_Release_EN_Sep_6_2012.pdf
http://www.tsmc-solar.com/Assets/downloads/en-US/TSMC_Solar_Press_Release_EN_Sep_6_2012.pdf
http://www.solar-frontier.com/eng/news/2013/C020760.html

Comparison of three thin film solar cells

a-Si/uc-Si CIS/CIGSe CdTe

TCO ‘

Back contact

T sies 1 ces [ cate

Junction p/i/n, Si p/n, CIGS/CdS p/n, CdTe/CdS
Absorber I-Si P-CIGS. P-CdTe
TCO Textured FTO, AZO, AZO FTO, ITO
Eff. % in prod. (Lab) ~8.5 (~13) 10~11.5 (19.9) 8.5~10 (16.5)

Semiconductor Taiwan 2008



Tandom Junction Solar cells

GalnP/GaAs/Ge Triple Junction Cell
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Video



Market distribution in 2009

cdTe RibbonSi  a-8i2%  CIS/CIGS e Both poly-Si and
0 2% ' / 1% mono-Si combined a
T ™S | total 82%

® First Solar’s CdTe was
the first company to
exceed 1GW/yr
production, captured
13% market share.

® CIS/CIGS only has
1% market share.

Total of 7.86 GW
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Batteries

e Definition: devices that transform chemical
energy into electricity

e Every battery has two terminals:
positive cathode (+) and the negative anode(-)
* Procedure to produce electricity

Device plug in >chemical reaction started
—electron produced > electron travel from (-)
to (+)—>electrical work is produced
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Electrical car




Electrochemical Cell
An electrochemical cell :

a negative electrode to which anions (-) migrate — donates electrons to the eternal circuit as
the cell discharge (anode)

A positive electrode to which cations migrate (cathode)

Electrolyte solution containing dissociated salts, which enable ion transfer between the two
electrodes, providing a mechanism for charge to flow between positive and negative
electrodes.

A separator which electrically isolates the positive and negative electrodes.

Electron Flovy
Externs Load-
- +
L Electraolyte —
Parous
Zepargtar..

Positive :



How Electrochemical Batteries Work
e REDOX Reaction

Electron Flow —

)
4T
ol

Y cathode

Oxidation, the loss of
occurs at the anode.

Electrolyte '\‘Electrolyte

rons, occurs at



簡報者
簡報註解
For electrochemical cells; some batteries do not work this way

Red – Anode, where the electrolyte loses electrons (oxidizes)
Blue – Cathode, where the electrolyte gains electrons (reduces)

Charge balance must be maintained, thus the salt bridge.  Can be a porous barrier between the two electrolytes; just has to keep ions in the electrolytes from touching the opposite electrodes. Can use the same electrolyte, but they shouldn’t touch.

As the anode loses electrons, negative ions (anions) from the salt bridge, or other electrolyte if barrier used, travel to the anode solution, and positive ions (cations) travel to the cathode.

May see voltage refered to as EMF, electromotive force.




The Periodic Table: choose the
electrode

o Periodic Table of the Elements
3 3 hydrogen B poor metals
Li Be alkali metals O nonmetals
9 alkali earth metals B noble gases
9 1 12 transition metals rare earth metals
Na | Mg

18 20 21 22 23 24 25 26 27 28 29
K |Ca|Sc|Ti |V |Cr|[Mn|Fe |Co|Ni |Cu

ar 38 38| 40 41 42 43 44 45 48 47
Rb|Sr|Y |Zr [Nb |Mo| Tc | Ru|Rh |Pd | Ag

55| 86| 57| 72| 73 74 75 78| 77 78| 79
Cs|Ba|La|Hf |[Ta |W | Re|Os| Ir |Pt | Au

87 a8 89| 104 105 108| 107 108 108 110
Fr | Ra| Ac|Ung|Unp({Unh{Uns [Uno|Une|Unn

58| 50| 60| 61] 62] 63| 64] 65 66| 67 68 e8] 70| 71
Ce| Pr|Nd|Pm|Sm|Eu |[Gd | Tb | Dy|Ho | Er | Tm|Yb | Lu

=[] =11 az2 a3 94 a5 96 a7 98 g8 100 101 102] 103
Th|Pa| U |[Np|Pu|Am|Cm |Bk |Cf |[Es | Fm| Md| No| Lr

Combination of electrodes to make a variety types of batteries:
lithium ion battery ~ nickel-zinc ~ zinc air ~ Nickel cadmium ~ Ni iron ~ Silver zinc ~ Mercury
cell



Time Event Hame
0 e.C. Baghdad battery 1w
17%1 Froe leg experment Gl vani
| 1800 Voltzic piles Valta
1803 Crerickshonk
ant battery (2,000 cells) Dovy
1820 Elzctricity from magnetism Ampere
1827 Ohms law Ohm
1833 lonic mability in Agis Farada
1816 CulCuS0y, InS0uIn Danieli
1838 Prnciple of the air cell Grove
1859 L=ad acid battery Plantd
188 Zn/HH4CU € wet batbery Leclanche
1874 Telegraph Edison
187E Lir Call Maiche
1880 High capacity lead/acld Faure
1881 En/HH4CV C encapsulated Thiebault
1885 Hinc-bromine Bradley
1887 In/MHyCUC dry battery Gassner
18%1 | Thermodynamics of dry cells| MNermsc
1859 Mickel cadmium battery Jungner
1500 Mi Storage batteries Edison
1%05 Hi iron batterizs Edison
1911 Automabile celf-ctarter Kerroring
1927 Sitver Finc Amdre
1930 Hicksl-zinc battery Dromm
1943 Cuprous chlorde battery Adams
1945 Mercury cell Ruben
1950 Sealed mercury Ceall Ruben
1454 Alcatine fuel cell Bocon
1959 Alkaline primary cell Urry
1962 | Lithium metal rechargeabls Mali
1991 Commercial ithium ion Sony
1952 Feusable alkaline Kordesch

19953+

Recent develooments



簡報者
簡報註解
One of the enthusiastic admirers of Galvani was a university professor in Padova Alessandro Guiseppe Antonio Anastasio Volta. He repeated Galvani's experiments many times with many different materials. From these experiments he came to the conclusion that it was the two dissimilar metals, not the frog’s leg that produced the electicity. The frog’s leg was just an indicator of presence of the electricity.��In 1800, after extensive experimentation, he developed the voltaic pile. The original voltaic pile consisted of a pile of zinc and silver discs and between alternating discs, a piece of cardboard that had been soaked in saltwater. A wire connecting the bottom zinc disc to the top silver disc could produce repeated sparks. No frogs were injured in the production of a voltaic pile.�Volta built different piles using thirty, forty or sixty elements. This enabled him to study the action of the pile on the electric fluid, depending on the number of elements, and he confirmed that the electric shock increased in intensity with the number of elements used in the pile. If more than twenty elements were used, it became painful. The first piles constructed by Volta comprised alternating zinc and copper discs. Each was separated from its neighbor by a piece of cloth or card dampened by an acid solution. The column was supported by three vertical glass rods�


Electrochemical Battery History.Cont’d

The Voltaic Pile ]
— Invented by Alessandro Volta in 1800 I
— Zinc and Copper with a cloth soaked in brine
— Technical F|§VF\)IS' Electroly o —

L ]
e Compressing of cloth created shorts _
* Short battery life c Zinc }1 Flement
opper
)

The Daniel Cell ailie o cabods

— Invented in 1836 by John Daniell oo soltbridge i

i
The lead-acid cell i
— Invented in 1859 by Gaston Planté
_ First FEChargeable battery Finc sulphate soluiion copper sulphate selution

The zinc-carbon cell
— Invented in 1887 by Carl Gassner


簡報者
簡報註解
1780 - Luigi Galvani dissecting a frog on a brass hook.  Touched its leg with an iron scalpel, and the leg twitched.  He believed it was the energy from the leg itself, but Alessandro Volta disagreed.  He believed it was created by the two different metals being connected by a moist middle-man.  Experimentally proved this and published his results in 1791.  Invented the voltaic pile in 1800.

Technical Flaws: compressed cloth – laid out sideways to be called the “trough battery” by William Cruickshank.  Short battery life was caused by two things.  1.  Electrolysed electrolyte created a film of hydrogen bubbles on the copper, increasing internal resistance of the battery.  2.  small short-circuit would create impurities in the zinc, thus degrading it.  This was solved in 1835 by William Sturgeon by mixing some mercury into the zinc.

Regardless, the voltaic pile was very popular and made possible many things such as the first electrolysis of water.

The Daniel Cell – Used a porous barrier and a second electrolyte.  The second electrolyte prevented the hydrogen from being deposited on the cathode.

The lead-acid cell – First ever rechargeable battery.  Used a lead anode and a lead oxide cathode, both immersed in a sulphuric acid.  Could be reversed by passing a reverse current through the battery, thuse “recharging” it.  Heavy and bulky, but type of battery used today in applications where weight isn’t a big factor like in automobiles.  Difference is nowadays a gel is used for the electrolyte.

The zinc-carbon cell – world’s first dry-cell.  Did not use a liquid electrolyte, allowing for the battery to be convenient and portable.




Electrochemical Battery History Cont’d

The Nickel-Cadmium Battery
— Invented in 1899 by Waldmar Jungner.

The common Alkaline Battery
— Invented in 1955 by Lewis Urry

The Nickel Metal-Hydrid Battery

— NiMH batteries for smaller applications started to be on the market in
1989.

Lithium and Lithium-ion Batteries

— First lithium batteries sold in the 1970s

— First lithium-ion batteries sold in 1991 = portable electronic devices
— First lithium-ion polymer batteries released in 1996


簡報者
簡報註解
NiCm – Rechargeable and used nickel and cadmium electrodes in a potassium hydroxide solition, the first battery to use an alkaline electrolyte.  

Common Alkaline – Invented by an engineer at Eveready, now known as energizer.  Started hitting the market in 1959.

Lithium batteries – Lithium is the metal with the lowest density and has the greatest electrochemical potential and energy-to-weight ratio.  
Regular lithium batteries are not rechargeable.  Lithium Ion batteries were developed in the 1980s by a research team at Sony.  They’re a more stable version of the lithium batteries.  Lithium-ion polymer batteries have a flexible wrapping and a solid polymer composite electrolyte, meaning they can be specifically shaped to fit a particular device.  They also have a higher energy density than normal lithium ion batteries.
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Primary vs. Secondary Batteries

* Primary batteries are disposable : their
electrochemical reaction cannot be

reversed.

e Secondary batteries are rechargeable,
because their electrochemical reaction
can be reversed by applying a certain
voltage to the battery in the opposite
direction of the discharge.




Y

AL &

[MxEEse
PRI

L

J

Z

1S

/

—XE




Terminology and Units

Primary Batteries — Disposable
Secondary Batteries — Rechargeable
emf — Electromotive force, voltage

Ampere-hour (Ah) = 3600 coulombs, a
measure of electric charge

Watt -hour (Wh) = 3600 joules, a measure of
energy

Ah = (Wh) / emf



Theoretical Cell voltage

 Anode (oxidation potential)+ cathode
(reduction potential)=standard cell potential

Zn+Cl, >ZnCl,
/n—> Zn*? +2e -(-0.76 V)
ClL,>2CI -2e 1.36V
Ec =2.12V —>theoretical voltage



0.82 Ah/g
1.22g/Ah

Theoretical capacity

+ Cl2 = ZnClI2

0.76 Ah/g
1.32g/Ah =  2.54 gAH or 0.394/Ah/g



Primary Alkaline Batteries

e Can lose 8 —20% charge every year at room
tempurature.

e Discharge performance drops at low
temperatures.

o Lamlm Lo L c | o

1.250 2.890 0.625 8.350 20.500
(Ah)

Voltage [BS 1.5 9 1.5 1.5

Energy 1.875 4.275 5.625 12.525 30.75
(Wh)



簡報者
簡報註解
This loss is called “self discharge.”  Occurs due to chemical reactions within the battery even when no load is applied.

Lithium batteries, the disposables, last longer and produce a higher voltage than alkaline batteries.  They’re also more expensive.  


Secondary Alkaline Batteries

e Self-discharge more quickly than primary batteries

Low-Capacity NiMH High-Capacity NiMH NiCd
(1700-2000 mAh) (2500+ mAh)

Ch arge Cycles 1000 1000

 Must not overcharge because that will damage the batteries. Quick
charges will also damage the batteries.

e Must not over-discharge.
* NiCd has “memory effect.”

* NiCd is better for applications where current draw is less than the
battery’s own self-discharge rate.

 NiMH have a higher capacity, are cheaper, and are less toxic than
NiCd.


簡報者
簡報註解
Self-discharge more quickly meaning if left to sit, they will more quickly run out of the charge they hold, but NiMH discharges faster than NiCd.

Low capacity NiMH and NiCd batteries can be recharged the same number of times before they are no longer useable, and high-capacity NiMH can only be recharged about 500 times before it is left unusable.

Over-discharge occurs in both NiMH and NiCd batteries.  It happens when you’re using multiple cells, and one runs out before the others.  The others start reverse driving the empty cell, causing irreparable damage.

Memory effect means NiCd should be discharged entirely before they are recharged, otherwise the batteries lose their maximum charge-carrying capacity more quickly.  Crystals build up on the electrodes when there is not a full discharge, decreasing the active surface area and increasing internal resistance.

So NiCd is better for things like remotes.  Because the draw is so small, NiMH self-discharges considerably faster than NiCd.




Recharge-ability & the “memory effect”

e Recharge-ability: basically, when the direction of electron discharge
(negative to positive) is reversed, restoring power.

the Memory Effect:

The battery appears to "remember" the smaller

capacity

the term 'memory' came from an aerospace nickel-cadmium
application in which the cells were repeatedly discharged to 25% of
available capacity by exacting computer control, then recharged to
100% capacity without overcharge. This long-term,

repetitive cycle regime, with no provision for overcharge, resulted
in a loss of capacity beyond the 25% discharge point. Hence the
birth of a "memory" phenomenon, whereby nickel-cadmium

batteries purportedly lose capacity if repeatedly discharged to a
specific level of capacity.

Source: wiki


http://en.wikipedia.org/wiki/Charge_cycle

Types of Batteries

e Zinc-Carbon: used in all inexpensive AA, C, and
D dry-cell batteries. The electrodes are zinc
and carbon, with an acidic paste between
them serve as the electrolyte (disposable)

e Alkaline: Curalcell or Energizer cell batteries.
The electrodes are zinc and manganese-oxide,

with an alkaline electrolyte (disposable)




Modern batteries

Lead-Acid: used in cars: the electrodes are
lead and lead-oxide, Wlth an aC|d|c electrolyte
(rechargeable) — S

Lithium-ion batteries

- rechargeable and no memory effect
Fuel cells
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Battery Aspects

Energy Density: total amount of energy that can be
stored per unit mass or volume >how long will your
laptop run by a fully-charged cell.

Power Density: Maximum rate of energy discharge per
unit mas or volume. Low power: laptop, ipod high
power car

Safety: could sustain at high temperatures

Life: stability of energy density and power density with
repeated cycling is needed for the long life required in
many applications.

Cost: Must compete with other energy storage
technologies
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