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Solar cells

SOLAR CELLS
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Energy conversion of light

e E(energy;J or eV) =
h(Planck constant)*c(light speed)

A (wavelength)

2
_p_ ./1=E=12406Vnm
o £ = o E E (eV)

e p(momentum) = hk(wave factor)

A light with a wavelength of 1100 nm corresponds to 1.12 eV




Generate electrons from materials
} by photons

HLW B 4 F B

(b)

EHHTFUR

38020 F Wk excited state

Separation of the
pair
| o electron
Conduction band / Conduction band
or HOMO : or HOMO
pair
o Valence band O Valence band
or LUMO or LUMO

So, materials used for solar cell application need to have discrete energy
gap for photogeneration of electron-hole pair



Inorganic materials: Insulator, semiconductor and metal

Insulator Semiconductor

conduction band

valance band

Insulator Semiconductor

Streetman p62



Pick right materials as

absorption layer

- Good absorption coefficient to harvest
light
- Suitable band gap



Direct band gap and indirect band gap struct

-We prefer direct semiconductor materials
since they can absorb light more efficiently

Indirect Bandgap, Eg

.
I
EV

VB

> k k<& &k - > Kk

(a) GaAs (b) Si (c) Si with a recombination center

(@) In GaAs the minimum of the CB is directly above the maximum of the VB. GaAs is
therefore a direct bandgap semiconductor. (b) In Si, the minimum of the CB is displaced from
the maximum of the VB and Si is an indirect bandgap semiconductor. (c) Recombination of
an electron and a hole in Siinvolves a recombination center .

71999 S.0. Kasap, Optoelectronics (Prentice Hall)



Pick suitable Eg (eV)

[

Eg (neither
wide nor narrow)

¢

Theoretical maximum efficiency of a semiconductor

El,, Eo L% S(A)dA

inc

an(Eg):

Pnc h
L%lamm

S(A) =# of photons/area*time

-bandgap of semiconductor should not be
wide in order to get higher |, s(dz
-Electrons in the valence band can absorb
energy of Eg, 2 Eg, 3Eg, but the excess
energy can not be transformed to electric
energy but transform to heat - need
higher Eg

-very narrow band gap material can absorb
most wavelength from sun, but
transformed energy is small.



Doping of Si: increase the
conductivity of Intrinsic Si

Donors: P, As, Sb (Column V elements ) , n-type, - provide one additional electron
Acceptors: B, Ga, In, (Column Il elements), p-type—> provide one additional hole

Donors Es Acceptors Es

Sh 0.039eV B 0.045 eV
P 0.044 eV Al 0.057 eV
AsS 0.049 eV Ga 0.065 eV

In 0.16 eV
Ec
weakly bound 10044ev(P)
-bonding strength Eg~ 0.05 eV (Si bonding ~1.12 eV) =
Majority carrier - electron in a n-type material E.
hole in a p-type material ! 0.057 ev (Al
Minority carrier — hole in a n-type material Ev

electron in a p-type material



P-N junction
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A PN junction photovoltaic device

: : . Neutral
PN junction provide a nrogion  E Neutral
. . . . o p-region
Depletion region in where an electric <> —
field is created for drifting | Drif (D/ff\/\e
electron and hole Long A ,\_/..'f : >2
Medium A ] <—L—>
q—e ¢ Back
/V\Jré@%': electrode
Short A % : :
Finger —— > \i_ 5 i
lectrode ' '
elec T;E
-incoming photon generate EHPs and o fogi"“
create current <5 = r >
-generated electrons and hole can y e
diffuse and drift in neural region and SCL, respectlvely o +

-Opencircuit voltage (Voc) develops between the terminals
of the device because the electrion r&zahmeikef operation of the solar cell (exaggerated features to

highlight le
neutral n and p, respectively. principles)
M999 S.0. Kasap, Optoelectronics (Prentice Hall)



Device structure of a Si solar cell
(1)

Finger electrodes

2% A0 A)
Bus electrode (2) " Meta
e e—

/ for current collection |

7
LR 41 B
Anti Reflection
Coating

Emitter

@€
/ Electron
(@ @ Metal
(3)
0.2um § — Incident light
surface texturization
200 pm p
In order to capture more light
AV A VA VA VAV A VAV

- finger electrodes were made to allow light pass through the dev..c

- a thin antireflection coating on the surface reduces light reflection and allow more
lighte to enter the device

-surface texturization to for multiple light reflection and increase light path



Schematic of a semocnoductor solar cell
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. (antireflective layer)
LREKEE O : | e
(metal grid finger) ¥ i =

SO, X R
( back metal contact)
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Video



IV curve of a solar cell

Maxinun Maximum PV output  power (R,
f Current density P ?-'WEI pormt n= ] x100%
= = lar  power(P,)
Jm
Iy = x100%
.
o Power V. xJ
E densify — VOC X ‘]SC x —mP mp x100%
o I:)in Voc X J sC
| =|\/0C xJ .. x FF /P, x100%
Vin Ve J
x\V
Bias voltage, V _ . mp mp
| Prp = g <VigfIFF =%
VOC (open circult voltage) sc oc

-when output current approaches zero,
the voltage develops between two terminals
ideally Voc~Eg at OK and inverse proportional
to temperature

Jsc (short-circuit current)

-like the device connect the device with metal
close to photogenerated current

FF (fill factor): We want FF closeto 1

i+ Efficiency
Voce @ Open Circuit Voltage

- Short Circuit Current Density
F.F. : Fill Factor

Pin @ incident solar power ( 1000W/m? or 100mW/cm?)



Solar cell efficiency :an example

J(mA/em?)
10 n and FF in this device ?
° N=Pyp /P;, X100%=FF*V_J./ P,, x1009%
8 Jsc QI EERESYNES pIATIES)
' (0.55,5.9716) P, =100 mW/cm?
° ' Pyp=Vyp*Jyup=0.55*5.9716=3.28mW/c!

n =3.28/100%100%=3.28%

V,.=0.72V
J.=7.1464 mA/cm?
FE=Vyp"Iyp/Voc"Isc

V(V)

0 0.2 04 Vues VOCos 1 =3.28/(0.72*7.14)=0.63

Voc: FHELEEJER (open circuit voltage), & B Mg icE » M

R b5 A W B A g ) 2 /6 R TR Y BB R

Jsc:5G S &7 (short circuit current)

LTRF R G HY PN G i U Y <2 5 B FH <2 J SR AR, JE RCRE S, PERI RS BRI O



Various losses of solar energy of a Si solar cell during processing

x 0.74

Only 43.6% remgining!x 0.59

Overall efficiency

n ~21%

100% Incident radiation

Silicon band gap is 1.1 eV, and
msumciemphoto” energy the device loses all photon energy

ho <Eg less than 1.1 eV

Excessive photon energy .
Near surface EHP recombipation Excessive phOtOﬂ energy _ _
ho > Eg # Near surface EHP recombination

Collection eﬁiciencm Antireflection coating is not perfect

Vo ~(06E,)(eky) # Voc is inverse proportional to
temperature, so not equals to Eg

FF ~ 0.85 »device fabrication resistance

The highest efficient of a real
photovoltaic device that uses a

Accounting for various losses of energy in a high efficiency Si single crystal of Si

solar cell. Adapted from C. Hu and R. M. White, Solar Cells
(McGraw-Hill Inc, New York, 1983, Figure 3.17, p. 61).

71999 S.0. Kasap, Optoelectronics (Prentice Hall)

Is about 24.7% (BN EE BB HT
REE)




Single/poly crystalline Si solar cell fabrication proces:

Process Introduction P-type ingot Eribte pitiion (the wafer are placed il;l a belt furnace
was cut And heated about 900 °C
e

= XN
:

Damage Etch etch in a strong acidic atinTHe Péflectiity is still round 30%,H:SiNx is deposited

or alkaline solution on the cell to reduce more the reflectivity
g }zv‘%x ' . .

?’;‘:&)' 3 1&,"\“
etch in a weak acidic contact FormatioRl€tal contacts are made by screen printing

or alkaline solution

V. JEa

liquid glass containing P is distributed gjntering and Firing Metallic contacts are heated and

ide of the wafer b i : :
Sl dhyidesvhilut sk ~___Etch trou:h the antiflecton coating

—_jorispinningand heat




Solar cells installation

from the Sun

Electric Charge
Current Controller

(and/or)

v
AC Power Q DC power




Next step of crystalline Si solar cell

Vision

Less Si:
thickness from 300 to 150 pm

Larger:
from 125 to 210 mm —

—

Cost reduction mc-Si PV technology ‘

/

I Efficiency:
from 15 t0 18%
[

\

Easy manufacturing:
new cell and module design

<

l N Tak kunel
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Thin film solar cell: use Si as an example

c-Si (wafer technology)

. c-Si solar cell

a-Si thin film
technology

Si-thickness
0.5 um

solar module
Si-thickness M=5-7%)

200 - 300 pm

solar module
M=11-15%)

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




Advantages of thin film solar cells

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

3. more competitive price (CdTe, US$1 per watt ; First
Solar, stock price is US$180 )

4. frameless design

5. ldeal for BIPV( building integrated photovoltaic)



Advantage of Thin-Film

Feedstock Module System

Thin-Film

Crystalline Si

Module Cells Wafer

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



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




Device structure of amorphous Si solar

cell

glass ITO
TCO
P
. i
i
n
n Zn0
ITO or ZnO Ag
Al or Ag stainless steel

M 6.7 Ei% a-Si:H p-i-n BEE BT
(a)superstrate /¥ » (b) substrate B3,

Spectral Response Characteristics of Solar Cell

n

CIS

100 5

o)}
o
AR Iradi

5N ]
o

g | ABFERSTRL e

§ 1! sl c-5Si

]

=

#08:

i

&

3 Cdie

Z 0.4

i .

® o2 a-Si

& \
0 4 L = ) . e e S 0
300 400 500 600 700 aoa a00 1006 100 12006

EE wavelangth (rm)

-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

Glass/TCO/p-SiC/i-Si/n-Si/metal TCO/p-SiC/i-Si/n-Si/metal/IL/SUS

e

n
Metal electrode
Insulation fiém

Stainless stea| substratle



lI-VI compound solar cell: CdTe

Spectral Response Characteristics of Solar Cell

ARBFRAS TR

Abbreviated periodic table

[ | I | | I A VAR VAR V]
B C N O
Al Si P S
Cu Zn Ga Ge As Se
Ag Cd In Sn Sb Te

\\ //
1-VI group as light r
harvesting materials .

band gap of CdTe : 1.5 eV

13175 B Relative Spectral Rezponss
o (=] <o

Efficiency n [%]

L 1 1 ! !
0.5 1.0 1.5 20 25 3.0

Band gap energy Eg [eV]



Device structure of a CdTe solar cell

Laser
scribes (3) Incident sunlight

folasssupetsttate
/' silicon dioxide

/" Fluarine-doped

-~ tin dioxide

— Cadmium sulfide
™ Cadmium telluride
", "Mickel
\\\Alumlnum

‘\:‘ Ethyl vinyl acetate

"Glass laminate

+«— back contact
+«—p-CdTe 2-10pm
= (n—CdS 100nm
TCO 100nm

glass 1-5 mm

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

Figure 9 TEM micrograph showing the as deposited cross section of ITO/CdS/CdTe

P-type: CdTe
structure. Both CdS and CdTe are vapor deposited from the respective
compounds. n _ty p e : C d S



First solar

Heated Parmaeable Membrane

Ceramic Shroud
Electrical Heater

>
Semiconductor Powder
- - Dc‘po;iliun Ogi;lzng

Auger Feed Devico-— - Glass Substrate

. ; g i Rolling Conveyor
Feed Actuior ’ : g y

[ 7.8 First Solar AT ZBER CdTe REHREEFEE

Pallas 27 &4 N #HZ | SolarExchange B
EBIKIGREREFirst SolarR AEHBIUFEERAFEEE FL0.983ETT

EF KIS BEpEFirst Solar (Nasdaqg: FSLR) 33’§24E[§ﬁ o o
20084F 55 IUZ S5 4R e AN 2145 FL0.98E 7T > &%E?T&E@Elixé’ﬂt%ﬁb WL o
E B K aEMELH EE i First Solar (Nasdaq: FSLR) 224 HE 4G » 2008 FE TUZE A
AEERAREEE F0.983ETT » i A E FRINE FLETTHI RIS RERE ©

: Current production
First Solari?20044FEFa4apE . A E LR » 20084 ERE AL 452500 % #5500 MW o P

; A kYRR £ Cost of crystalline
2009 FERERF I IN—1% » ZEFIIGW - 1B & i — AR I AR o 3 _
E%%Q—g&ﬁ%&miﬂ%ﬁ%ﬁﬁﬂﬁg o A EERN A H 20045 LIAK G T8 =0y 2 — Solar cell is around
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Band gap and optical absorption of CIGS

Efficiency n [%]

ClSez2:1.0 eV

CIGS:1.0-1.6 eV
ClS:1.3-1.5eV

|

ol L | 1

0.5 1.0 1.5 20 25 3.0
Band gap energy Eg [eV]
Efficiency = FFVoclsc
Pin

Spectral Response Characteristics of Solar Cell

16315 8 Relative Spectral Rasponas

180

Cdie

a-Si\

4 '

160

-
B
o2

CIS 120
1100
- B0
{60
% 40

420

0l — :
300 400 500 600 700 8OO 800

£ wavelangth (rm)

i : : 0
1006 1100 1200

Muller, semiconductor for solar cells, 1993

-CIGS’s band gap is in the range of 1.1 to 1.5 ev

TR ’E Iraaed

(W/nl)
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I-111-V> compound solar cell: (CIGS)

Schematic picture

Current collection grid
PN

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

n-typeCdS (0.05 pm)

Cu(InGa)Se2 (2um)

Soda lime glass

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



Compared to CdTe solar cells

Schematic picture

Current collection grid
PN

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

+«— back contact

+«——p-CdTe 2-10pm

n-typeCdS (0.05 pm) $_ n-CdS 100nm
AA A AR
Cu(InGa)Se2 (2um) N NN glass 1-5 mm
0 . Fig. 1. The ‘superstrate’ configuration used for CdTe/CdS het-
rojunction solar cell

Soda lime glass

Much less Cd required



rate

An example of vaccum-based CIGS
film deposition

Heater/Substrate

rrrrrrrrrrrrrr

AAS Source

- AAS Sensor

Te EEIS Sensor
Mass- Spectrometer e

Se Se 3

Cu b4

@ ] \

—___—___1__—_‘ K. Qe 1] Cu \ o

In \ \ In \ ' ;o
" 7 L

"""""""" 5 s, g e \iv i

..... Ga\ .G.a.‘l.....i'.x

20 35 60 75 85 100

deposition time

deposition time

Y. Hamakawa Thin-film solar cells,



Vaccum-based CIGS film deposition

Heater/Substrate

-Highest efficiency (lab scale: 18~20¢
AAS Source TR P e AAS Sensor
-Usually UHV/MBE £ S

-Cost prohibitive (but <cryst-Si) Mass- Spectrometer

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

‘ mixing 0 ‘ homogenizing pump

solvent . %”; i l' &
? — sl r-r:g

take-up reel
to additional e doctor blade Ll

processin 9 4 evaporated

__ container
solvent /

drying A
fle:=-=:1tlle~"~.__ s carrier

film

peeling =

1 997 Encyclopaedia Eritannica, Inc.

-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 mevie



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. 18,2007

Martin Roscheisen,
CEO
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Nanosolar, Thin-Film Solar Hype Firm,
Officially Dead

U.S. CIGS solar assets are being auctioned off after
more than $400 million in VC investment.

by Eric Wesoff

July 12, 2013



CIGS Rocks! 2010/3uly

[Fraca o e llwHE ] GiHE (2330) MrEagaH 2 1T3or -

SRR PACIGSHR A mn B KSR A% - DAA AR A Bk LR A
EEREAIRZ LOWRRAE » B 4 LR B S s e A 1AL 5 RV T 555 -
GRS KB T HI RS RERirbT & T O B Se B B A 5 B - A
TSR 1T - RECRIGREBRM SR @R - TARH200949 2

2015 IR R IZRE M T SR SRR T 2E23% ¢ Bt §isHEz(CIGS)
NEFTHREAINRRAEFES > iR/ aE - FEEMRRREELL5% -
GBI LCIGSHR Em A1) > EHAKIZREESE -

SRR ST RIS AE M S — IR =4 79.2(8 > THET201259- 8 72200 5 & FL(MW)
» BHAERE R T00H & EL(MW) » SR EFRREFITAR - 20155 KF5RE (L
SRRESUEE A 2E10% - 2211750R - GRE = FWNCICSHIE KA EA
FRAH IR CR 2 14% - FERERIIERIZU300 £ 500 B K > THRA3 2 SAFidiaos
RHE— P TT £16% - FERERIHRF ZE LGWHHTHA -



MIRAKGRER S GREEREREME 2BKE
A ESEAIRERERH 2014/Feb

SRR R (CIGS) I KI5 AE M H B A AE M40 H & 5L
(MWDp) - [iE-& 528G i nTEﬁ/ﬁﬁjﬂzH&ﬁﬁﬁﬁékﬁﬁﬁ SfHE
%4§CIGSE%QEHﬂFi'ﬁJlZOMWD RIS » KIGREREE
» DTS K Re TR SR8 TS AR - 1S TG A tH B -
IEI%ECIGSF‘”” Fzﬂ@%é&éﬁﬁ{i S TRIH B R RE SR Tl
FIER] - A3 ERERERATR > HArgt S5 \K?Ecﬁr

B E BRI CIGS I K 5 RERETE A Moe H ARG R R b iE
T/ HSolar Frontier » FEZEFEFIEZZEIOOMWD » K — B L A KT
BEREFIAN 785 > T HIshEON B S sy > 20134 MEfE S
By > SR UIRIE8EL - WEaTEIFE H AR L (Tohoku)#EiE 150MWp
EERERICIGSHING > THET20150 4G 7 -



SRR LRRRG S5 A EERY
B & 2015/08/25 16:36

(PR B RETRTT25HE ) SiRE100%F 1A 5] S K Ae Rt 8 H IKsd
RITIr=E - SR ARy SHIE KA ARSI AR A - BAES
PR ARPHRERE [FIRR T LN

B EE TSR SR S i BUE i B AT > T [ AR R A H DRl A 35— hiie
(LED) zZE - S EAERELRERFASA 5 » FSEIVELIEL - SRESEA)
AER e RERRIEHA = = TR E

ERESANEA > B N ERAGRENE TS RES > sRZ SR - BEEHRRY
REGRES - HERA EAEBFTT » BIES THoA ARG TS - R
LU AR 5585 - R 8 H RS R L= 78 -

SR 2000 F B TR E R » WBEGAL T SR A RKIRAE - I
ALEDEKISAEAESE » MATMIET BEE {48 - B0 TR L B S T
$E - HREERHEST MR R BT -

SRRKRIZRERILZ W) » Z2JITTE R » GRKISAER AR R £ R AN -



,ﬁ‘_’" ﬁ S
L E,

T KR

HERSEBIRERIKE ML

HE 2t | 88T | Pk B - 33 FE
(%) (%) (%) Hb{sr RBRE

88 35 90 40 £PKAT242 | P Em R
KESE ~ e

%50 | 25-30 60 40 | RHMIE | oo
ESR 1 3-4 5 |#B%h E”‘ﬁﬂ
i . SIBRMIRBERPIEEE - MN2RI3E | IFRBERSE
B|WRIRIR | 8k XWX

fE K FHRHEEE

meo | mm | e | meosn | TR | g | BRAOLER1%
W | R | BB | (b)) |PH| gy | o MEEE
(5T) A 2R (%)

iR |706875| B47ETK | 11.48 | 2.43 | 132 3.57

IS SS W

F R
=
=2/ LsTFF ==

RER (3691) HH{E560.0



=R EFME > EFRER T—FKEA
ENEF

NEA D EERRAY)  EERFFREREE
Z8 1 1985 AL TIH-LATEMIAL © &IE5S
— KLEDZ &

NEA D BERRAY)  EERAEFEHEE
8 1985 AL LAY © &IE%H
RLEDZ: filig

NE% D BEERRAY)  EERETGEE
8 1 1987 AL TAE-EAEIMIAL © ERE
R L PN

NER RERERAY) G LRI
INEIHAL | ORPGRES BRI N B W

A

Mt

\‘_.ﬁ_,j(,f'_.——‘/% — \I/JE
= -1 .~ \& 1.

~

FrHvEE,



Comparison of three thin film solar cells

a-Si/uc-Si CIS/CIGSe CdTe

TCO ‘

Back contact

e Sies | oios | cute

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)
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Tandom Junction Solar cells
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GalnP/GaAs/Ge Triple Junction Cell
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PV Performance Characterization Team

Spectrolab
GalnP/ GalnAs/ Ge Cell

Voo 2 3.089V
Jse = 3.377 Alcmz
FF = 88.24%
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0.2691 cm? aperture area
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Market distribution in 2009

cdTe RibbonSi  a-8i2% CIS/CIGS ® Both poly-Si and
. 20/ | / 1% mono-Si combined a
13% 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



