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1954: The Birth of Solar Photovoltaics

A New Silicon p-n Junction Photocell for Converting
Solar Radiation into Electrical Power

D. M. Crartn, C. S. FuLLER, AND G, L. PEARSON
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey
(Received January 11, 1954)
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1. Crystalline silicon solar cells
® Mono-crystalline and poly-crystalline solar

cells

2. Thin film solar cells

e Silicon-based thin film solar cells

e Copper Indium Gallium Selenium solar cells
(CIGS)

e CdTe solar cells

e Dye sensitized solar cell (DSC)

3. Concentrated solar cells
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Monocrystalline silicon
11.5GW Thin film solar cells: ~10%

Amorphous/microcrystalline silicon
1.26 GW

CdTe
2.05 GW

™~ cis

0.9 GW

others

Multicrystalline silicon 0.3 GW

21.2 GW

2011 Total Production : 37 GW

Source:Photon Int.
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Thin film silicon solar cells

Advantages:

® No materials limited

® Low deposited temperature (<200°C)
® Deposited on different substrates
Disadvantages:

® Low conversion efficiency

® Light induced degradation efficiency
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Thin film Silicon solar cell structures: substrate configuration

1. Initial 16.3% efficiency has been achieved l' l' \1, \1, light
using a-Si:H/a-SiGe:H/ nc-Si:H structure . ITO

----- nip

DI-O DI-O DI-O

Zn0O
Ag/Al

SS

Baojie Yan et al. Appl. Phys. Lett. 2011.
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Thin film Silicon solar cell structures: superstrate configuration

2. Stable 13.44% efficiency has been achieved J 1| | lignt
using a-Si:H/ uc-Si:H / puc-Si:H structure .- glass
______ pin TCO

-~
Triple Junction Module o I (2-Si: H)

I (uc-Si: H)

I (uc-Si: H)

jIE jIEZIE

Zn0O

Glass to Glass type module, 1.1x1.3m? Al
Soohyun Kim et al. 27th EU-PVSEC 2012.
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~ Thin film silicon PV technology

Target: Low cost and high conversion
efficiency

. Key issue: increase efficiency
Multi-junction for full use of solar spectrum
New materials

Advanced light trapping
New structures
New concepts

H B B B B =

. Key issue: reduce cost
High deposition rate
High stable efficiency
Single chamber deposition
Suitable large area

HE B B BN

3. Summary and outlook
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1. Key issue: increase efficiency

New materials: Amorphous and microcrystalline silicon alloys

For example: uc-SiOx

Deposition technique: bb L) e

B PECVD, VHF-PECVD glass 100 — : : : : : :
— uc-SiOx top |,
— uc-SiOx bot
80 | . il
. . — pc-Si top
Applications: —— Lc-Si bot
n e 60
B Doped layers SiOn w
. 8 40
B Intermediate reflectors m _
B Index matching layers . 20
... Zn0 0 .
Al 400 600 800 1000

Wavelength (nm)
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Light trapping: Trap light inside the absorber layer

Approaches:
® Effective light in-coupling at the front side
v' Nano-structured ARC

® Scattering at rough interfaces
v Broad band light scattering
® Reflection at the back side

v" Random structure

v Periodic structure
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ZnO NW :

WD = 6.1 mm EHT = 3.00 k¥ Signal 2 Da Apr 2013 Time :11:21:31
MNoise Reduction = Line Avg ~ Chamb tus = Pumping (HY) Systen

Mag = 10.00 K X 1pm WD = 3.2 mm EHT = 15.00 k¥ Signal A = InLens Date :10 Apr 2013 Time :16:07:16
SUPRA §5VP-25-62 Noise Redy 1= Line Avg  Chamber Status = Pumping (HY) System Vacuum = 1.65e 006 mbar
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18 —=— Texture Si/ZnO NW| | 18

—e— Texture Si 6

]
RN
(@))

—
AN

RN
N

Reflection (%)

AO N A O ®© O

00 600 800 1000
Wavelength (nm)
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ZnNnO NW : amorphous silicon

30 - - - 35
E— s —e— Thin film a-Si/ITO/ZnO NW
30 —— Thin film a-Si/ITO 30
— 25 25
S~
'5 »
2 15 15
)
2 I
10 10
5 5
0 0

400 600

Xiaoping Yang et al. to be submitted Wavelength (nm)
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® Scattering at rough interfaces
v'To scatter the incident light for effective light trapping

v" To increase the short circuit current density (Jsc) in the solar cells.

| Incident light

L

glass

superstrate

1-3 um (uc-Si:H)

/n0
Ag/Al
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® Scattering at rough interfaces

v Broad band light scattering: double ‘period’ structure--Sputtering+ MOCVD

2

g 8

8

Height (nm)
g

ombined la
- and small-period
[ ‘triangular type’
0 ] IE ] ‘:l . é . 8 . 10
Distance (um)

§ T
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L —— [nnovative device
Tradtional device

Miocromorph tandem solar cells with

B R

the innovative front electrode:

&,

® Looks black

|
Reflection (%)
3

® Low reflection

® High current density
[] L | L | L |
400 600 800 1000
L) tient Wavelength (nm)
glass - _y = 100 r T g
Innovative Traditional —— Single-period front electrode device
—o— Double—perlod front electrode dewoe
EC— N mf e
I (a-Si: H) : - . <y i ;;jr J'nt'“-lnv —
n 60 —;’U h J_ sum=22.76mA/cm]
Siox < PN
_ [
p % 40 J_ sum=20.65mA/cm i b _
n i
20 | i
Zno
Al .
0 L | L | L |
400 600 800 1000

Susu Yang et al. RSC Advances . 2013, 3, 208-214 Wavelength (nm)
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a-Si/uc-Si tandem solar cells

— 1 T 1T T 1T T 17 T 1T T 717 ©T 17 T 717
14 -(b —e— a-5iH/uc-5iH
12 L |
— § L Cell size: 0.253cm’ i
=10 NoARC
£ 50 J_=13.24mAlcm’ "
Z |
8 6f V_=1300V i
S, FF=T2% T
E Effi.=12.39% .
O 2t !
U I | | i | i | i | i | | ]

0.0 02 04 06 08 10 | 12 14
Voltage (V)
® Optimization of microcrystalline silicon solar
cells
® Incorporation of n type SiO,—Two-phase
structure
® Front transparent conductive oxide
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CWBR: conductive white

e Reflection at the back side back reflector
i1l e

v Random structure
no —
Ag

v Periodic structure Etched ZnO

Glass

400 600 800 1000 1200
100 ' ; ' ' 100 ' ' ' ' '
80 4
<
= 80 80
o 60 i
< <
T 60 60 >
] ! _ L
c 5 —— Haze-CWBR S 40 i
._% 40 —v— DR-TBR 40 Ll ;
ks " —o— CWBR, 22.61 (0V)
I 20 B —o— CWBR, 23.10 (-2V) 4
20 20 ;
—a— TBR, 19.28 (0V)
—v— TBR, 21.12 (-2V)
0 0 0 1 N 1 N 1 N
400 600 800 1000

400 600 800 1000 1200
Wavelength (nm)

Lisha Bai et al. to be submitted

Wavelength (nm)
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e Reflection at the back side

v" Random structure

v Periodic structure : Polystyrene spheres (PS)

design

v

\

N
o
o

(@]
o

— TR

—— DR
Haze in reflection

(o))
o
I
|

N
o
I
|

Reflection and haze in reflection (%)
S
I
|

400 600 800 1000 1200 1400
Wavelength (nm)

o

Xuejiao Liang et al. to be submitted
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High deposition rate
High stable efficiency
Single chamber deposition

2. Key issue: reduce cost

Suitable large area
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A: High deposition rate

4 High pressure and high power (3Torr and

70W(powered electrode area: >100cm?)

Home made

@) | < 4
—_ 18F 5
I= <
c E ,
Y | = 20f J =2827mA/cm ]
[ {7 - :
- 16} sl 1 mMiMm r"—‘—\' E Vm—ﬂq-g.?"'lf l_.
8 == 14mm 1 2 o} FF=07" L
S e 15mm T Effi.=9.87% ‘.
[ m 10mm = ‘.
(. 14¢ O
" I ; 1 ; 1 ; I:|I i ] ) I . )] 1 . 1 . 1 \ 1 . \ |
52 54 56 58 60 62 64 66 00 01 02 03 04 05
SC (%) Voltage (V)

VHF-PECVD system

Lisha Bai et al. PVSEC-22 . 2012
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Mlcrocrystalllne silicon solar cell
Mipn / < & 87%

] Canon|(nip)
FZ Julich (bm) / neka (ni

ke

Osaka Univ. nip

efficiency 77 (%)

N A~ OO

lllllllll

0 1'2 3456 T B
deposition rate r, (nnvs)

Deposition rate: 1.5nm/s; Conversion efficiency: 9.87% 27
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B: Single chamber

¢ P, I, N deposited in a chamber

shower head Chamber Grounded

PLLE

glass

H

Glass

e Advantages

e High electrode utilizatior

7|_

\\\..‘..--.-.

e High gas utilization
e Easy operation and less servicing.
e Disadvantages

« Contamination-doping gas

« Serious for microcrystalline silicon

Heater
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B: Single chamber

Boron contamination:

p/I interface

High Xc interface layer _ [
e Improved short wavelength 2 06 %7 "
response W[ e : 100nm
T 04} ;‘#C;‘_.’ -
e Suitable thickness L .
'.j'lr o
02 e ' ..;: ) -
i ) ﬁé‘“‘:; ..... )

0.0L— : - : : .
400 500 600 700 800 900 1000 1100
Wavelength (nm)
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B: Single chamber

P I
Phosphorus contamination:
|
n/p interface
1.0
; s ES = =
0.8 . % —— p-layer deposition
® Improved short and long L A X —o— no treatment
wavelength response sS 0.6 .
- L
® The pc-Si: H covering layeris ;04
@] !
the best method to reduce L 0.2
phosphorus contamination. . “‘M

)0 P P TR S TP Ml ==~
400 500 600 700 800 900 10001100
Wavelength (nm)
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Nanai Universis (China) a-Si/uc-Si tandem solar cells
a-51/multi-5i Cell Single chamber

Dievice ID- Call ALL Device Temperanme: 30.0 = 10,0 *C
Jam 26, 2010 12:42 Device Area- 1.027 cm” I . ht
Spectmim: ASTR G173 global Iradiance: 1000.0 Wim® Ig

i X25IV S
o ViR
t"?-_ P Parformuance Cheamacissization Tean:

" '||'|'|'|'|'|'|'|'_ g|355

b B —
E \
s .l \
E |
o = T
|
% J
0o —
!
= -
[ I N T T N T T A A
..:.4 A2 00 02 04 o6 DE LD 12 14 16
Voltage (V)
r —_— _— —_— _—
I_-.E—];-EM‘. I I, =10233mA
I, =127 = Vigay = 10627 ¥

J.=11963 mA e’
Fill Facror = 8383 %o

Fan used for cooling
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Large area:

In 2011, developed a VHF-PECVD system with the capacity of
2MW /year.

8 chambers in this system;
40.68 MHz;
substrate area is 2 feet by 4 feet;

Each chamber simultaneously deposited two pieces.
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(a) Power feeding port

Shower-head electrode

Uniformity distribution of electric field

0.99

0.98

0.97

0.96

70 M0 95

33
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11 12 13 14 15
21 22 23 24 Zb
3l 52 33 34 b
: 1.2m C 1.2m :

34
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4000
m 1strow
® 2nd row —
3000 A 3rd row
<
7]
¢ oo-- 4o - Fo- - O §
S 2000 +
= o ,
c Table 1 Film Thickness (A)
i 2335 2352 2348 2334 2285
1000 | 2349 2350 2345 2341 2234
2364 2445 2338 2314 2095
0 | L | L | L | L |
position1 position2 position3 position4d positionS 35

Position point
Un-uniformity for thickness:

Less than 3.85% was achieved at edge exclusion 2cm
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100
m Istrow
e 2ndrow
I S 80t A 3rd row
Py
©
g 60}
© A A
E i‘ i —i ________ _i_ ....... i
S 40+
® Table 3 Thin Film Xc (%)
% 473 442 472 458 458
*g 20 48.1 449 474 453 454
O 52.8 46.6 50.9 475 476
O 1 N 1 N 1 N 1 N 1

positionl position2 position3 position4 position5
Position point 36

Un-uniformity for Xc:

Less than 4.8% was achieved at edge exclusion 2cm
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0.01 ¢
1E-3 F
Ot -0

5 IE4F o - g mmmm - e, )
:; 1E-5 r
= :
_g -
§ 1E-7 " ‘_ ....... _’_ ........ = ________ .‘_ _______ '
o 1E8¢F = 1strow dark 4
2 1E9 i e 2nd row dark
o f A 3rd row dark
S 1E-10¢ v 1strow photo
= : < 2nd row photo

1E-11F
= » 3rd row photo

1E-12 N A

positionl position2 position3 position4 position5
Position point 37

Un-uniformity for electrical properties:
Dark conductivity: 10-8S/cm; Photosensitivity: ~1000
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Nankaul University China
meSVa-SitGe/multi-Si module

Devike 1D 207EIZ 104305 Device Temposature = 25 1°¢
Ful 20, 2008 £3:52:13 M1 Devige Ates = TH37.0 em’
Spectrum: ASTM GITY globet Irrndiance = 10000 Wim'
{2 N R Spire $6005LEF IV System Confidential
e e S Y Perbormance Oharscteviestion Team
' b 7S SRl L AL e S S e mn o am
4
12 -4
.

OA L-

i N o .‘

13KW a-Si/a-SiGe/pc-Si solar A ]
module PV station : L J

o Salh u d a bl ol o L L o L o L 4 s
<t O 12U 0 - 40 “ by LRl “

Voltage (V)

V. =81.51V Vi = 6395 V

I " 1059 A low ™ LIGI A
il Y actor = 68 3% " “ 745 00 W

iy = 23w

Deviree Dimcrmborm = 1244 x 63,4 ¢
I, 10NV 100 x 40 Jbax west, Progwrty of NREL, Top cell,
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Summary
¢ Improving efficiency

e New Materials

® Light management

v ZnO NW ARC
v Innovative front electrode
v Back reflector

¢ Low Cost technique

® High initial conversion efficiency 12.39% for a micromorph tandem cell;

® Single chamber-deposited tandem solar cells with an efficiency of 10.59%;
® Triple-junction module has achieved at 9.59% (NREL, 0.79m2) and increased by
20% compared to commercial module.
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Future research directions----thin film silicon

Light management: (Suitable for other solar cells)

® External ARC and low absorption TCOs

® 2-D or 3-D photonic crystals (PC) based flat substrates

New materials :

® Silicon based alloys with O, C, and Ge

Performance (n>20%):

® Increase Voc (growth on flat substrates)
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Module production cost ($/W)

=
o
lll

modules

Ny
a—Si/micromorh

2003

2005

c-Si shortage

c-Si modules

\_\ 81% learning curve
1 CdTe —
r modules
FOSSIL FUEL /
COMPETITIVE LEVEL Forecast end 2012
0.7 $/W
O.l L lllll L llllll lllll lll L llllll llllll L

1E-3 0.01 0.1 1 10 100 1000

Cumulative production (GW)

10000

Production costs:

C-Si (lower limit):
0.8 $/W =0.6 €/W
Eff~15 %

CdTe (First Solar):
0.67 $/W =0.51 €/W
Eff=12.2 %

a-Si:H/mcSi
(Oerlikon, ThinFab14
0):

0.35 $/W =0.27 €/W
Eff=10.8 %

CIGS (Manz AG)
0.55 $/W =0.42 €/W
Eff=12.6% (Solar
Frontier)
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