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2010/11/15
Copyright 2010 ITRI



e \Why Stlicon Thin Film for
Solar Cells?

Silicon Thin Film Technology:

o

) TCO
Thin p-layer ®
Fi I m a-Si:H i-layer :
e .
1000 x thicker °
o

contact fingers

low material consumption 0.3 um to 3 um
established large area

deposition techniques (Flat Panel Industry)
low process temperatures (< 300°C)
low-cost subsirates (glass, plastics, metal,
stainless)

higher energy vyield

low energy pay back time

W Anti-reflex
#_\.?ygfa“”g Silicon-based as raw material:

Wafer 250 I.l M c-si wafer ®

i SR *
back contact

abundantly available
non-toxic & ecologically harmless
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thin film solar cell
st Performance =, Grid Parity

HighenYield[(kWhYkWp)
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Thir
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EnvironmentallFriendly =~ & 5 I ovoitaic

Shorter Energy [ B | Tiiim| Scale __

Payback Period 5 Y/ i SR ___-_-_: Capability

Monolithic
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Compound
semiconductors

Organic ~|:

Quantum effect—Quantum dot, multi-quantum-well
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PV technologies

- Mono c-Si
Silicon —EMuIti c-Si

Thin film Si

Monocrystalline
(InGaP, InGaAs, Ge)

Cu(ln, Ga)Se,

Polycrystalline—L
CdTe

Thin film (solid)

Dye sensitized
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== Thin Film competition

. S|(Ge) Abundance, environment safety, ubiquitous
Limited efficiency, equipment cost (throughput)
Multi-junction

° CdTe Low cost, process simply, high throughput
Toxicity (Cd), rare element {Te), recycling problem
Single junction

° CIGS High potential efficiency (—20%b), tunable Eg
Toxicity (In compound), rare element (In)
Single junction
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Si1, Ge
Diamond structure
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Micromorph a-Si:H/uc-Si:H
tandem solar cell Concept (IMT Neuchétel 1994)

a-Si:H

-
(=]
T

Y
o
1

Absorption coefficient (cm)
> )

Spectral Response (a.u.)

400

T | L LA

800
Wavelength

600

quantum efficiency

@]

1000

top cell
a-Si:H

bottom cell
pc-Si:H

300

400 500 600 700 800 900 1000

wavelength (nm)

10'105 - o s = Back contact
' " Energy (eV) ' AR &
Thickness Bandgap
uc-SicH |/ 1.5-3 pm 1.1eV
T B
Micromarph® " 3 P
; n
a-Si:H |/
p  0.2-0.3 um 1.7 eV
Zn0O
Courtesy of IMT SEM Micromorph
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single

Benchmarks

tandem

Small area cell (<1 cm?)

triple

nc-Si:H

AW

a-Si pc-Si a-Si/ a-Sil |  a-Sil a-Si/ a-Si/ a-Si/
uc-Si poly-Si a-SiGe a-SiGe/ nc-Si/ a-SiGe/

2-SiGe nc-Si nc-Si

IMT Kaneka IMT Ka;eka BP Solar, Uni-Solar | Uni-Solar | Uni-Solar
Oerlikon Oerlikon Sanyo
10.1% (s) 10.9% (i) 13.7% (i) 14.8% (i) 11.6% (i) 15.2% (i) 13.8% (i) 14.5% (i)
pin pin gig 0 12% (s) 10.6% (s) | 13.0%(s) | 13.2%(s) | 12.6% (s)
8 (i pin . . . i
nip pin nip nip nip
|
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T SR B HiTaf ST -
Ve =nEnies Materials cost
gas price (per 1 liter)
SIiH, : GeH,: H, = 1:100: 0.05
Ref. A. Baumann, 2004

Process Material Utilization rate (%) Cost ($/kg) Thickness (um) Cost (/W)

CdTe sublimation (commercial) CdTe 75 170 4 0-05

CdTe electrodeposition (pilot line) Te 95 250 2 0-02

In-line a-Si GD (commercial) Ge 10 3000 1 0-12

Box carrier (batch) a-Si (commercial) Ge 25 3000 1 0.05 @ 1 “m
Hioh-rate a-Si (experimental) Ge 10 2000 1 0-12

High-rate CIGS evaporation (experimental) In 50 400 2 0-03

Sputtering CIGS (experimental) In target 75 800 2 0-043

Silicon film' ™ (experimental) si | 75 20 50 [003]@ 50 um
Single crystal silicon Si (feedstock) 45 20 320 0-32

Ref."B.A. A'ndersson, Energy 23 (1998) 407-411.

Table 1. Materials requirements and indicators for the solar cclls in four solar energy systems, each based on a specific thin-
film technology svppiying 100,000 TWh/yr.

Materials Total material Total material Total material Annual Potential lossest/ Material cost
requirements requirements® requirements  requirements material weathered share' (%)
(g/m?) (Gg) /reserves” /max. requirements® amounts™
resources /refined
materials’
a-SiGe”
Sn 3.3 1700 0.20 0.004 0.079 2 0.04
Ge .22 110 51 0.0003 21 0.1 0.5
Si (}.54 270 Negligible Negligible 0.0031 0.000002 0.002
Al 2.7 1400 0.00032 Negligible 0.00075 0.00005 0.008
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A new concept of thin film
uc-Si,_,Ge,:H solar cell

N

g

- Advantages\aﬁ> opportunities
- Challenges




= Challenges of Si thin film
solar cells

® Single junction a-Si:H a-Si-H """

® Tandem junction a-Si:H/uc-Si:H
= only absorbs VIS-near IR light uc-SitH

= lower absorption coefficient in long wavelength

= Light absorption is not enough in the infrared Loss of IR

l absorption

New concept of multi-junction solar cell

New candidate fo bottom cell material

Ref. G. Ganguly, M. Kondo, A. Matsuda, APL, 69 (1996) 4224.
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e Absorption coefficient

hv (eV)
30 20 15 1.0 X
106 T T T '}:5 102
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105 Ge(h, = 1.24/E, =188 um) 41071
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: ; - e = Oc;
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é‘ ol (0.87 wm) _lml g Ge Si
£ cds | : =
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fﬂ \“ I|I Si (1.1 pin) "Ef
1 fi[ A1 pin \ 5
: -5i _=l N .
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e 1c-Sl,_ Ge,:H as narrow gap absorber
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for multi-junction solar cell

Ref. T. Matsui, APL 89, 142115 (2006)

104 |

Absorption coefficient (cm-1)

Ref. Braunstein et al. (1958) and Weber & Alonso (1989)

pc-Ge:H : 1.2
1.1 absorption
% 1.0 F \"\
- photo- N .
= ' luminescence ™ s
o 09 k=
O
2 1
Al '
! 08 =
} i
} 07 1 i K i I i q

00 02 04 06 08 1.0
Ge content (x)

-0 -— —
Q@
@™

103 M I A —_—
05 1.0 1.5 2.0 2.5 Tunable bandgap of
Photon energy (eV) uc-Si, Ge, H
absorption coefficients E,~1.1-0.7eV

uc-Si,_Ge,:H = pc-Si:H
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th|ckness

reduction
a-Si:H

0.2-0.3 pm

tandem junction

n.=11.2% @ d,

Ref. T. Matsui and M. Kondo, AIST (2009)

= 0.9 um

ottom

Copyright 2010 ITRI

Why Silicon-Germanium Thin Film?

Thickness pc-Si:H >> a-Si:H
puc-Si:H is 10 times thicker than a-Si:H
Deposition rate pc-Si:H << a-Si:H
High-rate deposition technique
VHF and HPD (high-pressure depletion) plasma
CvD
Bottom cell should be made

as thin as possible
uc-Si:H

a4

uc-Si,_Ge,:H

® Short deposition time

= Industrially advantageous
® Less film thickness

= Acceptable to flexible solar cells
® Increased long wavelength and IR absorption

= Enhanced solar cell efficiency

2010/11/15
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TR Advantages of uc-SiGe

thin film solar cell

l I I T I T T T L I L] L] T T
uc-Si:H uc-SiGe:H s S
~2 pm ~1 pm 7] AN Y AML5G
cC / \ V |I ~
o / 'If \ i Ii' v \.
Q /a-SitH/ oY o) N
%) /] F [ /
w [ | .|'l I A\ | f \ ."\' \
o i \ ey |
— i \ uc-Si:H )/ ;
(4] i ¥ \ | | ;
-i‘: Jl il Iﬁl I"l : I
&) I N \ -Si =
8 I/ \\ uc S.|1—xGex'H
4 AJ \ \:_
J \
I \
. | e T

400 600 800 1000 1200 1400

Wavelength (nm)
Narrow bandgap material uc-SiGe:H

Triple junction bottom cell application in triple junction
‘ a-Si:H/uc-Si:Hluc-Si, Ge,:H
wini = 11.6%0
Ref. T. Matsui and M. Kondo (2010/08 AIST )

Increased NIR absorption
Enhanced solar cell efficiency
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zeme |ssues of pc-Si,_,Ge,:H

® x=0-0.2 = IR sensitivities increase monotonically
® x> 0.1-0.2 = IR sensitivities of puc-Si,_,Ge,:H (Ipm) > pc-Si:H (2um)

105 RefT. Matsui, APL 89, 142115 (2006)
L LAY A Ref. T. Matsui, C.W. Chang and M. Kondo. Appl. Phys. Express 1, 031501 (2008)
1.0 glass/ TCO/ p (uc-Si:H)- 7 (uc-Si;_Ge,:H)- n (uc-Si:H or a-Si:H)/ ZnO/ Ag
— . R ) ) ) I ) ) ) ) I ) ) ) ) ' ) ) -l ) ' ) l-
g - i pe-Si,Ge 1H 4
O o
ot c 0.8 1.0 pm ]
o QL )
o Q )
£ = _
§ 104 : O 06 :
s & )
§- _.g 0.4 ]
o . 4
2 = pc-Si:H 1.0 um 0.35;
< 0.2 _
o (x=0) 2.0 um
c'—Ge
103 L | I M R S T T R T T T 0.0 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1

Photon energy (eV) Wavelength (nm)

x> 0.2 = solar cell performance degrades drastically
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ik _Q .
== Problems of uc-Si,_,Ge,:H
® x=0.15-0.2 = Jsc max.
= Jsc gain —5 mA/cm¥@

® x>0.2 = solar cell performances decrease
(charged Ge dangling bonds increase ?)

Ref. T. Fujibayashi, M. Kondo, APL (2007)

- ' . . 3 . . : . — 0.6
Ref. T. Fujibayashi, M. Kondo, APL (2006) a - 26 F 3 k 1
= 5 [ 1k 105
U 24 - 3! ’ ) —_—
uc-Si:H E : 2‘:\1\‘ 1L r—.—'—k\ 104 a
Zn0:Ga ,_E, 22 _ \Q \"-,8 1t \8\ ] 03 :}8
~1.0 pm ZnO/Ag g 20 F ‘ o JFf \ ]
: “ - : b 1F %
©) 18 | =l 10.2
i %ﬂ A ] e 8
07 F l\;.g 1k 17
Ge:0-~35at.% 05 F i * 10 <
T 05 AN N 3 ° 15
I 3 9 1 14 <
T AR (Ti0,-ZnO) 0.4 © 1t o\ 13
03 F 1F g 42
0.2 bt PPN PR L] ! | IR

0.0 01 02 03 04 00 01 02 03 04
Ge content x
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@i Performance of triple junction of
a-Si: H/uc -SI: H/uc Sl1 Ge 'H

[ ass] S e e

Ref. T. Matsui and M. Kondo, AIST (2010)

NE 10 R T L ) LRI CLEL P L | LR T
o F“"—H—L.__'

e *—p
e a-Si top pc-Si middle 1ic-SiGe bottom 1
-:Q ﬁ | 1 1 | R | 1 o Lo T 1]

1.8 2.0 2.5 a0 15 2.0 2.5 an 15 20 2.5 3o

bottom-cell thicnkess ¢, (um)
Ref. T. Matsui and M. Kondo, AIST (2010)

Nﬁ 12 N —+r 17 r r r r 1 r & & 7T 1.[} T L AL AL LI LI

E a-Si:H/uc-Si:H/uc-Si, ,Ge, ,H - | . - J.=27.6 mAlem?
R 10 area=1.0 cm® § 0.8 _ h’\\ _
B 6f ] S \ \ :
< C J. 9.2 mAfem? ] = I Jr\ / P ]
D - s 1 =204rF LC- Slane +H o1
S 4 v, :1.82V ] = i \ Q« 1
o FF :0.70 : ! Y
Q C ] 2 02F / -
= 2 N 11.6% E G4t j : \\““\ 3
U 0 : I B 1 ] YR S R TR (N T T T | L L M D'D [ \I/'I— L \n\\"’"h-._. | S T T | 1\""\\¥5

0.0 0.5 1.0 1.5 2.0 800 1000

Voltage (V) Wavelength (nm)
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Properties of
uc-Si,_,Ge, :H thin films

N

g

- ESR spin%e ities
(neutral dangling bonds)
- Carrier densities
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= Methods and Experiments

holder Grounded electrode
bstrat

dap
d~10 mm

VHF PECVD

V7% 777
grese — Raman measurement — r=sssesresrmrmemnees : Powered electrode

SiH,/GeH,/H, —=
® He-Ne laser (A=633 nm)

LLTEEY — ESR measurement -

® Powdered samples (10-40 mg) were ESP
obtained by HCI etching of uc-SiGe:H films N\

Electron Spin Resonance |
grown on ZnO/glass substrates. = =pIn &

® ESR measurements were performed at
room temperature in an X-band (—9.5 GHz)

PECVD pc-SiGe:H Film
spectrometer. i

® Defect density was determined by
measuring the spin numbers of the

CuS0O,-5H,0 used as a standard sampie. Al foil or ZnOlglass ESR tube
PECLOLE — Hall-effect measurement — sssssssssssssssans !
: @ Hall-effect measurements were : _ B we-SiGe:H powder
performed at room temperature using : ue-SiGerH pawder
: Van der Pauw method. : Qi I 0 are Gissoied
SN S S SIS S SN NS SN EEEEEEEEEEEEEEEEEEEEEEEEENEEEEENEEEEEEEEEEEEEEEEEEEES ' in HCI solution
2010/11/15
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xsmmzr ESR spectra of a-SiGe:H and uc-SiGe:H
thin films for various Ge contents

Research Institute

ESR (@RT, dark) Si dangling bond _
. ] ] (Sl—DB) . | t_>
a-SI1 Ge :H 1Ll — HC-SI Ge :H , i 2.0053
=X X Jﬁ/ o ML B_’rodsky 1-x X j%
P l oS and__f?. S.Title (1969) - |
— = a-Si:H x=0
E § ! l%f g=2.0055 I Ef S
S N
i : x=0.11 : V
E ' /.\I'\t
\_C_U, X=0.21 | V
© -y ~f Si._Ge
- N=0.43 Lx2 5
(@)
" — Ge dangling bond
n — (Ge-DB)
X=U. -
D: :e:/ Ref. J.Ritein,
dp) ‘/\ . | /-'./aner(1988) . e
- ! a-Ge:H e
L |x= N\ 306 j=2018 N 30G VGe
2.0183-1  -2.0055 2.0183—  £-2.0055
a-Si:H =2 9g=2.0055 ; AHpp=7.7G uc-Si:H = g—=2.0053 ; AHpp=7.5G
a-Ge:H = g=2.0183 ; AHpp=43.9G uc-Ge:H = undetected

C.W. Chang, Ph.D thesis, Tokyo Institute of Technology, 2009.
C.W. Chang*, T. Matsui, M. Kondo, J. Non-cryst. solids, 354 (2008) 2365.
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TR Carrier concentration and
neutral defect density of uc-SiGe
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Carrier concentration vs. Ge content Spin density vs. Ge content
S °?f\ l’lc-Si1-xGex:H ]
© £ 0
= ) Tg=200 C
~ 17 .
o0 = i ® ]
c (7)) i AN i
(o) c N undetected 1
o o I ]
[ © |
9 c [
= o
© 7p) |
o 16|
P B B B B TP T lo|_-I---I...I...I...I...l._
0.0 0.2 0.4 0.6 0.8 1.C 0.0 0.2 0.4 0.6 0.8 1.0
Ge content x Ge content x

® Ge-rich = strong p-type: Ge incorporation induces an acceptor state
generation (probably at grain boundary)

= Fermi level shift toward the valence band edge.

® ESR signal was undetected when the carrier concentration became comparable
to dangling bond density.
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wxmamzi  Electrical properties of a-SiGe and uc-
SiGe:H with various Ge contents
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0.0 0.2 0.4 0.6 0.8 1.0

C.W. Chang, T. Matsui, M. Kondo, J. Non-cryst. solids, 354 (2008) 2365.

® Spin density T = photoconductivity 1

® The smaller Ge-DB density of
uc-Si,_,Ge,:H is consistent with high
photcconductivities

Spin density (cm™)

Ge-DB acts as a

predominant
recombination center

Conductivity ¢ (S/cm)

0.0 0.2 0.4 0.6 0.8 1.0
Ge concent (x)
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= Conclusions

1. Ge incorporation provides an enhanced infrared light absorption.
2. Solar cell performances decreases with increasing Ge contents.

3. Ge dangling bonds are charged in large densities due to the
presence of the acceptor states in undoped uc-Si,_,Ge,:H.

4. The neutral Ge dangling bond acts as a predominant
recombination center.

5. Defect states (dangling bonds) in uc-Si, ,Ge,:H as an acceptor
state closed to valence band, which are located at grain
boundaries.

Ge dangling bond passivation?

Acceptor states compensate?
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Copyright 2010 ITRI : 29



ITRI

f Industrial Technology
Research Institute

Thanks for your attention.

Chia-Wen Chang
changcw@itri.org.tw TEL:03-5915371

Nov. 15, 2010



