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Is there a c-Si technology!?
Feedstock

Wafer

Cells

Module

Other silicon concepts
Materials availability
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Raw material (Silicon) Ingot
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PVTECHNOLOGIES
Silicon solar cells

Silicon is the second most
abundant element on
Earth after oxygen (28%
of the Earth’s crust). Its )
most familiar forms are = .
sand and quartzite (the :
latter one is more pure).

Each silicon atom is bnnded to four neighbouring atoms.
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PV TECHNOLOGIES
Silicon solar cells

Feedstock: obtaining hyperpure silicon from gas
phase

Exhaust H,
unreacted

Silicon seed silane
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Feedstock: obtaining hyperpure silicon from gas
phase
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Silicon solar cells

Crystalline silicon may be used in PV in different
forms:

Common

Descriptor Grain Size Growth

Techniques

: : Czochralski (CZ)
- >

Single crystal sc-Si |0cm ot oo (1)

Multicrystalline mc-Si | mm-10cm Cast, sheet, ribbon

: : Chemical-vapour

Polycrystalline pc-Si | pm-1Tmm depestien

Microcrystalline pc-Si <lpm Plasma deposition
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Silicon solar cells

Czochralski silicon is the standard for electronics
industry. High quality (mono) with contamination
with oxygen and carbon into the melt.
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At \__//I\
Melting of Introduction of  Beginning of Crystal Formed crystal
polysilicon,  the seed crystal the crystal pulling with a residue
doping growth of melted silicon
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Silicon solar

Czochralski silicon

Growth rate: 5cm/ho / \

Seed

Single Silicon Crystal
Quartz Crucible
Water Cooled Charmber
Heat Shield

Carbon Heater
Graphite Crucible
Crucible Support
Spill Tray

Electrode

168
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Silicon solar cells

Float zone silicon is the best
quality silicon
No contamination but very

expensive. Only for very
demanding applications.

Polycrystalline
ingot

Molten silicon

RF coil

Grown single
crystalline material

-<4— Single crystalline seed
Il
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Silicon solar cells

Multicrystalline silicon offers acceptable quality
but at lower cost
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Silicon solar cells

Multicrystalline silicon offers acceptable quality
but at lower cost.

Casting or direct solidification, requires careful
thermal control. Crucible usually made of quartz or
graphite, often with Si;N, coating.

ARy

Directionally solidified
silicon
|

Solid-liquid
interface

Inductive heating

Liquid silicon

—

Typical casting:
240kg/56 hours

Casting Crystallization 13
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Silicon solar cells

Multicrystalline ingots require sawing.

Kerf loss and saw damage removal is significant (and
costly).

Slurry and abrasive Ingot
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Silicon solar cells

Multicrystalline wafers may be grown directly in
sheet or ribbon form.

Edge defined film fed growth (EFG)
String ribbon (SR)

Ribbon growth on substrate (RGS)
Dendritic web

Sheet silicon
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Silicon solar cells

Multicrystalline wafers may be grown directly in
sheet or ribbon form.

Edge defined film fed growth (EFG)
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Silicon solar cells

Multicrystalline wafers may be grown directly in
sheet or ribbon form.

String ribbon (SR)

Growi
Ribbon

Molten Silicon

Solid-Melt
Interfoce
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Silicon solar cells

Multicrystalline wafers may be grown directly in
sheet or ribbon form.

Ribbon growth on substrate (RGS)

Frame

Ve
KSilicon Foil
300 pm

Silicon Melt Substrate
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Silicon solar cells

Quasi-monocrystalline production process using a seed

I

iphic: Sophia Qaaran { PHOTON nwrmagonal

WK
Polysilicon is loaded above Seed at the bottom is kept solid Casted gquasi-monocrystalline
the seed plate during the meltng process silicon ingot

Main issues to address:

What to do with edges (~30% volume)

Higher cost than mcSi due to seeding and slower crystallization
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Silicon solar cells

Bright future for quasi mono?

100%
I
Ll B meSi
Il mono-like Si

i

Z a2 2014 2016 2018 2020 %

High expectations but markets seems to have given up on quasi-mono...
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Silicon solar cells et
apter 6
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Silicon solar cells

Typical screen printed silicon solar cell
manufacturing process

Saw damage etch
Phosphorous diffusion
Edge isolation

Back contact print
Firing

Anti reflective coating
Front contact print
Firing

Testing & sorting



PV TECHNOLOGIES
Silicon solar cells

Typical screen printed silicon solar cell
manufacturing process

Saw damage etch
Phosphorous diffusion
Edge isolation

Back contact print
Firing

Anti reflective coating
Front contact print
Firing

Testing & sorting
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Silicon solar cells

Typical screen printed silicon solar cell
manufacturing process

Saw damage etch

Phosphorous diffusion

Edge isolation

Back contact print :
Firing

Anti reflective coating

Front contact print

Firing

Testing & sorting
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Silicon solar cells

Typical screen printed silicon solar cell

manufacturing process
Saw damage etch
Phosphorous diffusion
Edge isolation ——
Back contact print

Firing

Anti reflective coating

Front contact print

Firing

Testing & sorting
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Typical screen printed silicon solar cell
manufacturing process

Saw damage etch

Phosphorous diffusion
ﬁ

Edge isolation

Back contact print
Firing

Anti reflective coating
Front contact print
Firing

Testing & sorting
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Typical screen printed silicon solar cell
manufacturing process

Saw damage etch
Phosphorous diffusion

Edge isolation

Back contact print
Firing

Anti reflective coating
Front contact print
Firing

Testing & sorting
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Typical screen printed silicon solar cell
manufacturing process

Saw damage etch
Phosphorous diffusion

Edge isolation
Back contact print

Firing

Anti reflective coating
Front contact print
Firing

Testing & sorting
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Silicon solar cells

Typical screen printed silicon solar cell
manufacturing process

Saw damage etch

Phosphorous diffusion aNaEaNalNE

Edge iSO|ati0n |

Back contact print

Firing

Anti reflective coating
Front contact print
Firing

Testing & sorting
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Silicon solar cells

Typical screen printed silicon solar cell
manufacturing process

Saw damage etch

Phosphorous diffusion
B e

Edge isolation
Back contact print

Firing

Anti reflective coating
Front contact print
Firing

Testing & sorting
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Phosphorous diffusion can
be inline continuous or
batch type

P source: POCl,

s B
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Silicon solar cells

Screenprinting using silver
paste is standard.

Inkjet alternatives and/or other
materials are fashionable

research topics.
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Handling thin wafers and
keeping high yields may be
challenging
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PV silicon module
Packing density
Interconnection PV cells

Encapsulation

++
++
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PV silicon module
Packing density
Interconnection PV cells

Encapsulation

A typical module has
J6 cells in series

36



PV TECHNOLOGIES

Silicon solar cells

PV silicon module
Packing density

Interconnection PV cells

Encapsulation
Good transmittance but UV absorbance
Rigidity to withstand mechanical loads

Protection from weather agents and humidity
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Is there a c-Si technology!?



PV TECHNOLOGIES

—  Silicon solar cells

———

Is there a c-Si technology!?
PERL solar cell

finger “inverted" pyramids
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Silicon solar cells

Is there a c-Si technology!?

Buried contact solar cell

textured front with SiQz passivation

copper plating in
laser cut grooves

heavy phosphorous
diffusion in grooves p-type substrate

d BSF

rear copper contact
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Is there a c-Si technology!?
Rear interdigitated (RISE) solar cell

42
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Silicon solar cells

Is there a c-Si technology!?
Rear interdigitated (RISE) solar cell

n+-doped connection between front and
back side emitters created using a laser

—

p-type silicon n+-emitter

i
-I.Fa-'-l- b ks -

silicon dioxide passivation layer  positive metal contact negative metal contact

passivation and
antireflection

-




PV TECHNOLOGIES
Silicon solar cells

Is there a c-Si technology!?

Spheral solar cell

) 381

Anti-reflective coating ?t’éfllggtt%rd vglth

p-electrode
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Silicon solar cells

@

Is there a c-Si technology!?

Sliver solar cell

individual! Sliver® cells, micro machined
out of a p-type silicon wafer

sllicon wafer frame

<111> plane,
light collecting
top surface of

contact
Bifadal Sliver® cell

A
rear light c/ollecting sutface
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Materials availability

Silicon is very abundant...

Silver paste for the contacts
will be a material bottleneck

Other (temporary)
bottlenecks:
Module glass
Tedlar
EVA

| Silicon solar cells

10 ¢
i Ag 2um - grid shadowing 5%

0.1

Energy (1012 watt year)

0.01

1E-3

cryst. Si polyc. Si uc. Si

Fig. 3. Potential energy limits imposed by global silver (Ag) reserves for
bulk-like silicon photovoltaic technologies. Calculations assume AMI.5
efficiencies of 24.7% (Ref. [8]) and 20.3% (Ref. [7]) for crystalline and
large grain poly-crystalline solar cells. The orange shaded area represents
limits reached using 50 pm-thick Ag ribbons. The green shaded area
represents limits estimated using a 2um thick Ag electrodes and 5% grid
shadowing.

Andrea Feltrin, Alex Freundlich, Material considerations for terawatt level deployment of photovoltaics, Renewable Energy 33 (2008) 180—185 E
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Other technologies

Other concepts, materials & technologies
a-Si
CIGS
CdTe

It’s not only about efficiency (nor cost!)
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Amorphous silicon solar cells

Amorphous — commonly applied to
noncrystalline materials prepared by
deposition from gases

First working a-Si based solar cell: Carlson D,
Wronski C, Appl. Phys. Lett. 28,671 (1976)

Cheaper deposition

Hydrogenated amorphous silicon (a-Si:H)
has higher absorption coefficient than
crystalline silicon — much thinner (<l um)
solar cells are possible
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Amorphous silicon solar cells

p-i-n configuration
Electron-hole pairs are generated in the
intrinsic ‘thick’ layer and

Separated by the built electric field

P I n
777 ~ N
Photon (=7 < &
o7 ‘\\\
y P SN
=X NN
o N
r /7 \\§
7 7 4 NAN
s 7 /] NN
722 AN
i < NN
Y DN

pin photodiode

Because doped layers have very little diffusion length...



PV TECHNOLOGIES
Amorphous silicon solar cells
Very thin active layer (<|um) thus:

requires substrate
TCO-l [ Photodiode

—\ S Photodiode
Substrate P22 Back
P /7
ot reflector

&2 Substrate

Q\J::::_‘.
\’\//;

Substrate

Superstrate
Substrate may be foil:

Substrate may be glass:
useful for building integrated PV useful for flexible solar cells
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Amorphous silicon solar cells

To increase efficiency, more junctions
(tandem configuration) may be added

P ! n p l n
N7 77 AR V4 AR
SRR A, SN N
AT g pd N ot pd +
N
RN €44 N \\\:;/ N A
R S NN\ 4 SN
Gl W N
RN VL N/ /A N
ass A P \\‘;// NN\ BaCk
. 2 Z [+ 122/ e N
R P \ \
o . /1 \ NS\ NN
RN A SN NN reflector
P ‘224 N % SN
-.- - /7 \\\r/ p \\
RN 4 NN 77 b NN
P Y YS / \ A / b
« o e - < +\ —~ < +
. . -.. /// b\\\/// \\\
2 NS N
TCO a-S1:H a-S1Ge:H

A more modern & fashionable second layer: microcrystalline silicon layer
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Amorphous silicon solar cells

Significant decline in their efficiency during their first few
hundred hours of illumination: Staebler—VWronski effect

conmd o roml vl v oowl ool vl
10 —
f.“r _f——— e o e S e o e e
S5
z 2 _
o= Sinole-i ti
&2 5 Single-junction
0 ||||||||| ||||||T|| |||||||| ||||||1T| |||||||| ||||||T|| 1

0.01 0.1 1 10 100 1000 10000
Light soak time

(h]

Figure 12.5 The conversion efficiency in a-Si:H-based solar cells declines noticeably upon the
first exposure to sunlight. The figure illustrates this decline under a solar simulator (100 mW/cm?)
for a single-junction cell (260-nm i-layer thickness) and for a triple-junction module made at United
Solar Systems Corp. [14, 15]; the dashed lines indicate the initial power measured for each device
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Amorphous silicon solar cells

PECVD - Plasma enhanced chemical vapour
deposition (a.k.a. RF glow discharge deposition)
SiH4 + H2 into the chamber
RF is applied and generates plasma

plasma excites and decomposes the gas and generates

radicals and ions Rail Heater
\ ¥ Substrate

. . Gas inlet
that will diffuse onto the L s | Cathode
I P < Window
heated substrate re—Pam L | 1 = mhrou
Gate valve ———
Turbo pump — I |
[ Mechanical
= pump

g |

Exhaust

Typical growth speed: | angstrom/sec;Typical substrate temperature: 150-350°C
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Amorphous silicon solar cells

Applied Materials

based on process developed at Research Center liilich (FZJ)

Oerlikon
based on process developed at the University of Neuchétel

TCO

white reflector
glass

LPCVD - Zn0O:B
(1-1.5pm)

PECVD 40 MHz

LPCVD -Zn0O:B
(1-1.5pm)

white reflector

screen printed -

Sn0, coated glass

or sputtered - ZnO:Al
+ HCl etching

(< 1pm)

PECVD 13.56 MHz

sputtered - ZnO:Al
(50-100 nm)

sputtered - Ag

(200 nm)
sputtered - Al
(100 nm)

TCO

metal reflector

graphic: PHOTON International
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Amorphous silicon solar cells

In summary:

Low efficiency (for the same yield requires more
area: module framing & encapsulation become
relevant costs)

Low cost (may be interesting if land availability is
not an issue)

Niche markets such as building integrated PV,
consumer electronics (i.e. gadgets), flexible solar
cells,...
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Cadmium Telluride solar cells

CdTe has a high absorption coefficient:
thus very thin active layer

Earliest paper on CdTe solar cell:
Loferski J, |. Appl. Phys. 27,777—-784 (1956)

Most ‘popular’ configuration: CdTe/CdS
heterojunction (p-type CdTe and n-type CdS)
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High-Voltage Photovoltaic Effect*

L. PENSAK

RCA Laboratories, Princeton, New Jersey
(Received Movember 25, 1957)

ACUUM evaporated films of cadmium telluride
have been prepared that show unusually high
photovoltages across their ends. The effect is inde-
pendent of the electrode material and the voltage is
proportional to the length of the film. A value of one
hundred volts/cm has been obtained in sunlight. Since
the photovoltage of a single junction is limited by the
band gap of the material (1.45 ev), it is concluded that
the films consist of large numbers of junctions (or other
photovoltaic elements) whose individual voltages add
to produce the observed values. Photovoltages greater
than band gap have been reported for films of PhS,1*
but with a maximum of 3 volts and only after some
post-evaporation processing, No such processing is
required for the CdTe films,

The presence of the effect depends on the angle, 8, of
deposition of the vapor onto the substrate as shown in
Fig. 1. Lines of constant # are found to be equipotentials
for photovoltage. No photovoltage exists in material
deposited with #=0. The photovoltage increases rapidly
with & up to about 10 degrees and then very slowly up
to 060 degrees, above which no measurements were
taken., A second requirement for the effect is that the
substrate be held at a temperature between 100 and
250°C during deposition. The pressure during evapora-
tion, ~10~% mm, is maintained by an oil diffusion pump.

NUMBER 2 JANUARY 15, 1958

The rate of film formation is about 1000 A per minute.
The films become photovoltaic when the thickness is
sufficient to absorb some light, and the voltage increases
to a maximum at approximately one micron. The
effect occurs with Pyrex glass, fused quartz, and other
substrate materials. The only requirement is that the
substrate be more insulating than the films which, in
the dark, have a resistance of the order of 10° ochms per
square at room temperature.

The electrical properties of the films and their re-
sponse to light and temperature are reported in a
following letter. Optical transmission measurements
show that the fundamental absorption edge is 8300
A, the expected wvalue for CdTe. X-ray studies by
J. G. White of this Laboratory are consistent with the
view that the films consist of crystallites whose size is
comparable with the film thickness (~1 u). The crystal-
lite (111) planes have a preferred orientation parallel to
the substrate, regardless of the angle of deposition.

Although the effect has been found in every film
made, the magnitude has not been reproducible within
a factor of 10, An explicit model for the mechanism of
the effect has not yet been established. An effect of
comparable magnitude has been found in single-crystal
zinc sulfide by another group in this laboratory. Further
studies of the effect in both materials are under way.

* This work was supported by the Evans Signal Corps
Laboratories.

! Starkiewice, Sosnowski, and Simpson, Nature 158, 26 (1946).

~ ? Berlaga, Rusmach, and Strakhov, Zhur, Tekh. Fiz, 25, 1878
[1955).

Properties of Photovoltaic Films of CdTet

E. GorpsTEIN

RCA Laboratories, Princeton, New Jersey
(Received November 25, 1957)

HIS letter describes some of the basic properties

of a reprezentative photovoltaic film of CdTe.!

The film was deposited onto a Pyrex substrate: it was
one-half cm long, one cm wide, and about one micron

+hirl Mha Amarn ettt o lda oas arars weoottrad weadh o
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Cadmium Telluride solar cells

— —
o (@]
I# I(J-I

Absorption coefficient (cm '1)
o
I(.n.‘l

—
o
[a%]

| ! | ! | ! | ! |
0.3 0.4 0.5 0.6 0.7 0.8
Wavelength (um)

Fig. 5. CdTe absorption coeflicient at room temperature.

A.Morales-Acevedo, Thin film CdS/CdTe solar cells: Research perspectives, Solar Energy 80 (2006) 675-68|
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Cadmium Telluride solar cells

bl

Secondary contact
Primary contact

Cl, O, Cu

Species
diffusion

|

CdTe

1

Interdiffusion
CdS
Tpe—
TCO
Glass superstrate 1 1 T T 1

A

Figure 14.7 Basic CdTe solar cell structure. The polycrystalline nature of the CdS and CdTe
layers are indicated schematically and are not to scale él
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Cadmium Telluride solar cells

Second
Laser scribing Laser scribing

! (b) ! (c)
Sb2T€3 +M0
CdS/CdTe

Back contact

. CdS/CdTe
Charge carriers flow films

Front contact

Soda-lime glass
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Cadmium Telluride solar cells

Top

Cell 16.7% (NREL);
Module 10.9% (BP Solarex);

Best seller: First Solar

M

efficiencies:

Vapor transport deposition First Solar,

Carrier gas (10—100 Torr)
CdTe 700°C

ZAN

A RS 600°C

d=1-1

(oo

0 um @ 0.1-1 pm/min

Main issues:

Cheapest technology
in the market (<I€/Wp)

‘Limited’ efficiency
Reliability (lifetime)
Materials!!

Toxic Cd
Rare Te

Window of
opportunity taken!
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Cu(InGa)Se, solar cells

Synthesis and characterization were first
reported by Hahn H et al., Z. Anorg. Allg. Chem.
271, 153—-170 (1953)

High absorption coefficient: thin film

Like all thin films: potential for cheap
manufacturing for fabrication of monolithically
interconnected modules

Potential for relatively high efficiency: 19.4%
(cell) and 13.5% (module)
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Cu(InGa)Se, solar cells
P-type: Cu(InGa)Se,
N-type: CdS
@
‘e | rEE W
se @ % .

monitor

Evaporation
sources
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Cu(InGa)Se, solar cells

o

Top contact grids

. B | NiAl MgF. antireflective coatin
R D0 T ——— Mg, g

100 M --o-- - n-Window . i-Zn0 / ZnO:Al by sputtering
CdS by chemical bath deposition

CIGS by coevaporation at 400 °C + annealing in Se at 600 °C

~1 um Back contact «— Mo by sputtering

Substrate «— soda lime glass

© PHOTON International 2008
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Cu(InGa)Se, solar cells

Other different CIGS concepts...

S LY N D R Am l Direct Sunlight
IDiffiise Sunlight

N\

Reflected Ligh_t.J o




7 PV TECHNOLOGIES

. Other technologies
g » Many other different concepts...

CIGS
k nanoparticles

R ‘

- band cells

, DARPA
(spectrum
splitting)

&\ Intermediate ‘\ ‘\

Thin silicon
film

-
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Other technologies

US$0.10/w  US$0.20/W US$0.50/w
100 ; s :
80 + Thermodynamic
] 3 limit

1 US$1.00/W

Single bandgap
limit

US$3.50/W

Cost, US$/m?

69
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PV TECHNOLOGIES
Comparing different technologies

| Cost

| Performance/durability

| Materials availability

| Environmental issues

| Maturity

Developers

Market penetration potential & others

70
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Energy payback time

25
o BOS
22
m Frame
2 O Frameless Module
1.5 4
-
@ 11
e 1.0
1A
0.5
0 = T T
Multi-Si 13.2% roof-top, CdTe 8% roof-top, CdTe 9% ground-mount,
European production European production U.S. production

Figure 3. PV energy payback times of 2004 PV technologies for average southern Europe insolation (1700 kWh/m?/yr),
75% performance ratio for roof-top installations, 80% performance ratio for utility ground-mount installations™”’
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Energy payback time

Energy payback time

Energy yield =
§ il Operational lifetime
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PV TECHNOLOGIES
Materials availability

v

J
>,

Ag 2um - grid shadowing 5%

Energy (102 watt year)
o

<
o

1E-3

cryst. Si polyc. Si uc. Si

Potential energy limits imposed by global silver (Ag) reserves for bulk-like silicon photovoltaic technologies. The orange
shaded area represents limits reached using 50 mm-thick Ag ribbons.The green shaded area represents limits estimated
using a 2 mm thick Ag electrodes and 5% grid shadowing.

A Feltrin,A.Freundlich, Material considerations for TW level deployment of PV, Renewable Energy 33 (2008) 180185 i
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Materials availability
R ]

- Thin Films

Energy (10'2 Watt year)
o

o
o
-

1E-3
—_— —

CdTe CIGS a-Si dye sens.

Fig. 4. Potential energy limits imposed for four different thin film

photovoltaic technologies.
74

A Feltrin,A.Freundlich, Material considerations for TW level deployment of PV, Renewable Energy 33 (2008) 180185
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Materials availability

10 C 7
-V MJSC ;
200 X ]
o 1
=
=
[4y]
=
=
> 0.1
o
)
c
L
0.01
Ge substrate GaAs EPI In free MJC

substrate Lift-off

Fig. 5. Potential energy limits imposed to III-V multi-junction cells (200
sun concentrations). The third and fourth columns show the extrapolated
potential of this technology if lift-off/cell exfoliation techniques are

adonted.
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Comparing different technologies

Considering all these factors...

Silicon technologies are to dominate the market in the
foreseeable future

Opportunities for other technologies with industrial
scale, in particular CdTe (e.g. First Solar)

Niche markets are breeding ground for other ‘new’
technologies (thin films in BIPV or flexible applications,
concentration for large solar power plants, etc)
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