Photovoltaics:

5 May 2010
Peter Borden
pgborden@me.com

650-520-6600

© 2010

status, issues and promise



Outline

PV background
— How solar cells work
— Technology today

* The role of efficiency
— Limits
— Paths for improvement

* Market dynamics
— Pricing
— Other issues



Satellites, the ultimate off-grid application, came first

Telstar (1962) — first
communications satellite

International Space Station (today)

Vanguard (1958) — first satellite with solar cells




Renewable energy sources —the family tree
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Solar insolation around the world

Net surface solar radiation You are here Annual mean W/ KWhr/
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The Bay Area receives annual average 180 W/m?, or 1550 KWhr/m?2.
* Panels are rated at 1 kW/m? (a 14% efficient, 1.4 m? panel is about 200W)
* An array in the Bay area generates 1550 KWhr/KW (eg 3 KW = 4650 KWhr/yr)



Key parts of a solar cell

Ag grid, 100 um wide

m Si;N, 750A

n doped 0.5 um
(Emitter)

p-type 200 um
(Base)

INAYAVAVAVAVIVAN
A \/V\A /\W P*doped 5 um

Front

125 —-156 mm square

Al back contact \

Ag bus bars for soldering

This is the basic design made today; many
other designs exist
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How a solar cell works — light absorption

. " A
Semiconductors have Excess energy
a “Bandgap” energy. ) lost as heat J
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Photon absorption

Energy
¥ 7

Energy

Conduction band Phonon t

Conduction band

A
Photon Z
Momentum Momentum

2 Valence band 2 Valence band

A direct gap semiconductor (GaAs) An indirect gap semiconductor (Silicon)

e Conduction and valence bands line up over Conduction band minimum and valence

one another. .
band maximum are offset
* Absorption is an efficient process, and the

absorption depth is shallow e Absorption requires a photon and a

phonon (a lattice vibration, which can be
absorbed or emitted)

* Absorption is an in-efficient process, and
the absorption depth is deep

 Silicon has a direct gap at high energy.



Why photon energy is important

PV has fixed size buckets and can only claim part of the photon energy. Red photons, with less
excess energy, convert more efficiently than blue.

H H’Q . {mm  Incoming photons

Lost energy

\ ’ . . . => Outgoing energy

Thermal conversion does not have this problem, but needs high temperature to be

efficient.
\ / rQ . . &= Incoming photons

H ='> Heat energy



How a solar cell works — collection of carriers

Carriers can do three things:

Bad — carriers lost

Good — energy does work

1. Recombine in the bulk
2. Recombine on the surface
3. Get swept across the junction, do work in a load.

N-type (EMITTER)

} Depletion region

P-type (BASE)
(180 um)
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A silicon solar cell

Multi-crystal

ystal

Single cr



Solar PV Module Value Chain

Poly-Si | | Ingot M I cell Module
Feedstock Productiorn . Productio Assembly
Production

\ 4

30¢/W

l(SSO/kg) 30¢/W 30¢/W 30¢/W 30¢/W $1.50 to

12 $1.50/W



From Wafer to Solar Cell

chemical etch

pn-junction diffusion

screen printed metallisation

13

metallisation sintering

solar cell



Wafer-based module production line

1. Saw wafers
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A fully integrated PV factory
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include 10 of these
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no fancy concepts are used. This is an inline process — meaning nearly all of
the processes are carried out on conveyor belts. Today, several manufacturers
prefer 1o carry out some steps — such as doping ~ in batch process.

6. Etching

The PSG & e10hed a”‘l
o the edges.

iy 4.Texturing i LT, .mﬁ'ﬁ;a.« 7. Anti-reflection coating

3. Testing & quality rating The waters are texsured uung aodh o umanted m.m..pm-mcvne-

m’mn( 'u osh \ :v:wﬂmmmmn siicate glass (PSC), Ceaned Sgutienng) the ancreflecton coating

Holated edges ’ 'y . demund’nw-a

Cleaning agent

8. Print electric contacts

Using 2 screen prediog process, &
siver paste 1 prnted omo the cell

uminu back surface Seld s
10. Sintering wmfunwmdwmﬂm
& C ind sartace sefecton.
The contacts and ahuminum Layer are
imprieted in the cell wting a firng

Attach junction box

15. Solar simulation
Peponecatngcithe
mode i meassed

2 50
ano

\_-m
| Alminam-doped
pe layer

. taframing
j 13, Lamination | Riobots astach an akaminrn frame 0
‘[ TR The cells e encapsdaned b2 vacuum | | the modues
Cels ave soldered 10 1ring and
connecied in paraliel
Modules "
Modsles are packed
Ribboms S0 o e e i
ca |
18 arch 2007 PROTOM teraatssasl Mo b 00T s

14



Thin Film technologies

Technology Best efficiency Module Issues to
(cells, R&D) efficiency resolve
(Production)
Amorphous Si 9% 6.4% Efficiency
Micromorph 15% 8.5% Efficiency,
(a:Si over uc:Si) deposition rate
CdTe 16.5% 10.8% Efficiency
CIGS 20.1% 10.8% Module efficiency,
yield, throughput
Organic 6.7% 2-3% Cost, eff., stability
Third generation Low n/a Many

To compete with silicon, thin film modules need
» efficiencies in the 12-15% range and
* reliability history to become generally accepted in the supply chain.



Thin film factory process flow

or SnO:F from glass co.
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Mainstream technology comparison

Silicon Thin film

Efficiency (module) 12-19.5% 6-11%

Stable field performance |>30 years ~15 years

Market share (2009) 85% 15%

Module cost ($/Wp) ~$1.20/W, $0.80/W,, (CdTe)

CapEx cost $2.00/W, $2.00/W,

Improvement strategy Lower cost, Higher efficiency and
higher efficiency manufacturing volume

Target markets All Large systems,

architectural, 3 world

* Today’s largest market is residential rooftop, where silicon’s efficiency and reliability is an
advantage.

* Customers in larger potential markets, such as utilities and industrial rooftops, are conservative.
Driven more by pure cost of energy, demand proven reliability.

* AsTF field performance is proven, these markets will open, increasing the TF market share.
Increased volume will bring down TF costs.



CdTe cell structure

The CdTe cell uses a hetero-
junction between p-type CdTe and
n-type CdS. The best lab efficiency
is 16.1% (NREL), and commercial
modules have efficiency in the
mid-10% range. The high
efficiency for a thin film cell comes
from the columnar grain structure,
high mobility, and short absorption
length. Special features include a
CdCl treatment to create p-type
doping and increase grain size,
special anneals to get a good
junction and back contact, and the
high resistance TCO to reduce
shunting through the thin CdS
layer.

Back contact .,

Cl-O-Cu contact -~ m

CdTe (p-type) I
Grain boundary
CdS window
layer (n-type)
High resistance

oxide e ———

Some material properties:

Band gap 1.5 eV

Electron affinity  4.28 eV

Absorption coef  6x10*/cm@600 nm
Index of refraction 3

Mobility (electron) 500-1000 cm?/V-sec
Mobility (hole)50-80 cm?/V-sec



CdTe deposition

CdTe can be deposited by a number of processes, including sputtering,
evaporation, screen printing, and spraying. The most successful commercial
process is Close Space Sublimation. The glass substrate is heated to 600°C
and brought close to a bed of CdTe heated to 650-750°C at a pressure of
about 10 Torr. Layer thickness is about 4 um, deposited at a rate of 1-5 um/
min.

This process is simple and yields the
Substrate at 600°C stochiometry and grain structure for
best efficiency, which is why CdTe today

:> offers the lowest S/W of any
commercial product.

CdTe at 650-750°C Issues include small module size,
because glass softens at 600°C, and
cleaning of excess CdTe in the chamber.



CIGS structure

CIGS has the highest efficiency of
any thin film cell = 20.1%. It uses a
hetero-junction between p-type
CIGS and n-type CdS. The CdS is
often plated in a wet bath following
deposition.

A back contact is formed with a two-
layer Mo deposition, the paired
layers used to reduce stress.

Unlike other thin film cells, the light
is incident from the top (as opposed
to through the substrate).

Zno, ITO
2500 A

Cds
700 A

CIGS
1-2.5 pm

Mo
0.5-1 um

Glass,
Metal Foil,
Plastics

R. Noufi, 4" WCPEC, 2006

G 082-095
(In+ Ga)
Ga_ _026-031

(in+Ga)



Deposition

CIGS is formed using a variety of
processes. The highest
efficiency was obtained with co-
sputtering of In, Gaand Cuin a
Se background, following the
deposition rate and
temperature profile shown to
the right. This yields the
optimum stochiometry and
grain structure.

The composition will sometimes
be graded to create a drift field
from back to front. In some
cases, it is found that Na can
improve performance, coming
either from the glass substrate
or the deposition.

144 i shutter open: o L 40
F12- i ‘
< - Se ‘
@© ! ; : =
= 87 | - e S
£ ] : B 20 o
R pmusennd | Sunaannssennnainnusnun) B,
4 T L]
e pRend - REEWanENRNa NN
o] s
. 610
600- : el
_ | PEHTN -608
S 500- | REHERN
<500 : R . -606 —
L i) Hag! 3
*5400— f _4 N\ [60478
& : Backof ~7 : !/ 2
I 0 ¥ gt 2 -602 S
5 300 7 substrate iz \ @
5 il temperature Rt -600
'S 20047+ ; fri e
= |5 N - 598
1007 SRRERN! 596
® —
0 10 20 30 40 50 60

Runtime (min)




Amorphous silicon cell structure and process

Amorphous silicon is one of the oldest thin Al
film technologies. It offers a low cost cell, TCO N
with efficiencies in the 5-6.5% range. n-a:Si N[

i-a:Si T

p-a:Si ‘—
The active region is typically 3-500 nm TCO
thick. It is undoped, forming a drift field to Texture not shown
accelerate carriers across the cell (see band Glass substrate

diagram below right). This is needed
because of the very short diffusion length
due to the poor lifetime.

The bandgap ranges from about 1.75t0 1.9
eV, depending on the deposition process.

150 200
Distance from Front (nm)




Amorphous silicon band gap

A purely amorphous material would not be photo-active. However, short-
range order leads to a density of states with a minimum, thereby creating a
bandgap. The band edges are not sharply defined, but have tails, as shown
below. A high density of states in the gap leads to the short lifetime.
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Figure 12.9 Density of electronic states g(£) in hydrogenated amorphous silicon. The shaded
areas indicate delocalized states in the bands; these bands themselves have tails of localized states
with an exponential distribution. Midway between the bands are levels belonging to gross defects
such as dangling Si bonds indicated by the two peaked bands around Ep

Handbook of Photovoltaic Science and Engineering, Luque and Hegedus Ed.



Micromorph cells

Broadband incident light
Higher efficiency can be obtained using

stacked cells with multiple bandgaps. A 1.8
eV bandgap a-Si cell absorbs shorter
wavelength light, passing the longer
wavelength light to a uC-Si cell with a
bandgap of 1.1 eV. More sophisticated
designs add a third Si-Ge cell to obtain
laboratory efficiencies > 13%.

Glass

TCO
a-Si (1.8 eV)

uC-Si (1.1 eV)

Back contact

This configuration adds some issues:
* The uC-Si cell is 1-2 um thick, and requires a
long deposition time,

* The cells must use a low resistance tunnel
junction interconnect, and

e Cell currents must match, which makes the
cell spectrally sensitive.



Thin film silicon deposition processes

The most common deposition process is
plasma-enhanced chemical vapor
deposition (PE-CVD), although other | |
methods such as hot wire CVD have been Plasma === —
used. Deposition rates are on the order of | |
0.5-3 nm/sec, with lower rates providing

better efficiency. Higher rf frequencies

are sometimes used to improve the

deposition rate, although this leads to 1000 gt
more complex reactor designs because of £
standing waves.

Gasin: SiH, + H,

2y
g

‘\""\f".
100 2224

[nm]

=)
‘II

The hydrogen dilution can control
whether amorphous or micro-crystal

silicon is deposited (see graph to the right. !
High dilution ratios are best for pC-Si. j

Bulk layer thickness d,

| PRSL Y [T E PREL E [TL SN [T B TP L
0 5 10 15 20 25 30 35 40

H,/SiH, dilution ratio R

Handbook of Photovoltaic Science and Engineering,
Luque and Hegedus, Ed. 10



Concentrators

* Concentrators replace expensive cell area with low cost optics such as
mirrors or fresnel lenses.

 Advantages include
— Among lowest cost/watt potential
— High output for longer fraction of the day

* Drawbacks include
— Greater reliability concerns
— Spectral sensitivity when using multi-junction cells

— Tracker limits market to industry and utilities, with the latter having steep
reliability requirements

— Far behind the cost curve



Basic concentrator approaches

Primary mirror
Secondary mirror

™ Power cell

Tertiary non-imaging optic

o 4 i SolFocus Gen1 solar module
FLATCON CPV cell FLATCON solar module SolFocus Gen1 Mini-dish prototype

A fresnel lens focuses light onto a small
high efficiency solar cell. The module
consists of an array of lenses and cells

A mirror concentrates light onto a
small high efficiency solar cell.
Secondary optics can fold the optical
path to reduce the size.

An important trade-off is tracking accuracy vs. concentration

* Low concentration (few tens of suns) have high tracking error margi, and low tracker
cost, but less gain from using high efficiency, high cost cells.

* High concentration (>100 suns) requires better tracker, but can use better cells



Flexible solar cells

Plusses
 Flexible

* Light weight

SL - 25 Watt

Issues Global Solar (CIGS)
* Low efficiency

* Reliability

Arorpown slcoe solar cof pave s can
Be mtegrates wih buddng rtecah ave
it leT guer WIZe Atees. St tte
ks of faceeks of bl buakdegs

Fom type solar Celis Pave qunerous

potentad appicationd. Sach 260G modes
reawuvrg K %G by 20.7om wi

Applications
e Portable devices
 BIPV

e Chargers

Fuji Electric (a-Si)

Unisolar (a-Si/a-SiGe)



The meaning of efficiency

Conversion efficiency is a relative number (if the sun were 2X brighter, half the
efficiency would be just as good).

Compare to the efficiency of a well known solar converter: a tree

3.9x10%9 joules out:

* 1 m diameter base, 500 kg/m?3
» 107 J/kg yield (70% efficient)

- D

Tree is 0.25% efficient

Best PV cell is 41.6% (164 x tree)
Best PV panel is 20% (80 x tree)

1.5x10%3 joules in:
e 10 m diameter, 10 m high
» 25 years AM1.5 for 6 hrs/day

Note: Algae and some plants may be
1-2% efficient.



|deal efficiency limits — one junction

Original calculation by Schockley and Queisser (J. Appl. Phys. 32, 510-519,
1961). Assumes only radiative recombination in an ideal semiconductor cell.

Predicts =31% for silicon, 32.8% for GaAs @ 1 sun.

The optimum

45 r—T—rT—"T
" | = bandgap for one
) ::, junctionis 1.4 eV,
o_ s} close to GaAs, but Si is
5‘ 20} nearly optimum.
ISt

10 +
5t

1.1eV
L

0: 1 1 1
00 05 10 15 20 25
Band gap energy E,

[eV]

Figure 4.3 SQ efficiency limit for an ideal solar cell versus band gap energy for unconcentrated
black body illumination, for full concentrated illumination and for illumination under the
terrestrial sun spectrum: (a) unconcentrated 6000 K black body radiation (1595.9 Wm™2);
(b) full concentrated 6000 K black body radiation (7349.0 x 10° Wm™?); (c) unconcentrated
AM1.5-Direct [18] (767.2 Wm™*) and (d) AM1.5 Global [18] (962.5 Wm ™)

Handbook of Photovoltaics, Luque and Hegedus .



Efficiency at low and high concentration

* At low concentration (left), the peak efficiency is about 29% for ideal light

trapping.

At high concentration (right), the peak efficiency increases with acceptance
angle because normal-incident rays are more readily trapped, although cells

are impractically thin.

| e—p— e —

~" lambertian _—
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Figure 76: Limiting efficiency f a silicon solar cell with and
without Lambertian light trapping (Global AM 1.5 spectrum, 100
mW/cm?, 25'C).

From Green, “Silicon Solar Cells: Advanced Principles &
Practice, UNSW Press
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Multiple junctions can do even better

=70% at 1 sun and =86% at maximum concentration, but requires infinite
stacked junctions.

Detailed Balance Efficiency (%)

100 1 l ! wi

Maximum Concentration —

80 [~ \ Concentration limit ]

601 it s e T
e O One sun limit

40 o E\ =

One sun

20 2

0k | | I =H

2 4 6 8 10

Number of junctions or absorption processes

Marti & Araujo
1996 Solar Energy

Materials and Solar
Cells 43 p. 203

|

I—



41.6% concentrator cell designed for W/gm, not S/W

Sunlight

TR - = = e, 0 O T O I
o | NP T
% 08[ 7 T (— C— =" A . A
= | " MIDBLECELL [~ i i » | Tunnel Junction
g ooy TS
-y LT
= 04T i e e e ey =y
z ‘, { | BOTTOM CELL |__| g Tunnel Junction
S o2} e g

0 o= T 3 2 { ‘ !

025 045 065 085 105 125 145 165 185

WAVELENGTH (Microns)
*A/R: Anti-Reflective Coating

 Typical cell contains >20 layers; Source: Spectrolab

* Designed for space, adapted for concentrators



Detailed structure of high efficiency concentrator cell

Spectrolab LM and MM 3-Junction
oo 0tz Cell Cross-Section
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Expensive cell, but small area makes it practical for concentrators.
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SunPower cells

SUNPOVVER

SOLAR CELL 22% EFFICIENCY

Lightly doped front diffusion
« Reduces recombination loss  Texture + ARC

FRONT
N-TYPE HIGH LIFETIME SILCON
* REDUCES BULK RECOMBINATION
P+ N+ P+ N+
BACK

/ Localized Contacts| Passivating
Backside Mirror | g ces contact | SiO, layer

* Reduces back light oo pination loss | * Reduces surface
absorption & causes recombination loss
light trapping

Backside Gridlines

* Eliminates shadowing

* High-coverage metal

reduces resistance loss

These are the highest efficiency
cells made today. They use
localized back contacts with a
back reflector, and have no front

grid.

D. Rose, SunPower Corporation
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23%

22%

Cell Efficiency (%)
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Gen 3
* Laboratory Prototyping Results
~~ " Production median (Gen 1 & 2) 23 4%
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Suntech’s Pluto Cell

Lightly diffused
emitter (n") .
Heavy n'' doping
beneath metal

textured front with
antireflection coating £

aluminium-alloyed p~ layer l
aluminium rear contact

Figure 5: Schematic of the simplified PLUTO solar cell with

screen-printed and fired rear aluminium contact and front metal
(a) lines only 20-25 microns wide.

(b)

Figure 3: (a) Typical metal finger for the PLUTO cell
demonstrating line width, height and aspect ratio the same as
routinely achieved by the PERL cell using photolithographic and
masking techniques. (b) Shows the cross-section of a typical
PLUTO metal line.

Process features
Selective emitter

Efficiency distribution

18, 00%
16. 00%
14, 00%
12, 00%
10. 00%
8. 00%
6. 00%
4. 00% 1
2.00% 1
0. 00%

Percentage (%)

DA DN D

S U M LA T
O EE TR
QO O O O O O

Efficiency (%)

Figure 6: Typical efficiency distribution for a single-day's
production of the 3dMW PLUTO production line following 6
months of operation. The bi-modal distribution has been shown
to be caused by wafers fitting into two distinct categories based
on quality.

Fine grid lines with high aspect ratio (enabling close

spacing to minimize ohmic losses with selective

emitter)

1-2% absolute efficiency gain

Relatively little added cost over conventional process

From Shi, Wenham and Ji, 2009 IEEE PVSEC, Philadelphia



Tracking flat panel —a hybrid solution with >20% gain

Bavaria Solar Park - 10 MW - Bavaria, Germany

SunPower trackers and field applications



Tracking flat panel option with high efficiency

High efficiency, as available with many silicon flat panels, makes tracking
economical. This is viable for power station and some commercial
applications, resulting in significant gains. Polar tracking is found to be nearly
as good as two axis tracking.

| —2-AXis y
1000 e e 1%
900 - Horiz. — 1400
= E
£ ) = 1350
g ) z +21%
= 600 A : = 1300
=} \ -
G 2, 1250
g 400 , =
& 300 E 1200
= 0
o < 1150 g%
100 ,
0 ' 1100 - -
0 2 4 6 8 10 12 14 16 18 20 22 fixed 4-step azimuth polar two axis
Time of day [h] tracking tracking tracking

Fig. 7: Daily profile of the irradiance for September, 1st Eig; S::Comparigon.of the:different: fracking moties

Hoffmann et. Al., 2008 European PVSEC, Valencia 8



Market size

(MW)

» Policy-Driven Scenario
» Moderate Scenario

15000

10000 -

2009 2010 20m 2012 2013

Source: D. Rose, SunPower, EPIA 2009



Prices of silicon modules from China

Wafer-based silicon modules from China are putting pressure on thin film
technologies that trade efficiency for low production cost

ierman spot market prices for modules from Asia (excl. Japan)

W« Trend
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Photon International, May 2010



Thin film module prices (€/watt)

Low prices create a
difficult environment
for smaller-scale
suppliers to survive,
and challenging for
start-ups to prove
reliability and
performance and
grow to a cost
competitive scale.

Photon International, May 201(

German spot market prices for a-Si modules
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Polysilicon prices continue to decline

e Current spot prices are $50-60/ 3
kg, down 10X from the peak Si cost - 2010 & 2015

* Process improvements provide C L R

margin for further declines %

e This puts pressure on .
technologies based on trading e
substrate cost for efficiency i

10
§
0

2010 015

A Best practica: PHOTON Consulting’s analvsis indi-
cates that leading silicon producers have the potential
10 achveve Tully loaded production costs of $20 to $25

per kg within the next 5 vears

Photon International, May 2010

D PHOTON Consulting 2010



PV makers are providing large-scale systems

Top Twelve US Utility-Scale PV Developers by
Contracted Pipeline, 2010-2014
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Source: GTM Research

Insulates from technology competition and creates a barrier to entry for
smaller suppliers



Lack of storage is an issue for large systems
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Source: Jay Apt & XX, CMU 4.6 MW TEP Solar Array (Arizona) T
© 2009 Elecric Power Roscarch inssturte, Inc. All rights resorved 12 EPE' I g o caniniin

Clouds cause sharp fluctuations in output, which is hard for the grid to handle
with utility-scale PV systems



Conclusion

PV is one of a suite of renewable energy technologies

 The advantages include a match to grid load, low maintenance, simplicity,
and a wide range of applications, from small remote systems to utility
scale fields.

* Disadvantages include higher cost than other renewable options and lack
of storage.

 Wafer based silicon, with its higher efficiency and rapidly dropping cost,
continues to lead the market. CdTe supplier First Solar became the largest
manufacturer last year. Other technologies have a small market share.



