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Solar Energy

e Plentiful in most areas of theworld
e On the average, about 1 kw/m? during daytime
e | n sunny areas, almost 3000 kWh/(m?- year)

e A distributed, and reliable energy source where
the climateisright

o ( Southwestern US, Mexico, Western India,
China, Arabian peninsula, southern Africa etc.)



Solar Energy cont..

e Distributed nature important for economic
development

- Providerural lighting using ssmple battery chargers
and fluorescent lights

» ( Solar lantern, cost about $50)

- Clean drinking water from tube wells

- Power for irrigation

» Make 3 cropsayear possiblein tropical countries



How do we convert solar
energy Into electricity?

e Solar thermal —focus sunlight with afield of
mirrors, produce steam
( A large plant was built in Barstow, CA)

e Photovoltaic conversion
e Solar fuel production — produce chemicals
e Biowaste —a form of indirect solar



e Photovoltaic Conversion isthe most developed
technoloqy

e Major industry
e About 400 MW production/year
e $ 2.5 billion+/year,and growing at 25-30%

° * Themajor issueisCOST.

e |f installed system cost $ 2000/kW, will produceat ~ 8
c/kWh

o (Current cost, more like $ 4000-6000/kW)



Introduction to Photovoltaic
Technology

e Photovoltaic (PV)
Technology relieson

semiconductors K

e Usingap-njunction,
directly convert x
photonsinto electrons 5
and holes, and then P N
separ ate them



e Short circuit- Only current
e Open circuit — Only voltage
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Current density i1s afunction of bandgap — smaller the gap, higher the
current density ( More photons absorbed)

Voltage is afunction of bandgap ( Higher the gap, higher the voltage)
We need (I x V) — There is an optimum bandgap for PV conversion
For solar photons, between 1.3t0 1.7 eV

— Each individual cell only produces asmall voltage (S ~ 0.6 V)

— Need to series-interconnect many identical cellsto get reasonable
voltage ( 12 V and above)

— Voltages add, current remains the same as for asingle cell



e A solar cdll consists of:

— Substrate—can be S wafer

—  Back contact ( metal)

— N layer

—  Player

— A transparent top contact



Substrate type cells: Superstrate type cells

d

Transp. Contact Back metal contact
P+ layer
N layer N layer

P layer
N + back layer TCO(tin oxide)
Substrate(metal) Glass




Problem Is:

e S| wafers are expensive
e S Isnot agood material for PV conversion

A poor absorber of light —a conseguence of
Its band structure

e Processing Is not continuous- cannot make
monolithic, integrated panelsto get high
voltages without cutting and soldering



Properties of a good PV
material.

A good absor ber of light- havetheright energy band
structure (A direct gap material)

(CdTe, GaAs, a-SI, CulnSe))

Then, we can use only ~ 1 micrometer thick film
Ability to make p-n homo or hetero-junctions
 Beabletodeposit inexpensively

Benon-toxic ( e.g. CdTe—problem with Cd)

« Japan recently stopped all work on CdTe.



Amor phous and crystalline S

e S based technology isthe best from all viewpoints, except
absor ption!

- Non-toxic

- Plentiful

- Very good technology base
- Easy to deposit

- P-njunctions easy to make

« S0, makeit absorbing!

o - Amorphous S and Ge



Amorphous Si and Alloys

A. Crystalline S

Perfect bonding angles and lengths — Tetrahedral
bonding

\S_/
S
S——& >g S

Produces perfectly periodic potential energy diagram
Excellent electronic properties, but poor optical
properties



a-Si- partially disordered lattice

Distortsthe bond angles and lengths
Some Si-Si bonds will break- defects!

Leadsto variation in periodic potential within the
lattice

L eadsto electron “ confinement” within narrow
potential wells- changes band structure = optical
properties

Also leadsto a great number of defectswithin the
material — degrades electronic properties



How do we get good optical properties and acceptable
electronic properties?

By using something to bond with broken Si bonds
Si istetravalent- 4 electronsin outer shell
It bonds covalently with 4 other Si atoms

Toform a covalent bond, use H!

Si-H isa covalent bond, with a bond strength ~ 2.4
eV, dightly higher than bond strength of S

o, really, useful a-Siisa-Si:H, an alloy of Si and H

Defect density decreases from 1E20/cm? to
5E15/cm?

5E15/cm?® is an acceptable defect density in
semiconductors- 1E20 is not.



Properties of a-Si:

1. Energy Band structure

Egap=1.7-1.8eV
( depends on H content)

% |/ +—Tail states

E gap Z(AM idgap states

Ev

Density of states/ (cm3-eV)

e Material hasabsorption at ~1.7 eV

e Conduction takes placein conduction and
valence bands

e Thetalil statesand midgap states act as
defects



Tail states control movement of Fermi level

Midgap states control recombination

Within the conduction and valence bands, the material
acts

As apolycrystalline, multi-small-grain semiconductor
with grain boundaries passivated by H.

So, mobilities are low ( ~10-20 cm?/V-sec)

Minority carrier Lifetimesarerelatively high ( 1E-7 sec
for electrons, 1E-8 sec for holes)

(Compared toc-S of > 1E-6 sec.)

The material islimited by holetransport! ( Solar cell is
aminority carrier device)



Fabrication technology for a-Si:H

1. Plasma deposition
Plasma breaks down Silaneinto itsradicals

SiH,~*SIiH3 + H
SiH2 + H2
SIH+ 3H....

Theradicalsareunstable- they deposit on any substrate
and form Si, with H being driven away if temperatureis
high enough

H H
| | |
H-Si-H---H-Si-H  void  H-Si-H
Si Si Si Si
Si Si Si Si

When insertion takes place, we get not only a new layer
of Si, but also upto 3 additional H atoms



Also, because the temperatures must be kept low, the
radicals have a limited mobility on the surface — some
sitesdo not get aradical = VOIDS!

If morethan oneradical present (S H3 and SiH2), some
surface atoms ar e passivated and some are open for
another bonding round.

Non-homogeneity!

Critical question of growth chemistry is:

How isthe excessH eliminated ( upto 3 atomsfor every
S atom)?

In crystalline Si growth, not a problem =High
temperatures (>900 C)



H elimination:
Standard model ( Matsuda, Gallagher, Perrin)
Spontaneous adj acent neighbor H-H recombination

Problem ( Dalal): Kinetics:

Thesurface SiH;radical isalmost likeafree SiH,
molecule Thereforebond energy high > 1eV.

v =vg eXp (-Ea /kT)
v isattempt to break bond frequency at the given
temperature T, E, istheactivation energy ( bond

strength)

Vo Is~1E11/sec



estimate of E, from crystalline Si epitaxial growth.
There, growth takes place readily for T> 550-600 C

Putting thisinto the equation, we get E, of ~1.47
eV

Then, at 300 C, the attempt to escape frequency
would be ~ 0.012/sec.

No spontaneous H elimination from neighboring
atomsin any reasonable time frame.



Other mechanismsfor H elimination

1. H abstraction(high H flux in the plasma)
H+H» H2

2. lon bombardment by H or other elements ( He)
lons have significant energy > 10 eV

He should break more efficiently than H -1t does!
Conclusion

Standard model iswrong!

H elimination is not by spontaneous recombination,
but by H abstraction or ion bombardment.




If wedoit right, we should be ableto grow films at
> 10 A/sec, and have ~ 0.5-1% H

( Corresponding to 1E20 bonding defects/cm3)
But, really, get 5-10% H.
What isthe excessH doing, and whereisit?

Therearetwo kinds of Silicon-Hydr ogen bonds
(from NMR data)

1. Random Si-H bonds
2. Clustered Silicon-H- may be SiIH2 and higher
hydrides



W hy clustered bonds?

VOIDS - Internal surfaces

Sil—H
/S H  H- s|—
Si-H H
/ H - SI —
Si-H \5
\ i
Si—H
-~ }—I —>:§|
Si—H

Voidslead to dlhydrldeAND close proximity of H
Both are problems!
o Dihydride bonds weaker than mono H
o Proximity of H in cage-like structure can
|lead
to rearrangement and breaking of Si-H
bonds
* Breaking of bondsis creation of defects
( Called Staebler- Wronski effect)

So, toreduce SW effect , change growth chemistry



HOW?
1. Reducevoid dengty
2. Reduceddeerious S-H bonds- SH2 bonds

By using clever plasma depostion, wher e effectiveion
bombar dment takes place

ECR depostion
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Controlled plasma chemistry- Electron cyclotron
resonance plasma

A beam of H and/or Helonsimpingeson the substrate
Silane introduced near substrate
H ions or Heions do chemistry during growth
H: Etchesweak bonds, eliminatesH
Etching during growth- can promote
microcrystallinity by removing the weakest (

amor phous bonds)

REVOLUTIONARY [ SEE NEXT SLIDE]



Microcrystalline Si on Plastic
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Microcrystalline Sl solar cell on plastic

substrate
( Dalal et al)
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Alloys of Silicon:

a-(S,Ge):H

Why?

In a single gap cell, power conver sion efficiency low (
maximum ~30% ) because we need a moder ate gap, not
too low and not too high.

High energy photons generate high energy eectrons,
and they collide with thelattice, and ther malize into
lower energy electrons

Thermodynamic |loss



To minimizethisloss:

Use Multiple gap, series connected cells
Use high gap for high photon energy

L ow gap for low photon energy
Thereby minimize ther modynamic loss

a-(S1,Ge):H system, with varying ratios of Geto S,
offerstheflexibility of bandgap

a-Si:'H 1.7-18eV ; a(S,Ge)H 1.1-1.7¢eV



Blue cdll

Green Cdl

Red Cdll

High energy photonsin thetop cell
Mid energy photonsin the middle cell

L ow energy photonsin the bottom cell



Problemswith a-(S1,Ge):H

Two different materials, two different precursors
Silane and Ger mane ( GeH,)
Many radicals being produced:

Silane: SiH;, SiH,, SIH

Germane. GeHjs, GeH,, GeH

Silyl (SIH3) and Germyl ( GeH3) radicals have very
different mass

Therefore, diffusion of radicals on the surface during
growth will be different

Germyl ( heavier radical) will not diffuserapidly to find
an open site



Therefore, there may belocalized clustering —instead of
a homogeneous Si-Ge alloy, we will get localized excess
S-S or Ge-Ge bonds

Non-homogeneity means mor e voids, mor e defects,
poorer electronic properties

A structural Signature would be: H bonding would be
affected- more SIH2 bonds

Always found ( until our work)



Use ion bombardment —low pressure leads
to a higher ion flux at the substrate
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| nfluence of pressure on H bonding
Low pressure—No SIH2 at 2100 cm-1

0.1

—15mT
—5mT

o

o

oo
|

o
(@)
|

o;Mgmpgm
o
D

O
N
|

O \ \ \ \ \
1700 1800 1900 2000 2100 2200 2300

wavenumber (1/cm)



| mproved defect density at low
pressure
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Conclusions
Growth chemigtry important

— Sandard modd iswrong!
— Hédimination by H radical or ion extraction

Science advances when conventional wisdom and
gandard models are challenged.

By controlling chemistry, can produce crysalline
materialson unusual substrates ( Plagticl) — Patentially
revolutionary devel opment

Amor phous materials kegp improving

Sgnificant opportunitiesfor nove and original
appr oaches



Futureresearch directions

Increasegrowth ratesof &S and a-(S,Ge)by usang
combinationsof Heand H in the plasma

- Hetoincrease decompogtion of slaneand
germane
H to do chemistry during growth

| mprove material and device propertiesthrough control
of microstructure— mixed phase materials

Experiment on activation energy at surface

Sudy thegability of a-S and a-(S,Ge) alloys made
with the new growth chemigry
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