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PHOTOVOLTAIC MARKET
SELECTION OF MATERIAL

1989 40.5 MW

1990 46.5 MW ® MANY OPTIONS -- SINGLE CRYSTAL
SILICON, POLY-SILICON, THIN FILM

1991 55 MW AMORPHOUS SILICON.
ALSO, CADMIUM TELLURIDE, COPPER

1992 60 MW INDIUM DISELENIDE, GALLIUM
ARSENIDE.

1993 64 MW

1994 70 MW

2000 (F) 300-600 MW

F — FORECAST

REDUCTION OF MODULE COST IS KEY TO
ACHIEVING THE INCREASED MARKET GOALS



ECONOMICS OF PHOTOVOLTAICS

KEY INGREDIENTS

* LOW MATERIAL COST

: HIGH EFFICIENCY WITH GOQD STABILITY
LOW PROCESSING COST

. HIGH YIELD

- ENVIRONMENTALLY SAFE
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SINGLE CRYSTAL SILICON TECHNOLOGY
® GROW SINGLE CRYSTAL (SOLID ROD)
CUT INTO SLICES
VARIOUS PROCESSING STEPS
CONNECT TOGETHER

— LARGE COST

AMORPHOUS SILICON ALLOY

® Easy to make, uses glow-discharge
decomposition of silicon-containing gasses

in a vacuum chamber.

@ High absorption coefficient, needs very thin
film to absorb sunlight.
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HISTORY CF DEVELOPMENT OF
AMORPHOUS SILICON

Work at STL, U.K.

® Growth of X-Si from thermal
decomposition of silane.

® Use of glow-discharge process to
decompose silane.

@® Made silicon nitride, silicon oxide and
silicon.

® Silicon was amorphous, but properties
very different from conventional a-Si.

® The material showed photoconductivity,
and "perhaps" doping.

® Managemnt showed no interest, project
discontinued.
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@ Interested in study of drift mobility of 2 ale 2h by leanim
materials. . _ ,
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® Needed high resistivity material.
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@® Conventional a-Si not of adequate high \ .
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resistivity. “

® Decided to use glow-discharge a-Si and Salar 2o'ls ‘
borrowed from STL the reactor. - digpurumb Camplyw e

@ Carried out very systematic study and - o-8%5i olloy TV  daiipym
determined that the material is = Simph - yancdin
remarkably different. They showed that SR | SRR EANY bv2 2N
the material can be made n- or p-type. PSR B

@ This, of course, led to the development .
of p njunction diodes and subsequently .
to solar cells.
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Implication of 1. Band tails, localization and
' il scattering.
Amorphous silicon

Implication of 2. Material property similar to

1. No long-range order. that in crystal.

2. Short-range order exists, and is the Implication of 3. States in the gap.
same as in crystal. .

3. Structural defects present.

Fig. 212, Cluster composed of sny
construciing his four<oordinated confinue

p-together units of the 1ype used by Polk (1971
us random network for amorphous silicon

Figure showing DOS diagram

. . . : Challenge -- Sharpen band tails, reduce
Figure showing lattice arrangement with gap-state density.
structural defects.
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GROWTH OF a-Si ALLOY FiLM

THREE-STEP PROCESS

® GENERATION OF PLASMA

® TRANSPORT OF THE SPECIES TO THE
SUBSTRATE

' ® GROWTH BY A PROCESS OF ADSORPTION
AND SURFACE DIFFUSION

s ©



Figure 4-1 Schematic representation of the plasma-enhanced

chemical vapor deposition process

::? K, To pumps
[3)
lona Neutrsi
To pump
SiH, Collisions H

SiHo* m - —— | 5 - I-I-l--
gﬂn:-g 5"”1----.. *

e SiH To pumps

N e
Radicais Diffusion
l‘?m (moelly SiHy) Siby+ Sy
{mostty SiHy") Hﬁ ;'nv}ﬂon surtace
Mo H
High H/S) n M “‘sli’" HIH ANES
surfsce layer WS  H - ‘ s . frn
Low H/SI S H ) | iz
Hutk fim ﬂ\é N sl‘l\sr/sc\ / AN rowth
/ Pl s’ -8 8 M Y SI\ 51
‘h’ -y s \ o g’
NS Ny N \ﬂ/ \sa’

Figure 7.5-1.

Model of glow discharge deposition of a-Si-H f
silane {Gallagher 1987)
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Many  sicomdary yamchiing ADSORPTION
= DEPENDS ON STICKING
COEFFICIENT

SURFACE DIFFUSION

Important secondary reaction-rate constants of pnmanly genersted radicals and parent SiH, molecules as well as H,

= DEPENDS ON DIFFUSION
- Reaction Rate constant (10 " e 5

Si+SiH, = SiyH, 3 -

SIH+SiH, = Si,H,

' o COEFFICIENT
=5i;H, +H,
SiH, +SiH, = $i,H, 1oy
SiH,*-SAH.-SiH.+SiH, _
H+5H, = H, +Sili, C s
H, +Sili, = SiH, 0008 (53]
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HOW TO GET LARGE SURFACE MOBILITY

@® CHOICE OF SPECIES

SiH, HAS LARGE STICKING COEFFICIENT.

SELECT SiH,,
CRITERION FOR GOOD QUALITY MATERIAL iH,
® ENHANCE R N
LARGE SURFACE DIFFUSION SO THAT THE HANCE RELAXATIO
HIGHER TEMPERATURE, LOW ENERGY ION
ADSORBED PRECURSORS CAN FIND ERATURE, Low
BOMBARDMENT.
ENERGETICALLY FAVORABLE SITES. THIS WILL

RESULT IN DENSE, VOID-FREE MATERIAL.
® NEUTRALIZE SURFACE

HYDROGEN COVERAGE, ETCHING WITH
FLUORINATED PRECURSORS.

ALL THESE FACTORS ARE INTERDEPENDENT.
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Role of Hydrogen

10-20% hydrogen in the film.
Tying up the dangling bond.

Different bonding configuration—infrared
signature.

Fig. 2.17. The set of Si—H wbratienal modes for Si1H, SiH, and SiH,
groups, with calculated frequencies as indicated. The frequencies in
brackets are estimates (Lucovsky er al. 1979)
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Characterization of a-Si alloy

Structure

Hydrogen content
Optical absorption
Elgctn'cal conductivity
Photoconductivity

Measurement of defect state density
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DETERMINATION OF HYDROGEN-CONTENT

Infra-red absorption

Structure Hydrogen effusion

X-ray, TEM

Broad halo

g 2.16. Examples of the IR transmismon spectra for a-Si:H mample
coomted al different growth conditions, The deposition power s indicated |

|» 4 and C refer to deposition on the anode and catbode {Lucoviky ef ai.
LT

1 WiA)

10 W (A)

Fig. 2.24. Temperature dependence of Lthe rate of hydrogen evolution i
matenal deposited under different condihons ! {a) Jow pawer CYD grov
(5) PYD columnar matenial ; {¢) deposited 2t room temperature and wi
hugh hydrogen content (Bacgelsen ¢1 of. 1979).

Transmission
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Optical Absonplion
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Log g (E)

Y

Electron Energy

URBACH EDGE

Transition from localized band tail to
extended states

afhry) = o, exp [(E-hy)/E,]

Below the fundamental absorption, one
finds exponential absorption with a
characteristic energy ~50-100 mV.
Valence band tail is usually less steep
than the conduction band tail; the
transitions are therefore mostly from
valence band tail.

E, is therefore a measure of valence
band tail slope.
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Doped Amorphous Semiconductors n

Fig. 9.20, Photoconductivity at 295 K
plotted against (&, — £}, the position of
the dark Fermi leve] for phosphorus-
doped (@), undoped {+), and boron-
doped (O) specimens. The broken line
represents the exponent v (see night-
hand ordinate) in the intensity de-
pendence g al”. Tyurk 15 2 typical dark-
conductivity curve. P.G.~1 refers to
unit photoconductive gain ar a fielg of
Ix10* Vem ! [9.10]

MEASUREMENT OF DEFECT DENSITY

. Photoconductivity
* Sub-bandgap absorption

* Electron spin resonance
A variety of techniques which use

device configuration like Schottky and
p i n structure

37 28



Chapter 2 21
Table 2.2-1 Typicai Room Tem

perature Characteristics of Device-
Quality, Undoped a-Si:H

Property

Typical Values Units
optical bandgap, E, 1. 7t018 eV
hydrogen content, C,, 81015 at%
refraction index, n, at 600 nm -43
electron drift mobility, y, z1 eV ls !
hole drift mobulity, p, 20.008 cm'V st
electron lifetime, <, z22x 107 s
hole lifetime, <, = 10°¢ s
17 (electron) 22x 107 cnry!
pt (hole) z 10t cmiV !
hole diffusion length, Ly 03 pm
AM1 photoconductivity, o, 5x10%t0 101 Sfem
dark conductivity, g, 10" o 107" S/cm
O, activation energy, E, 071009 eV
AMI photosensitivity, ay/g, 21x 108
valence band tail slope, E, 42 to 50 meV
conduction band (ail slope -5 meV
ESR spin density 7x10% to 10" eV'em?
density of states at E, 5x 104 eVicm?
SiHySiH -0
microvoids (d > a few A) -0
intrinsic stresses < 400 MPa

LIGHT-INDUCED EFFECTS IN a-Si ALLOY

First observed by Staebler and Wronski in 1977

1.

i the
Exposure to AM1 light for 2 h reduces
dark conductivity by several orders of
magnitude.

Photoconductivity also reduces by a factor
of 3 to 5.
The effect is reversible.

Original values are restored by annealing at
~150 °C.

Later work showed similar changes in
esr

photoluminescence

sub-bandgap abscrption

diffusion length

solar cell performance

Note: Degradation does not continue

indefinitely -~ it saturates.
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VARIETY OF MEASUREMENT TOOLS

Defects are created both below
and above Fermi level.

Impurities like O, N, C present in
large quantities >10"° cm™
increase the degradation; the
consensus, however, is that it is
an intrinsic problem.
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70 Material Characrerisiics of Amorphous Silicon-Based Alloys

Figure 2.6.1.3 A possible microsco

pic process leading to the creation
of metastable dangling bends (St

zmann et al. 985),
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DESIGN CONSIDERATIONS

Thickness of j layer

Js. should increase with thickness
FF would go down

V.. shouid be relatively insensitive

Peak efficiency would be at an
optimum thickness of j layer
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PROBLEM OF LIGHT-INDUCED
DEGRADATION

Since ut decreases after light
soaking, cell efficiency will go down.
The problem is more in cells with
higher thickness since the carriers
have to move far.

Less degradation in thinner cells, but
the initial efficiency is also lower.
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Fig. 33. Extrapolated power versus time for various thicknesses of
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Table 2. Material Properties and Call Performance for Samples

Prepared at Twa Different Depasilion Rates.

Depastion rate

Voul traction

Predominant void diameter
Hydrogen content
Microstructure fraction (R)
C,, {2000}

Intial efficiency

Degraded efficiency

Initial red filk tactor
Degraded red till factor
Inttial biue fill factor

Degraded biue fill factor

8%

8.4%

6.4%

7.85%

6.53%

067

0.52

073

0.67

1.35 nmv/sec

4%

0.9 nm

12%

18.4%

6.3%

6.31%

3.5%

0.52

0.43

0.67

0.40
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LIGHT-INDUCED DEGRADATION

EXPOSURE TO LIGHT CREATES NEW DEFECTS
IN THE MATERIAL.

THESE DEFECTS HAVE AN ADVERSE EFFECT ON
CARRIER TRANSPORT AND, AS A RESULT,
EFFICIENCY DECREASES ON LIGHT EXPOSURE,

THERE IS A SIMULTANEQUS DEFECT ANNEAL-
ING PROCESS SO THAT AFTER A FEW HUNDRED
HOURS, THE EFFICIENCY STABILIZES AT A NEW
VALUE.

THE PROBLEM IS LARGER IN SINGLE-CELL
STRUCTURE WHERE ONE USES THICKER
LAYERS TO CAPTURE THE PHOTONS AND,
THEREBY, TO OBTAIN HIGH INITIAL EFFICIENCY.
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USSC RE&ED TRIPLE-CELL STRUCTURE
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CELL EFFICIENCY

Multijunction, multi-bandgap approach

Requirements for high efficiency with good
stability

High quality back reflector

High efficiency component cells
High quality doped layers

High quality "tunnel” junction

Optimum matching of the component cells

&3

CONSIDERATIONS FOR BACK REFLECTOR

Requirements

® High reflectivity

® Good texture to scatter light at an angle larger
than the critical angle



OPTICAL ENHANCEMENT

* Multiple Internal Reflection
* Enhancement in Red Response

* Increase in Short Circuit Current

5

BACK REFLECTOR
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QUR METHOD OF TEXTURING

HOT STLVER TEXTURE
INO ADDITIONAL VEXTURE
+ BUFFER

THIS HAS GIVEN HIGH SHORT-CIRCUIT CURRENT.

HOW MUCH FURTHER IMPROVEMENT CAN WE GET?
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If you want photons of
630 nm to have total

internal

8>

Textured

reflectian,

G4

ado

90°

CHALLENGE

HOW TQ MAKE A BACK REFLECTOR WHERE MGST GF THE L1GH]
GETS REFLECTED AT A LARGE ANGLE?
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PROBLEM

AFTER OPTIMIZATION THE BEST JSC
IS THE SAME AS BR 'A' 0R BR "B
WAVELENGTH Q'S ARE IDENTICAL.

WHY?

VALUE FROM AG/ZNO
SPECIALLY. LONG

a5

FINITE ABSORPTION LOSS IN ZINC

OXIDE

REFLECTION LOSS AT SILVER/ZINC

OXIDE INTERFACE



