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Abstract

The theme of the five lectures is the density of gap states (DGS) in
hydrogenated amorphous silicon (a-S1Hx) and its significance to solar cells.
The DGS in amorphous semiconductors 1; of fundamental importance because it
provides information on the nature of the disorder and defects. The DGS is
also of practical importance because it determines the ultimate performance of
amorphous semiconductors in electronic devices, There are several reasons why
a-5iH, 1s enjoying prominence at this time over other amorphous
semiconductors. First of all, of course, there fs worldwide fntarest in this
material because of fts many .novel technological applications (In particular
for solar cells). From a scientific point of view a-5fH, 1s so attractive
because of its excellent photo-electric properties which allow one to probe

the density of states with techniques known from crystalline semiconductors;
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the ability to make reproducibly well characterized materials which can be

.doped n and p type and in which the density of states can be varied over many
orders of magnitudé. The central issue of amorphous semiconductor solar cells
is the requirement of a low DGS combined with a Jow optical bandgap,(EG ~1.5
e¥}. The low DGS is réquired to keep recombination at a low fevel so that
most of the photogenerated carriers are extracted. A band gap of Eg ~1.5 eV
is réquired so that a large portion of the solar spectrum is absorbed. In
Lecture T we show that there exists a fundamental trade off between E; and
DGS--the lower the Eslis, the larger is the DGS. The optimum EG a-Sin solar
cells is near 1.7 eV. After discussing some of the basic concepts in
photocarrier transport in Lecture I, we discuss in Lecture II transient
photoconductivity techmiques for studying the band tail D&S. The band tail
states act as traps and determine the drift mobility of holes and electrons.
In solar cells the band tails ultimately liamit the open circuit voltage
(Lecture ¥}. In fecture III we discuss the use of steady state
photoconductivity techniques to determine the optical absorption and diffusion

rlengths of photocarriers. In Lecture IV we discuss deep level defect states
and their capture cross section (e.g., dangling bonds}, intrinsic to the
materdial or iﬁduced by P or B doping, and observed in optical absorption ESR,

~ photoluminescence and DLTS. An overview of the DGS of a—S1Hx is presented.

Ih tecture Y we discuss the basic principles of operation of a thin film solar

cell and the fundamental 1imits on the efficiency imposed by the DGS.

I. EFFECT OF DISORDER ON OPTICAL BAND GAP.

BASIC CONCEPTS IN PHOTO-CARIER TRANSPORT

DENSITY OF STATES - PUNDAMENTAL CONCEPTS.

REQU IREMENTS ON DENSITY OF STATES FOR EFFICIENT SQLAR CELL.

RELATION BETWEEN EXPONENTIAL ABSORPTION EDGE AND BAND GAP.

FUNDAMENTAL CONCEPTS IN PHOTOCARRIER TRANSPORT - RECOMBINATION QOF

FREE CARRIERS - CAPTURE CROSS SECTION - QUASIFERMI LEVEL -

DEMARCATION LEVEL - RESPONSE TIME, DRIFT MOBILITY AND FREE CARRIER
MOBILITY.
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II. BAND TAIL STATES

TIME RESOLVED TRANSPORT IN AMORPHOUS SEMICONDUCTORS - GENERAL
PHYSICAL CONCEPTS

. TIME OF FLIGHT EXPERIMENTS

MULTIPLE TRAPPING MODEL OF DISPERSIVE TRANSPORT - CURRENT DECAY AT
SHORT TIMES (t <t T} - TRANSIT TIME t; - CURRENT DECAY AT LONG TIMES
{t>tg)

INTERPRETATION OF EXPERIMENTAL RESULTS OF TIME OF FLIGHT FOR a-SiH,
- BAND TAIL PARAMETERS OF a-SiH,

PHOTOCURRENT DECAY IN a-SiH,:P
INDUCED ABSORPTION

MOVIE: *MULTIPLE TRAPPING-DISPERSIVE AND NONDISPERSIVE TRANSPORT."

At

-
-

8.

9,

10.

1.

III. STEADY STATE PHOTOCONDUCTIVITY

PHOTOCONDUCTIVITY WITH OHMIC CONTACTS (P.C.) BASIC PRINCIPLES

. NON-LINEAR LIGHT DEPENDENCE OF P.C.

BIAS LIGHT ILLUMINATION
COMPARISON OF P.C. WITH PHOTO-THERMAL DEFLECTION SPECTROSCOPY
INFRARED QUENCHING

PHOTOCONDUCTIVITY WITH BLOCKING CONTACTS (SOLAR CELL COLLECTION
EFFICIENCY C.E.) BASIC PRINCIPLES

SAMPLE GEOMETRY AND TYPICAL EXPRIMENTAL RESULTS
INTERNAL PHOTOEMISSION

COMPARISON OF o DETERMINED FROM P.C, AND C.E.
C.E. WITH STRONGLY ABSORBED LIGHT

DIFFUSION LENGTH OF MINORITY CARRIERS FROM C.E.
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Iv. DEEP LEVEL DEFECT STATES IN a-SiH,

1. How a-S1Hx FILMS ARE PREPARED,
2. DETERMINATION OF H, P AND B DOPING CONCENTRATIONS IK FILMS.
3. ELECRICAL AND OPTICAL PROPERTIES OF p AND B DOPED FILMS.

4. DENSITY OF STATE MODEL FOR THE OPTICAL ABSORPTION AND EVIDENCE FOR
DANGLING BOND STATES.

5. CAPTURE CROSS SECTION FOR HOLES AND ELECTRONS
6; SPIN RESONANCE OF DEFECT STATES

7. QUENCHING OF PHOTOLUMINSCENCE BY DEFECTS.

8. DLTS OF a-Sin; P

9. DEFLECTION LAYER MODULATED ESR.

10. SUMMARY OF DENSITY OF STATES OF a-3iH,.

4.

5.

6.

7.

V. AMORPHOUS SEMICONDUCTOR SOLAR CELLS

HOW THE SOLAR CELL WORKS.

SOLAR SPECTRUM AND THE IDEAL SCLAR CELL,

SOLAR CELL PARAMETERS - OPEN CIRCUIT VOLTAGE Vocs SHORT CIRCUIT
CURRENT Ige, FILL FACTOR F, AND EFFICIENCY EF = FISCVOC‘

RECIPE FOR EFFICIENT THIN FILM SOLAR CELL.

COMPARISON BETMEEM c-31, c-GaR, and a-$iH, solar cells,

FUNDAMENTAL LIMITATIONS ON Voo, Isc AND F IN AMORPHOUS
SEMICONDUCTORS.

HOW TO FURTHER IMPROVE THE EFFICIENCY.



IMPURITIES, TRAPS AND RECOMBINATION CENTERS

1. EFFECT OF DISCRDER ON OPTICAL BAND GAP.

IN HYDRGGENATED AMORPHOUS SILICON
FIv&E RPCTume§ BASIC CONCEPTS IN PHOTO-CARIER TRANSPORT

BASIC CIVCEFPTS OF DS
1. ZFFECT OF DISORDER ON OPTICAL BAND GAP,

BASIC CONCEPTS IN PHOTQ-CARIER TRANSPORT - DENSITY OF STATES - FUNDAMENTAL CONCEPTS.

. REQUIREMENTS ON DENSITY OF STATES FOR EFFICIENT SOLAR CELL.

Il BAND TAIL STATES

Ty BETOLhemD FHOTO CONDYC TN
I. RELATION BETWEEN EXPCNENTIAL ABSORPTION EDGE AND BAND GAP.

. b, FUNDAMENTAL CONCEPTS IN PHOTOCARRIER TRANSPORT - RECOMBINATION OF
II1.. STEADY STATE PHOTOCONDUGCTIVITY '
PIAINKY ZECANIALES  Fo Dc"‘-‘?‘fﬂ/ﬁ‘//lfg
.DEE? ASHEL STHTES ‘ _ DEMARCATION LEVEL - RESPONSE TIME, DRIFT MOBILITY AND FREE CARRIER

FREE CARRIERS - CAPTURE CROSS SECTION - QUASIFERMI LEVEL -

MOBILITY,

V. DEEP LEVEL DEFECT STATES IN a-SiK,
DANG LG BovD S  srT

V. AMCORPHOUS SEMICGRDUCTOR SOLAR CELLS
AECEr AN &7 DAS
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'EFFICIENT THIN FILM SOLAR CELL

1. Band gap E,

=1.4eV
2. Strong optical absorption (d~1um) -

3.. Photogenerated carrier extraction efficiency ~100%

THE BANDGAP OF AMORPHOUS SILICON DEPENDS ON
HOW THE MATERIAL IS MADE
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1.l Tauc in amorphous and liquid semiconductors,
- edited byJ Tauc(Plenum London, 1976) Chap!ers
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THERMAL DISORDER BROADENS ABSORPTION EDGE

AND LOWERS BANDGAP
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STRUCTURAL DISORDER ALSO BROADENS ABSORPTION EDGE
AND LOWERS BAND GAP

o LATTICE DISORDERED BY HEAT TREATMENTS THAT EVOLVE

HYDROGEN
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(Ev)

OPTICAL GAP

1.6

1.5

1.4

1.3

IN AMORPHOUS SELICON OPTICAL GAP AND WIDTH OF
ABSORPTION EDGE ARE RELATED

o TEMP. DEP.
¢ H EVOLUTION
A SPUTTERED
+ CVD

0.06 0.10 0.14
WIDTH OF ABSORPTION EDGE (ev)
6. D. CODY

T, TIEDJE
25 B. ABELES

T. MOUSTAKAS
B, BROOKS
Y. GOLDSTEIN

CRYSTAL
AT
09K

CRYSTAL AT
. ROOM

TEMPERATURE
(SNAP SHOT)

AMORPHOUS
MATERIAL

THERMAL AND STRUCTURAL DISORDER

ARE SIMILAR




PHENOMENDLOGICAL MODEL !

EQUIVALENCE OF STRUCTURAL AND THERMAL DISORDER:

E, (x, Thace U2>T+<u2>x

Eu (F.x)

= . = 2 -
B T30 = Eg (0, 0 - D < 07> ( glgglgy 1)

<yl
X = :—65—;3 DISORDER PARAMETER
‘- 0 N

RMS. STRUCTURAL DISORDER

]

.08 A RMS OF 2ERG PT. MOTION
D = 30 ev/ A2 SECOND 0 DEF. POT.

Eg 0,0) = 2.0 EV

1 CODY ET AL., PHYS. REV. LETT. 47, 1480 (1981).

27

COHERENT POTENTIAL APPROXIMATION
(ABE AND TOYODZAWA, J. PHYS. SOC. JAP 50, 2185 (1981)

DISORDER CHARACTERIZED BY GAUSSIAN DISTRIBUTION
WITH AMS OF RANDOM FLUCTUATIONS - W

1 2. ¢2
DENSITY OF STATES —}- Js,2-¢2)
(By . BAND WIDTH) "

MATRIX ELEMENT - x RELAXATION AND DISQORDER INDUCED
SPATIAL CORRELATION

' ) W
THEQRY : E0 = (.5 ¥ 2
ll.f: ol (E' EG)
EG =3 -10 E0

EXPERIMENT :
Eg = 2.1 - 6.2 £,
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DEMARCATION LEVELS

THERNAL
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e BiLow D STATES ACT AS RECONBINATION
CENTERS FoOR HOLES.
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DEMARCATION [ EVELS

ConbueTioN BAnD

ELecTRON TRAPS AND

RECOM BINATION CENTERS | . . oo
- FoR HOLES. ? e — —_— S——
RECOMBINATION CENTERS '
A ELECTRONS AND HOLES. |
e e e e e — g}p
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HOLE TRAKS AND
RECOMBINATIEN A TESS
FOR ELECTARONS.

Vacenes Band
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TRAPPING (3inc!> Lava))

Ec -» I_t | . il
| — Nt

Etn —— — —o— —— -

Er — ——
Ey 5

(EcEtn)
it 0 G
Nt = Nc e K

response time 7on = (1 + %Tﬂ

drift mobility y = pn m '-1:- =

Free carrier mobility = up
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