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IIT
ABSTRACT

The current-voltage (J-V) characteristics were
measured for a series of metal-insulator-—-semiconductor
(MIS) cells of Al-5i0.-pSi structure with dislocation loops
penetrating different depths into the semiconductor
surface. All cell parameters except reverse saturation
photocurrent’were observed to be degraded with increasing
dislocation length. The reverse saturation photocurrent is
independent of the extent of damage in the samples. The
experimental results are explained in terms of a
mathematical model based on conduction of captured carriers
along dislocations. The specific conductance of the
dislocations studied was found to be in the order of 107'F
cm ohm~*. To the first approximation, the bias dependence
of the current along a dislocation was shown to be exp(gVo/2kT)
contrary to the general expectation that such a current is
linear in the voltage Vo. To our knowledge, this is the
first time that conduction along dislocations has been
observed at room temperature.

The photoelectrochemical studies done elsewhere on
the same samples lend strong support to the hypothesis of
conduction along dislocations.

The effect of atomic hydrogen passivation of
dislocations was also studied. Upon passivation, all the

solar cell characteristics improve in general.



Dccasionally, however, anomalous J-V characteristics were Iv
observed indicating the possibility of acceptor
neutralization. This complicates the interpretation of the
experimental results in terms of the dislocation
conductivity model.

The temperature dependence of the solar cell
characteristics in the range of 100 to 300 K was studied.
Temperature coefficients of open circuit voltage, short
circuit current, fill factor and efficiency of the MIS
structure closely resemble those of n*p silicon solar cells
indicating the electronic equivalence of Al-8Si0.-pSi
structure to an abrupt one sided n*p junction.

The MIS solar cell characteristics were found to be
sensitive to humidity. Possible oxidation of CD at the
silicon surface in the presence of a plasma was also

observed. Neither of these phenomena was studied in depth.
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CHAFTER I

INTRODUCTION

Modern solid state theory is based on the concept
of the space lattice or Bravais lattice. Atoms in a solid
are thought of as being distributed on the imaginary lattice
points. The periodicity of this atomic arrangement makes the
theoretical understanding of the solids possible. However,
this concept faced a major problem in the early days of its
development when it was confronted with the mechanical
strength of real crystals. The experimentally observed
critical shear stress of a crystal ( the force necessary to
deform the crystal plastically) was about four orders of
magnitude lower than the theoretically predicted value for a
perfect crystal!. A way out of this problem was proposed by
Taylor=2, Orowan™ and Polanyi“® in 1934 resorting to the
concept of linear lattice imperfections called dislocations
(DLs) which accounted for the discrepancy. Since then
spectacular progress has been made in the material science
area where whiskers almost devoid of any DLs, and
consequently, of nearly perfect mechanical strength have
been grown. Apart from their fascinating mechanical
properties®-% DLs exhibit a variety of electrical properties

as well.

1.1 Dislocations

Dislocations are best described geometrically using

a cubic crystal. There are two basic types of dislocations,



one called edge type and the other called screw type. An
edge dislocation can be visualized by slipping or gliding
one atomic plane above another in only a part of the crystal
by a unit lattice vector (Fig.1-1a) and rejoining the broken
bonds on either side of the slip plane. The resulting
boundary between the slipped part and the unslipped part of
the crystal is a line of atoms (AD) with their valency only
partially satisfied. This line is called an edge dislocation
(denoted by 1, AD can also be conceived to be produced by
inserting or removing a semi—-infinite plane of atoms). Slip
can occur in another way also as shown in Fig.1-1b where the
atomic planes are twisted. This is called a screw
dislocation. In a screw dislocation the boundary between the
slipped and unslipped part, line AD, is parallel to the
direction of slip. In an edge type DL the boundary line is
perpendicular to the direction of slip. In practice one may
encounter DLs of mixed character in addition to these two
types. Fig. 1-2 shows such a DL with both edge and screw
types. It should be noted that in the neighborhood of a DL
the atomic positions are substantially different from the
original sites, while away from this region regular
crystallinity is preserved. Since a DL is a boundary
between slipped and unslipped part of the crystal a DL line
must either intersect the surface or close upon itsel+f
within the crystal forming a loop.

A dislocation is quantitatively characterised by an
entity called the Burgers vector which is defined as

follows<-7. A closed curve in the perfect crystal generated



by a series of Bravais lattice vectors is called a Burgers
circuit. If such a curve is generated in a test path
elsewhere by the same sequence of atom—-by-—atom
displacements and fails to bring one back to the original
position then the path has surrounded a DL. The Bravais
lattice vector E; required to complete the path is called
the Burgers vector of that DL (Fig.1-3). The Burgers vector
indicates how much the lattice has slipped and in which
direction. Therefore, E.is perpendicular to an edge DL
while it is parallel to a screw DL. The angle baetween b and
DL will vary between 0 and 90 when the DL is of mixed
character.

Any kind of stress which brings a cystal into its
plastic state will produce DLs. Thermal stress, mechanical
stress and stress due to impurity diffusion etc., are
sources of DL generation®. Unless precautions are taken,
DLs are usually produced during crystal growth in the
presence of the above mechanisms. A grain boundary is an
array of DLs with a two dimensional character, and these
defects are often produced during crystal growth.

Usually, the number of DLs intersecting a unit area
of the crystal surface, called dislocation density (Dai) and
expressed in units of cm =, is used to describe the physical
quality of the crystal. Generally, Dua: between 10% and 10*=
are found in practice. Traditionally, DLs were detected by
decorating them with metallic impurities and observing them
with an infra-red microscope®. With the advent of the

electron microscope, IR microscopy has been relegated to a



‘5econdary status regarding this purpose, and it is only in
the last decade that DLs have been observed directly using
the transmission electron microscope (TEM). However, even
with the TEM, the topological details of DLs are not
revealed completely due to the size of atomic dimensions
involved.

Technologically most important semiconductors,
today, (5i, Ge, GaAs and GaP etc.,) have a tetrahedral
atomic arrangement. Ge and Si have diamond structure while
GaAs has zinc-blende structure, and each of these structures
are considered to consist of two interpenatrating face
centered cubic lattices. The cleavage plane of Si is (111).
It is generally believed that slipping a (111) plane along a
[110] direction produces pure edge type DLs by rupturing the
covalent bonds between two adjacent (111) planes in Si and
similar semiconductors (gsee Fig. 1-4a and b).

In 1953, Shockley suggested the possibility of
having a one dimensional degenerate electron gas in the DiLs
of semiconductors having the diamond structure, which could
give rise to electrical conduction along them*<, In
tetragonally coordinated crystals like Si, electrons form
four sp= hybridized orbital per atom and they take part in
covalent bonding with the four nearest neighbors*!. The
ruptured bonds along a DL can be represented by an array of
atoms each having one electron in the unsaturated sp~
orbital. These unsaturated electron orbitals are called
dangling bonds, and these dangling bonds can produce energy

states in the forbidden gap analogous to the well known case



of surface states. Similar to surface states such
dislocation states in the gap should be able to act as
donors by giving up the electron or as acceptor states by
accepting an electron. In addition, owing to the periodicity
of the arrangement along a DL, the overlap between these
orbitals could, in principle, produce a 1D band which is
half filled when neutral as Shockley discussed.
Consequently, such a DL should exhibit the properties
analogous to a 1D metal. This is theoretically a very
attractive idea although practically, it is a device
manufacturer's nightmare.

It is known generally that the presence of defects
such as dislocations and grain boundaries in semiconductor
materials used in device fabrication adversely effect their
performance. After considerable activity in the field in the
early days of semiconductor technology, the interest in the
impact of such defects on device performance has become
less, due to technological developments which have enabled
the production of dislocation free silicon. However, when
the cost is a large factor, such as with silicon solar
cells, one needs to use the materials of lowest cost
possible. The low cost materials, such as polycrystalline
silicon, invariably are less perfect i.e, they contain
defects such as dislocations and grain boundaries. On the
other hand, even with dislocation free starting materials,
the chances of introducing mechanical damage in device
processing are not negligible*=. Thus there are many

practical reasons for improving our understanding of



electrical effects due to dislocations. Furthermore, if the
compound semiconductors become technologically more
impaortant in future, the understanding of the electrical
activity of DLs will be of value. Apart from the
technological importance of the study of their effects,
recent theoretical interest!> in one dimensional conduction
along dislocations is another motivation for studying them.

However, despite the research activity generated by
Shockley’'s model a d.c. conductivity along DLs has not been
observed up to now, although evidence for conduction along
grain boundaries has been gathering for sometime*“?. Such
evidence for grain boundary conductivity involves low
temperature solid state measurements or room temperature
electrochemical measurements!=-14-13, Recent reviews of
grain boundary conductivity'® and low temperature DL

conductivity®S are available in the literature.

1.2 Objective

The basic objective of this thesis is to
investigate and verify the existence of a d.c. conductivity
along DLs in Si at room temperature, with an emphasis on the
effect on the performance of solar cells. The direct
observation of DL conductivity at room temperature is
extremely difficult owing to the dominance of the high
conductivity of the bulk. Using an MIS (metal-insulator-
semiconductor) structure as the tool, the electrical
properties of surface DL loops introduced to the

semiconductor (Si) will be examined by monitoring the



current-voltage characteristics under both dark and
illuminated conditions. The experimental results will be
ahown to be best explained in terms of a mathematical model

based on conduction of captured carriers along DLs.

1.3 Organization

A brief review of the electrical properties of DLs
in semiconductors is given in the next chapter along with
the currently accepted theoretical model. The effect of DLs
on semiconductor devices such as pn junctions, Schottky
barriers, and the evidence for defect conduction will also
be discussed. The basic characteristics of the MIS structure
is also presented here. In chapter 3, the experimental
techniques, the apparatus and their basic principles and
relevant methodology will be presented. The experimental
results obtained and the proposed model for explaining them
are discussed in chapter 4 where data and model calculations
are compared. In chapter 5 we discuss the corroborating
results of electrochemical measurements on our samples
carried out at the University of Gent in Belgium in a
cooperative program, together with results of hydrogen
passivation of dislocations. Moreover, the general
observations of others are shown to be consistent with the
DL conductivity model. Chapter & contains the results
obtained for the temperature dependence of the MIS
characteristics along with other interesting observations
made throughout the study followed by the major conclusions

of the thesis in chapter 7.
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Fig.1l-la A pure edge dislocation (line AD) is formed by slip. AD
is a row of atoms with unsaturated bonds in a cubic
lattice.

Wl VL

Fig.1l-1b A pure screw dislocation (AD) formed by twisting the
atomic planes.
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Fig.1-2 A part of a dislocation loop consisting of both edge and
screw components. This is the general case.
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Fig.1-3 Burgers vectors and Burgers circuits of
(a) an edge dislocation.
(b) a screw dislocation.
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CHAFTER IXx

REVIEW OF DISLOCATIONS AND MIS STRUCTURE

2.1 Physics of Dislocations

In a series of pioneering papers, Read suggested
for the first time the existence of a space charge region
{BCR) around a dislocation due to the charge associated with
the dangling bonds'®-*7-'9, s the dislocation 1s a line
defect, the space charge faorms a cylinder around :1t. Even
though he assumed only a negative charge can be :1mparted to
the dislocations, based on then available data on dislocated
Ge, now it is well established that both positive and
negative line charges can be associated with DLs giving
rise to SCR cylinders*®-=° (Fig.2-1a).

There are many implications of the line charge and
the SCR for carrier transport in semiconductors. For
instance, the celebrated Shockley—-Read-Hall (SRH)

==

theory=?*- of recombination was found to be inadequate for
explaining experimental data on Si and Ge showing a slower
decay rate of injected carriers than predicted by theory.
Once it was recognized that the Coulombic interaction
between the carriers and the line charge plays an important
role in determining the recombination kinetics, the siow
decay phenomena and the generation of 1/f noise associated
with Dl.s could be explained. The effect of the SCR of Diis on
recombination was first recognized by Morrison==-=9 and this

basic idea was later extended by others to accomodate both

types of line charges=%-=<, The electrostatic field around



DLs has’been analysed by several authors=” by solving the
Foisson equalion under various assumptions. In ail the
analyses the basic field variation around a DL is found to
be given by a logarithmic potential with an inner cut o+f
point determined by the spacing between the dangling

bonds (Fig.2-1b). It is usually argued that the electrons
which contribute to the line charge are not distributed
along DL at random but at equal distances because of their

mutual repulsion.

2.1.1 Hal#f Filled Band (HFB) Model

Following Shockley*®, Shroeter and Labusch=%-=%
developed the presently accepted theory called the half
filled band (HFB) theory for the electrical properties of
Dis in semiconductors (Fig.2—-2). Read’s aoriginal
Lheory**-17-*2 assumes that DL states can be represented by
a single level which is empty when the DL is in the neutral
state while the HFR theory assumes the DL state is half
filied when neutral. Since the two theories start from two
different assumptions the final results are also different
and obviously, the HFB theory enjoys the advantage of
accomodating both types of line charges. Read’'s thecry was
outdated by the experimental evidence for the existence of
both positive and negative line charges indicated by
respective barriers'®-*° agssociated with them.

The experimental evidence for the HFB theory is
mainly from the Hall effect data where the carrier density

in a sample is determined by measuring the Hall coefficient



Fn. Upon deformation the carrier density changes due to
filling of DL states. The carrier density (n or p depending
on the type of semiconductor) is simply given by, n,p =%1
/gRu. Measurements carried out on dislocated S5i and Ge
samples to study the temperature dependence of carrier
density have been compar=sd with the theoretically calculated
values based on the HFB model. Theoretically, the average
values for carrier densities <n> or <p> are found by
minimizing the free energy of the system with respect to the
filling factor f (the fraction of occupied states of the DL
states) and the Fermi energy E=. Very good agreement is
obtained between the experimental data and theoretical
predictions=®-2%,

However, it has to be mentioned that there is no
comprehensive theory of the DL core states due to the lack
of experimental data regarding the atomic configuration at
the core of the dislocations. This is a major obstacle for
realistic band structure calculations=".

In addition to the effect on the free carrier
density DLs in semiconductors strongly reduce the
mobilities™ at low temperatures. The effect is shown
schematically in Fig.2-3 (after Labusch and Shroetsr=7)
where the temperature variation of the mobiiity far a Ge
sample is given before and after deformation which
introduces DLs. The unceformed sample shows phoron
scattering as the predominant mechanism while the curve for
the deformed sample is reminiscent of impurity scattering,

and in fact the variation in mobility data is explained in

14



terms of'scattering by DLs™t.
2.1.2 Dislocation conductivity

Experimental indications for =lectrical conduction
along dislocations come from many areas o+ physics. Most of
the significant evidence is due to groups working on
microwave conductivity measurements on dislocated
samples®=2-F=-74.3%_ 3 samples with DLs up to 107 com <,
introduced by plastic deformation, have exhibited high
anisotropies in microwave conductivity (at 9.5 GHz) ==,
Anisotropies up to a ratio of 10 between the a.c.
conductivities parallel to and perpendicular to the
dislocatiaon directions have been reported=~. The variation
of d.c. conductivity of these samples with temperature
shows an activation energy of about 0.44 eV, and the results
are interpreted as having DL levels 0.44 eV above the
valence band. Mantovani and Pennino®” have shown that the
dislocations produced by bending (plastic deformation)
introduce an energy level at 0.52 =V above the valence band
in Si. However, there is some controversy regarding the
exact values for the energy levels of DL states in 51 and
Ge, and values between 0.2 to 6.52 eV above the valence bard
have been reported=%-==,

A parameter called the specific conductance s is
used in literature to describe the conductivity of the DLs,
which is defined as s = 1/ R where L is the length of the
DL and R is its resistance'™. Using low temperature

microwave conductivity data s has been estimated to be
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about 10°*7 cm ohm™* for S5i at 4.2 kK. This is the only such

value available in the literature'-.

In an elegant experiment performed recently by
Yu.A. Osip'van it was shown that that the microwave
conductivity of disiocated samples is due to capture of
carriers at DLs=%, Starting with highly pure undoped Ge
crvstals he measured the microwave conductivity of
undeformed as well as deformed samples where great care had
been taken in for not introducing impurities. No significant
a.c. conductivity was found in either one of the samples
at 4.2 K. A neutron doping technique was then used to initiate
the production of impurity (doping) atoms through the

following reaction with thermal neutrons.

1.Ge”® (n,7Y ) v—>Ge7'~“ —_— As7> ( donor, B2 min)

2.687* (n,Y ) = G777 —w» As”7 —e-5e77 (donor, 3% hrs)
3.6e”® (n,Y ) =—»5e”! —w»Ga”* (acceptor, 12 days)

Knowing the isotropic composition of the original sample,
and the production period of each final product species
(indicated above within brackets), one can correlate the
conductivity with carrier concentration. Starting with an
undoped sample at 4.2 K he waé able to turn it

into n-type first, and then into p-type, while in between
the transition it underwent a state where no free carriers

waere found. Fig.2~4 shows the results schematically. At the



onset, no significant microwave conductivity is observed
because there are no free carriers available for capturing
at DL states, and thereafter the conductivity follows the

carrier profile available for capturing.

2.2 Grain boundary studies

fis 1t was mentioned earli=zr, a grain boundary can
he considered as an array of dislocations distributed on a
plane. Hence, most probably, the properties of grain
pbourdaries may reflect the electrical behavior of
dislocations.

By electrochemical means, Morrison and Loo'?®*-=%
have obtained experimental evidence which i1s very much
indicative of carrier transport along grain boundaries in
polvcrystalline silicon. They employed chemical species
having suitable energy levels in an electrolvyte so that
holes can be injected selectively into the sub-band cap
grain boundary states while avoiding injection into the
valence band. Such “"tuning in" to the energy levels in
the hand gap was made possible by their previous work
regarding the position of band edges in silicon with
respect tg a standard calomel electrode (5CE).

Following Morrison and Loo, Sears®” used the same
method to confirm their findings and showed that similar
results are obtained with a mechanically damaged (abraded
with a polishing powder) sample®®. This same technique has
been used by the group in University of Gent, Belgium for

confirming the findings of this thesis, and their results

17



are diﬁcussed in Chapter 6.

The basis of the electrochemical technique is as
follows. It has been established that the flat band
potential of p-silicomn with respect to the SCE is given by
Eio= 0.35 — 0.035FP in eV at a given pH value FP of the
electrolyte. So, by knowing the pH value of the electrolyte
and using & couple of chemical species (a so—-called redox
couple) of known electrode potential (Es) with respect to
SCE, one can construct a band diagram where the energy levels
pf the reactive species can be indicated relative to the
pand edges of Si (Fig. 2-5).

Examining Fig.2-5 one can expect that Fe = (agquo;
should inject holes, i.e. capture electrons from the
valence band, into the valence band but, Fe*“EDTA (ethylene
diamine tetraacetic acid) should not, and all the species
should be able to inject holes into grain boundary levels.
Results of measuring the reverse current (cathodically
biassed with respect to SCE) of a polycrystalline silicon
electrode are shown in Fig.2-6 with and without Fe"=*(EDTA)
in the electrolyte. As Morrison and Loo*® argue there are
two possible causes for the origin of the extra current
observed in curve b) compared to a). One is the space
charge generation of minority carriers at grain boundaries
while the other is the hole injection into the grain
boundary levels from the solution. By the iow reverse
current observed in the single crystal one can rule out the
passibility of hole injection From protorns in solutian to

the valence band. In the presence of Fe*~(EDTA) in the
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salution an additional current component is observed.
Since the mere presence of Fe "~ (EDTA) can not increase the
SCR generation, and since with single crystal Fe*“(EDTA)
does not inject holes into the valence band, it is
concluded that a) holes are injected into grain boundary
levels and b) these holes are conducted along grain
boundaries to the bulk and c) they are thermally activated
into the valence band.

Direct electrical conductivity measurements by
Miremadi and Morrison®® on polycrystalline silicon sampies
(four probe measurements parallel to and perpendicular to
grain boundaries) with Fe precipitated on toc the boundaries
also indicated the possibility of grain boundaries having
an electrical conductivity that decreased with iron
concentration in the defects. This type of conductivity has
been suggested by several authors previously®*=-2%, and has
been reviewed recently by Matare#=-4<, A similar situation
could justifiably be expected from DLs in silicon.

~

2.3 Effect of DLs on Devices

The most studied effect of DLs on semiconductors,
judging from the volume of publications, is recombination
of carriers. Minority carrier lifetime in semiconductors
has been found to be inversely proportional to the density
of DLs=*7-*®, This adversely affects the performance of most
optoelectronic devices. The efficiency of Ga.-..Al.As light
emitting diodes (LEDs) has been found to be lowered by the

presence of DLs“*®, and recombination at DLs has been shown
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to explain the behavior by analyzing the data in terms of a

detailed model®<“. Scanning electron microscopic techniques
such as electron beam induced current (EBIC) and cathode
juminescence (CL) have been used to show that there is a
1:1 correspondence between the observed dark spots in
electroluminescence maps and dislocations in GaP=*' which
confirms carrier recombination at such defects.
Recombination at DLs created at the interfaces due to
lattice mismatch between the substrate and the epitaxially
grown (GaAs was recently shown to reduce the conversion
efficiency of thin film solar cells®=-5=,

Other major deleterious effects associated with
DLs which have received much attention are the elactrical
breakdown of junction devices at DLs®%-®%; higher leakage
currents in pn Jjunctions®®-Z7-%% (usually explained in terms
of recombination/generation centers), lowering of transistor
gain®” and poor performance of solid state lasers™%. A
much less studied effect is the shunting of pn Jjunction (or
a solar cell) due to a DL threading through it. In a recent
study on silicon diodes where Dl.s have been introaduced
by plastic deformation, Nitecki and Fohoryles*¥ assumed
the possibility of conduction along DLs tao explain
their photocapacitance and dark current-voltage data at
liquid nitrogen temperature. Since the line defects were
introduced by deformation they were distributed through out
the samples and, according to the authors, consisted of
short loops or segments (about 1000 8).

The shunting of such a junction by grain
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boundaries has been analysed by Morrison©®. A model was
presented to show that the solar cell performance can be
degraded due to carriers conducting along grain boundaries
if they possess a suitable sheet conductivity. A similar
approach will be adapted in the course of the analysis in
this thesis. However, the mathematical model will be quite
different here partly due to the different physical
conditions that give rise to different boundary conditions.
The major difference will be the finite length of the
defects considered which are primarily concentrated at the
surface of the cell. As will be shown, comparing the
studies of Nitecki and Pohorolyse and that of Morriscn, this
imparts an added advantage both experimentally and
theoretically for observing carrier conduction along

dislocations.

2.4 The MIS Solar Cell

Metal—insulator—-semiconductor structures have
become technologically very important during the past decade
due to the diverse possible applications, for instance,
solar cells and photodiodeg®t-<=.£=.44, gyrface oxide
transistors©=, imaging devices®®, switching devices®” and
gas detectors®=-+%. Consequently, the properties of the MIS
structures have been under study for some time by a large
number of workers. A major incentive for the use of the MIS
structure is its simplicity of fabrication, where only low
temperature processes are involved, compared to conventional

pn junction solar cells where high temperature diffusion



processés have to be employed.

As the name implies the structure consists of a
thin ( < 3O g) insulator sandwiched between a metal and a
semiconductor. Fig.2-7 shows a typical physical structure
of such a cell. As with any other type of solar cell the
operation of an MIS cell rests on the existence of a built
in electric field which can separate photoproduced
electron-hole pairs before they recombine. Fig.2-8a shows
the band diagram for an Al-5i0,—-pSi cell at zero bias. The
electric field (or the band bending) is created by to the
difference between the work functions of the metal and the
semiconductar, and the region where the field exists is
called the space charge region (SCR). However, the fixed
charges in the insulator also play an important role in the
electrostatic configuration of the device. In fact, it is
now accepted that the positive charges in Si0. layer
augment the field, enhancing the voltage that can be
developed across the structure when illuminated. The fact
that one obtains a lower voltage in an n—-8i structure than
in a p-5i is explained by the presence of these charges in
the insulator®=.

In the particular structure that we are interested
in, the low work function of Al, ¢A] (=3.2 eV) induces an
inversion layer at the p-Si surface near zero bias (at
equilibrium) where the Fermi level of Si (Ers) coincides
with that of Al (E-m) (Fig.2-8Ba). The electron affinity of
Si (xs:) is also 3.2 eV, hence the metal Fermi level is

almost aligned with the edge of the conduction band of

[
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Si©*. The electron concentration, which 1s given by the
Fermi-Dirac distribution in that it depends on the energy
difference between the conduction band and the Fermi level
of the semiconductor, is high at the surface. This induced
inversion layer acts like a source of electrons so that the
MIS structure can be effectively considered as an n™p
junction provided that the insulator is thin enough for

electrons to tunnel through it without hindrances®-==-77,

2.4.1 Current-Voltage Characteristics

The carrier transport in MIS solar cells has
received wide attention and has been analysed by many
workers emphasising different phenocmena. The effect of the
surface states”*-7=-7=, the effect of the oxide charges”?,
recombination in the space charge region” ™, multi-step
tunnelling through defects in the insulator”®, back surface
field effects”” and inversion layer effects”®-77 are some
among them.

However, it is well established that the carrier
transport between the metal and the semiconductor is by
quantum mechanical tunneling, and generally, it is treated
using the WKB approximation®<-%!. The current transport in
the structure i1s indicated in Fig.2-8 where b) at a small
forward bias (p-Si positive with respect to Al), c) at a
high forward bias and d) at reverse bias (p-8i negative with
respect to Al). The electron particle current is always
opposite to the direction of the conventional current shown

in Fig.2-B. The difference between the metal Fermi eneryy,



E.m and the edge of the valence band, known as the barrier
height O.,. (for majority carriers) is relatively high in
this structure. Similarly a barrier height for the
minority carrier also can be defined as the difference
hetween E~m and the edge of the conduction band Ecw. The

majority carrier tunnel current J, is given by

Je = AV*Tzexp(—q¢bc/kT)exp(—xp—"2d)(exp(qV/kT) -1 (2-1)

where A" = 41l myqk=2/h™, me is the effective hole mass, k
is the Boltzmann constant, %o is the hole affinity of Si, d
is the thickness of the insulator, ¥V is the applied voltage
and T is the temperature®<,

By studying the current transport properties of
Al-S5i0,.-pSi structure both theoretically and experimentally
Green et. al.*' have shown that when d { 20 A the minority
carrier current dominates the dark current-voltage
characteristics similar to the case of a n*p Jjunction.
This can be seen by the expression for the majority carrier
current too. Since the barrier height for majority carriers
is relatively high the corresponding current will be
suppressed due to the exponential terms in Eq.2-1.

If the insulator is sufficiently thin the current
will be predominantly carried by minority carrier
electrons, and will be limited by the rate at which they
diffuse in the p-Si, hence termed semiconductor limited
current. This will be given by the ideal Shockley formula

for a one sided junction as
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Jn = Jo (exp(qV/kT) - 1) ¢

where Jo = gDnne/Lay, Dn and L. are the minority

carrier diffusion constant and the minority carrier
diffusion length in p-8i, respectively, and no 1s

the equilibrium electron concentration. no can be expressed
as Na = ni“/Na where n; is the intrinsic carrier
concentration in p-S8Si at room temperature and Na is its
acceptor concentration.

An MIS structure can be classified either as a
minority carrier structure or a majority carrier structure
according to which type of carriers dominates the transport
in the dark?®. By selecting a low work function metal and
p-Si or high work function metal with n-5i aone aobtains a
minority carrier device while, conversely, a high work
function metal with p—5i or low work function metal with n-
Si renders a majority carrier device. It is of interest to
rote that the resulting minority carrier devices are
electronically quite similar to conventional pn junctions.

The dark current has two other parasitic
components: one being the recombination/generation current
in the space charge region, J-g, given by the Shockley-Noyce-

Sah theory®= as
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Jro (exp(qV/2kT) - 1) (

gn. W/ 2t, W is the width of the SCR, and t is

]

where Je-o



the minority carrier life time. The other component is the
recombination current due to surface states Js which can be

generally expressed as”=-97

Js = q@weNensZ/ns (2-4)

where Qe is the carrier capture cross section of the
surface states, ve is the thermal velocity of carriers, N
is the density of the surface states per unit area and ns
is the surface concentration of electrons. . and v. for
both electrons and holes are assumed to be the same here.

The total dark current, Ja can be written as

and usually this is expressed as one exponential term by
incorporating a quantity called the device quality factor, n

where n » 1. Then we have

Ja = Joa (exp (qV/nkT) - 1 ) (2-6)

where Jaoa is the saturating dark current density.

Whern light shines on the device the photocurrent
due to minority carriers will flow in the opposite
direction to the forward dark current (Fig.zZ-?). To aobtain
good performance the forward current of the celi should be
kept minimum. The total current under illumination, J. is

thken abtained using the superpasition principle which



states that the illumination current density of a solar
cell at a given bias (voltage) is given by superposing the
short circuit current (Juc) of the device to the dark
current (Jo) at the same bias. The validity of this
principle has been examined by several authors and has been
found to be good even in the presence of recombination in

the SCR®4. Then it follows that

J = Jsez = Ja (2-7)

ar

]

Je Jesc = Joa(exp(gV¥V/nkT) - 1) (2-8).
Usually, four parameters are defined for
characterizing solar cell output. They are the short
circuit current density (Jsc), the open circuit voltage
k(Voc), the fill factor (FF) and the efficiency (T]).

The Jdsc is the current denéity under illumination at short
circuit conditions which should ideally be equal to the
photogenerated current density (Jdewn), the voltage

measured at open circuit conditions is Vac and 1s

expressed by

Vac = (nkT/q) I1Nn{ Jsc/Jdaal (2-9)

which is obtained by setting Jo. = 0O in Egn. (2-B). The

FF is defined as

FF = (Vaerdme/ Vocdse) (2—-10)



where Vme and Jme are the voltage and the current density
at the particular point on the current-vaoitage
characteristics where maximum power is generated (Fig.2-9).
The maximum conversion efficiency,f]of the device is then

given by

=
I

(VMF'JMF-)/F'IN (2"11)
or

q = (V(:(:JSCFF)/F’IN (2-12)

where FP:~n i1s the power density of the incident light on the
cell.

Very highly efficient MIS cells have been
fabricated using 8i, the highest reported so far being
17.6% at AMO illumination by Godfrey and Green==., The term
AMO reters to solar illumination. It is customary to
express solar illumination in air mass numbers (AM) to
describe the attenuation by the atmosphere. The AMn
iliumination corresponds to an average solar illumination
when the sun is at an angle 0 to overhead where n = 1/cosO.
Hence, AM2 is when the sun is at 60° to overhead. The term
AMO is defined as the illumination just out side the

atmosphere.

2.4.2 The capacitance of MIS structure
The differential capacitance of an n*p junction is

given by®>



C = dlzscr/dV = ( gesNa / 2(Vn, — V = kT/q) 7= (2-13)

where es 1s the permittivity of the semiconductor
and Na is the acceptor density in the semiconductor. Eqn. (2-1

can be rewritten as

1/C= = (2 /7gqex=Na) ( Vuoi: = ¥ - kT/q) (2-14)

A plot of 1/C* vs. V (called a Mott-Schottky plot) will,
therefore, be a straight line with a slope inversely
propartional to Na and an intercept of —Ve: + kT/9.
Therefare, capacity measurement will enable determination of

the barrier height Voo since it is related to Ve: by

Voo = Vei: + H (2-13)

where p = Eres — Eus®c.

In an actual MIS structure the oxide and surface
states will add complications to this simple picture.
Fig.2-10a shows the equivalent circuit for an MIS structure
which takes both of these 1nto account. Cox is the capacity
due to the oxide (insulator), Csce is the capacity due to
the SCR, Cs and Rs are the capacity and resistance
associated with the surface states which are used to define
a life time characterizing them by ts = RsCs. By choosing a

frequency, ¥ which is large compared to 1/ts one can avoid

3)



the effects of the surface states in practice (Fig.2-10b).
This can be easily shown by calculating the equivalent
values for a parallel combinatiaon of a resistance and a
capacitance and then examining their behavior at high
frequency. The capacitances given above for the systems can

be expressed as follows:

Cuscrr = s / Wscw (2-16)

eoc / d (2=17)

and Cox

where es and eo denote the permittivities of the
semiconductor and the oxide, respectively, d is the

thickness aof the oxide and Wscwy the SCR thickness given by

Wscr = ((Z2es/gNa) (Ves = V — kT/g)) 77 (2—-18>.
For a thin ( 20 5) oxide the impedence due to Cax is
negligible compared to that of Cscw. Hence, at high
frequency (~ 100 kHz) the Mott-Schottky plot can be used
to determine the barrier height.

Charlson and Lien*! have used three independent
methods including the Mott-—-Schottky plot to evaluate the
barrier height in an MIS structure with d = 20 - 40 A, and
they have shown that they all yield nearly the same value.

In the presence of an inversion layer, as
mentioned earlier, Shewchun et. al.** have shown that

Egn.2-14 takes the form
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1/C= = (2/qesNa)( Vo - V - kT/q ) (2-19)

where VY. = gNaWo/es with Wo being the width of the SCR at
thermal ecuilibrium ( at zero bias). Furthermore, they show

that the total width of the SCR at a bias V 1s given by

W = ( W™ ~ 2eVUNa )17= (2-20)

The value of the surface potential needed to invert the

surface, Vin. 1s given by=®

Vinw = (2kT/q)ln(Na/ny) (2-21).

And since it has been shown that the conduction band and
the metal (Al) Fermi level are aligned with each other, an
applied bias will mainly appear as an increment of the
width of the space charge region. Moreover, it is generally
known that the thickness of the i1nversion layer is quite
small compared to that of the SCR®%®. Hence, the
contribution of the inversion layer to the device
capacitance can be neglected. In this approximataion, i+
the experimentally determined VY. is larger than V...

(given by Egn.2-21) one can ascertain that the surface is

inverted.
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Fig.2-1la The line charge of a dislocation and the cylindrical space
charge region (DSCR) around it. R is the radius of the SCR.

21n(r/R)—(r/R)2+1

r

~

¢—potential V(r)

X

0]

n
Vv

-r
v,
1

r

Fig.2-1b The potential of a dislocation has a logarithmic form. The
inner cutoff point, r, is assumed to be few angstroms.
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(a)

Fig.2-2 The half filled band (HFB) model.
(a) A neutral dislocation.
(b) A positively charged dislocation.
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Fig.2-3 The variation of the mobility of a Ge sample is shown
schematically before and after deformation,

(a)Undeformed
(b)Deformed.
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Fig.2-4 The results of Osip'yan's experiment are indicated schematically.
(a) The variation of carrier density with time after irradiation
of Ge sample with neutrons.
(b) The corresponding variation of microwave conductivity.
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Fig.2-6 Reverse bias current-voltage characteristics for p-type
polycrystalline with and without Felll EDTA in solution.
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Fig.2-7 The structure of a metal - insulator - semiconductor
(MIS) solar cell.



Fig.2-8 The band diagram for an Al—SiOx—pSi MIS sructure.

(a) At zero bias

(b) At a small forward bias
(¢) At high forward bias
(d) At reverse bias

¢bois the barrier height at zero bias. The inverted surface
gives rise to a minority carrier device at reverse bias and
at small forward bias.

The work function of Al, ¢A1 = 3.2 eV
The electron affinity of Si, xSi = 3.2 eV



Fig.2-9 The current - voltage characteristics of a solar cell.

49



41

—— Cox —— Cox
— Cs Cp

|
|
Q
7
0
w
“J
)
|
O
o

[

Cscr —= Rs ; II At

l high f

Fig.2-10 The equivalent circuit for an MIS structure. At higher
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CHAFTER III

EXPERIMENTAL

3.1 Generation of dislocations

It is well known that dislocations can be
introduced into a crystal by plastic deformation”-°, With
silicon this is carried out at temperatures > 700°C in a
bending apparatus. However, great care has to be taken to
avoid introducing impurities to the sample because at these
temperatures the diffusivities of the impurities are high
(such as Fe, Cu etc,). Hence deforming the samples has to be
carried out in a vacuum.

Another method of generating dislocations is
lapping the surface of the sample with an abrasive
powder®*+-®2, This method minimizes the problem of impurity
diffusion since it is carried out at room temperature. The
dislocations so produced are in the form of loops since®= a
dislocation has to start and end at a surface (Fig.3-1).
The exact morphology is not well known in this case but,
presumably, it is a mix of both edge type as well as screw
type dislocations (see section 1.1). This method is ideal
for studying dislocations with solar cells since the
generated dislocations are concentrated at the surface of
the sample. In contrast, plastic deformation produces

dislocations throughout the bulk of the sample.
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3.1.1. The depth of damage.

A waealth of evidence is found in the literature®=—°~
which shows that the depth of damage produced by
mechanically abrading a semiconductor is comparable to the
diameter of the particles used for lapping. Semiconductors
such as Ge, Si, Zn0O, Til0=, GaAs, InSb, GaP, InAs and GaSb
have been investigated with polishing powders such as
diamond, SiC and Alz=0= of various sizes ranging from 0.3 to
70 pm.

There are a large number of experimental techniques
for determining the depth of damage but thaey all follow the
same basic methodology. First, a physical or chemical
property (eg. IR reflectance, conductivity, x-ray line
broadening, etch rate, photomagnetoelectrical (PME) voltage)
of the material, which has a different value in the
bulk than in the damaged layer is selected. The sample is
weighed and that selected property is measured, a thin layer
of the surface is etched away, the sample is reweighed and
remeasured. This sequence is repeated until there is no
further change in the measurement of the selected property
indicating the undisturbed bulk has been reached. Knowing
the density and the surface area of the sample the thickness
of successively removed layers can be calculated. Then a
parameter representing the selected property is plotted
against the thickness of the incremently removed layer and a

curve similar to one shown in FigQ.3-2 is obtained. The



saturating point (point a) indicates the thickness of the

damaged region where the dislocations are found.

3.1.2. Determination of density of dislocations.

There are a variety of techniques for determining
the density of dislocations in a sample, out of which
"etch pit" counting was selected because of its
simplicity~®®e. In this standard method the sample is
treated with a preferential etching solution which removes
atoms at different rates in different crystallographic
directions (Fig.3-3). The final result is the formation of
etch pits where dislocations intersect the surface. Since,
one—-to—-one correspondence has been established®® between
the dislocations and etch pits the density of dislocations
can be determined by establishing the density of etch pits.
This is usually done by counting the etch pits after
obtaining a scanning electron micrograph of the prepared

surface.

3.1.3 Experimental.

All experiments described in this thesis were
carried out using p—-type ( boron doped ) single crystal
silicon wafers of <100> orientation, obtained from AMETEK
(Silicon Material Division, California). The resistivities
of the wafers were in the range of 2 — 10 ohm cm and their
thicknesses were 525 +/—- 25 pm. Initially, the wafers were
cut into 1 cm squares in such a way that the surface which

has been polished by the manufacturer to a mirror-like
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finish was kept intact, so that the starting materials were

in principle of zero dislocation density. These cut pieces
were degreased by rinsing, sequentially, in a series of
cleaning liquids, viz, trichloroethylene, acetone, methanol
and water. Then they were etched in 48% hydrofluoric acid
for one minute, to remove their native oxide, and washed in
distilled water.

A slurry of polishing powder in water was prepared
with agglomerate—-free alumina powder obtained from Baikal ox
Corporation, California. The slurry was kept in an
ultrasonic bath for about 10 minutes to make sure that the
Al-0= particles were well dispersed without agglomeration.
About 2 ml of the slurry was immediately transferred on to a
clean glass plate and the shiny side of a cleaned silicon
piece was hand lapped on this Al=0=x suspension for 1
minute. The sample was thoroughly cleaned with deionized
water after lapping, and the alumina particles still
adhering to the surface were removed by ultrasonicating for
about 3 minutes. This procedure was repeated with Al=0s
powder of different sizes viz, 0.05 pm, 0.1 pm, 0.3 pm and
1 pm to prepare samples with dislocations penetrating
various depths into the sample surface.

Dash etch® which is composed of one part of HF, 3
parts of HNOs and 10 parts of acetic acid was used for
revealing the dislocations. A pilot experiment had to be
done to determine a suitable etching period for the samples
because etching for longer time will give an unrealistic

value by joining more than one etch pit together while on
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the other hand, if too shorter period of time is used the

dislocations will not be revealed at all. A 200 8 thick

gold layer was evaporated on the lapped surface of the
samples to avoid imaging problems due to electrostatic
charging when using the SEM for obsrevations. Gualitatively
observing the SEM micrographs of damaged silicon samples
obtained after etching them for various periods of time, it

was determined that 20 second is the optimum etching period.

3.2 Sample Preparation

There are three major steps in fabricating an MIS
solar cell namely, a) preparing an oxide layer of suitable
thickness on the semiconductor, b) depositing a thin
transparent metal film on the oxide and c) making electrical
(ohmic) contacts to the top metal layer as well as the back

side of the semiconductor.

3.2.1 The insulator and its thickness measurement.

The oxide was grown thermally on silicon using a
Lindberg furnace (2900 W) and its thickness was measured
ellipsometrically. The required thickness of the oxide layer
on the surface of silicon is < 20 3. Ellipsometry, being a
very sensitive ( up to 1 &) and a non—destructive
technique, is the standard method of determining the
thickness of oxides in this range®®. Gaertner model
L116A-B5F dual mode automatic ellipsometer at Microtel

Research in Discovery Park, Burnaby was available for use.
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3.2.2 Ellipsometry: theory.

In ellipsometry one extracts information (thickness
and optical constants) about a film on a substrate by
measuring the polarization state of a beam of light of known
polarization after it has been reflected from the film
{Fig.3-4a). The state of polarization of a beam of light is
characterised by the amplitude ratio and the phase
difference between the two component plane waves of the
electric vector into which the polarized oscillation may be
resolved (one in the plane of incidence, p and the other in
the plane perpendicular to it, s). In general, reflection
causes a change in the relative phase of the two component
plane waves and a change in the ratio of their amplitudes.
Two angles called ellipsometric parameters denoted by and
are usually defined: Z& is the change in phase of p and s
components after reflection, and Q} is the arctangent of the
factor by which their amplitude ratio changes.

In conventional null ellipsometry (CNE) the
ellipsometric parameters Z& and Q) are usually determined by
arranging a linearly polarized light to impinge upon the
sample using a polarizer and finding an extinction of
reflected light by observing through another polarizer
called the analyzer. Aand Ware simply related to the
angles at which the polarizer and analyzer are to be
positioned at a null*®®, Using Drude’'s theory, one can
obtain a relation between Aand \U in terms of the optical

constants of the ambient No, film N. and the substrate Nz,
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thickness d, angle of incidence ¢ y and wavelength )\ of

incident monochromatic light as®®
tany e*® = P(No,Ni,Nz,d, P, A) (3-1)

where p is a complex transcendental function which cannot
be solved explicitly for d and N: but which can be
satisfactorily handled by a computer.

In rotating analyzer ellipsometry (RAE), as in the
case of the available instrument, the intensity of the
reflected light is measured through the analyzer while it
rotates. For light of any polarization incident on the
rotating analyzer, the intensity of the transmitted light

has the form (Fig.3-4b)
I(B) = [Io( 1 + acos28 + bsin28) (3-2)

where 8 is the angle between the transmitting axis of the
analyzer and the plane of incidence, and I, is the average
intengsity for a full rotation of the analyzer®”®. The
coefficients a and b represent all the polarization
information that is available from the measurement and they
can shown to be related to the ellipsometric parameters
A ang Y as

a = cos2\ (3-3)
and b = sinZU}coszx (3-4).
By Fourier transforming the intensity data from the rotating

anlyzer one can obtain the coefficients a and b, and thereby
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determine and using Eqn.3-3 and 3-4. These parameters

can be used with Egn.3-1 to determine the film thickness d
and the optical constants resorting to numerical iteration

routines by a computer~<.

X.2.3 Thickness measurement.

The Gaertner L116A-85F automatic ellipsometer is a
rotating analyzer ellipsometer where a monochromatic &328 A
He—Ne beam of light is made to pass through a polarizer to
give linearly polarized light. The beam is reflected from
the sample which is placed on a levelled sample stage and is
passed through another polarizer (analyzer) that can be
rotated at constant speed (Fig.3-4b). A solid state
photodetector measures the emerging light flux while the
analyzer rotates, and a computer interfaced to the
instrument acquires the data and performs the necessary
calculations to extract the required parameters of the film.

The accuracy of the measurement is about +/- 3 g
while the repeatability is +/- 1 3. The speed of measurement is
an impressive 30 seconds. A “"thicness standard" of a Si0O=

film on Si is available for checking the instrument.

3.2.4 Metal evaporation.

The metal used for both contacts was aluminum, and
was evaporated using a vacuum evaporator fitted with a
liquid nitrogen baffle and an oil diffusion pump. An out of
commission bell jar vacuum coater (Norton model 3115) was

available for this study (Fig.3-5a). The complete system
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including diffusion pump and electro-—-pneumatic valves was

overhauled and restored to operational condition so that it
was capable aof achieving an ultimate pressure of 10=7 torr.
A quartz-crystal-oscillator thickness monitor (Kronos model
BM-310 ) was installed inside the bell jar enabling one to
measure the thicknesses of deposited metal films with
reasonable accuracy (1 20 8). Al was evaporated by placing
the metal pellets on a suitable boat or wire basket and
passing a high current through it to melt the pellets by
ohmic heating. The silicon substrate on which the Al film is
to be deposited is kept at about 30 cm above the boat,
inside the vacuum to ensure a uniform deposition.

Since the fabrication of the MIS cells involved
depositing a thin transparent metal layer followed by
forming a contact finger pattern on the metal layer, it was
desirable to evaporate both layers without breaking the
vacuum to minimize contamination. To achieve this a sample
holder with a rotating mask system that could be manipulated
mechanically from the out side of the vacuum system was
designed and mounted inside the bell jar. A mechanical
shutter for controlling metal deposition on the sample was
also installed between the source and the sample holder.

The mask arrangement (Fig.3-5a and b) permits one to deposit
three different patterns successively of the same metal, in
addition to a fixed circular pattern, by evaporating the
metal through them on to the sample placed on the holder.
The masks which are made of Al disks ( 0.7 cm dia.) placed

on slots machined on the holder to fit them snugly could be
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easily interchanged.

3.2.5 The MIS fabrication.

Metal —insul ator-semiconductor (MIS) solar cells of
Al -Si0=-pSi structure were fabricated on damaged and
undamaged silicon samples following a similar procedure
reported by Olsen et al,*°*. Whenever a cell was fabricated
on a damaged sample, an undamaged sample also was subjected
to the same fabrication process for comparison.

A thick layer of Al of about 1500 g was first
evaporated on to the back of the cell and was alloyed at
520= C, in a quartz tube placed inside the Lindberg
furnace, to make a good ohmic contact. In the same step,
a thin layer of Si0= was grown by passing high purity Ar
and 0=, alternately, through the tube. Argon was, first,
passed for S minutes, then 0= for S minutes followed by Ar
for another S5 minutes. Then, after turning off the furnace
the sample was allowed to cool for about 30 minutes in Ar
flow, at the end of the quartz tubae. The thickness of the
grown oxide layer was measured by the ellipsometer, and
was found to be 17 +/—- 3 3 . Immediately, after the
oxidation step, a thin layer of 99.999%Z pure Al of
thickness of S0 A was evaporated on to the oxide from a
tungsten wire basket in a vacuum of 10~* torr. As the front
contact, a 200 A thick finger pattern was then deposited on
the metal layer, in the same pump—-down cycle of the
evaporator with the aid of the rotating mask. To maximize

the reproducibility of the cells by limiting the number of
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steps in the fabrication procedure no anti-reflection

coating or contact pad were deposited. A Cu wire was
attached to the back ohmic contact with silver dag for
electrical connection as the final step of the cell
fabrication procedure. A pointed end of a spring loaded
phosphor bronze wire was employed to make electrical
connection to the front contact. This procedure yielded MIS
cells of good reproducibility. Their effective area was

0.37 cm=.

3.3 I-V, C-V Measurement

The I-V measurement of a solar cell involves
determining the current across the cell at a given voltage
for a range of voltage between the front and the back
contacts, which can be done either by point by point
reading or by continuous ramping of the bias voltage. The
latter method was selected in this study for convenience
and speed. The differential capacitance of the cell also
could be measured at the same time by superposing a small
a.c. voltage on the d.c. bias voltage and using phase

sensitive detection with the aid of a lock-in—amplifier.

3.3.1 Theory.

An electrical circuit for measuring the I-V
characteristics fo the MIS structure was wired following one
used for photoelectrochemical studies. The circuit diagram
is shown in Fig.3-4a. The set up allows one to determine

the capacitance of the MIS structure at a given frequency as
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well.

Fig.3-6b shows the schematic of the relevant
electrical circuit used for measuring the capacitance. The
lock-in—amplifier measures the voltage across the small
resistance R. Hence the a.c. current I, through the MIS
cell, shown as an RC circuit, can be calculated by V._.:a/R
and is equal to Va.-./Z where Va..-. is the a.c. voltage
across the cell and Z is the total impedence of the cell at

that particular frequency (see section 2.4.2). Z is given by
172 = 1/R + 3jwC (3-5)

where j = (-1)*"%, w=2 f and f is the frequency at which

the measurement is carried out. Hence, I is given by

I = v--c-/R + jV--:.WC (3—6)
which can be rewritten as

I = I” + I (3-7)
where I” = Va.c./R and ]} = Va.-.wC. Hence, by measuring
the component of current 90 out of phase with the d.c.
voltage one can determine C by

C = I / wVa.c. (3-8).

Measurements were carried out at a high frequency



(100 kHz) where the dispersion of capacitance due to the
surface states is negligible. It turns out that the oxide
capacitance Co. also can be ignored compared to the space
charge region capacitance Cscw (see section 2.4.2). By

parallel plate capacitance formula we obtain

Cecr o Wscr
= ~ 1500
Cax esi dc:nq
0
for an oxide of thickness dox = 20 A, where, €c. and ea:

are the dielectric constants of the oxide and Si
respectively. Consequently, the measured capacitance of the
MIS structure can be justifiably approximated to that of the

space charge region of the semiconductor.

3.3.2 Experimental.

An IBM personal computer was interfaced to the
analog outputs of the DVM, the electrometer and the lock-in-
amplifier via an A/D converter (Tecmar Labmaster) for
acquiring and recording data. A versatile program (VIC.bas)
written for photoelectrochemical work was suitably
modified and were used to aquire, display and record data.
This program allows one to acquire data from three analog
outputs (channels) simultanecusly and save them in a
diskette. Eqn.3-8 is written into the program, so by
providing the program with the actual values of the
frequency, the area of the sample, and the a.c. voltage

across the sample, the capacitance of the sample is

54
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calculated and stored as 1/C=* vs. voltage along with

corresponding I-V data which can be subsequently plotted on
a HP plotter.

Once the cell was connected at the sample terminals
as shown in Fig.3-6ba the ramp was set to start from -1V to
1V with a 100 s period so there is no detectable hysterisis
associated with the I-V measurement. Before connecting the
sample, the lock—-in-amplifier was zeroed in phase with the
d.c. voltage in the resistor at its highest sensitivity ( 1
HV full scale) and then the detection was set to 0= out of
phase with this at a suitable sensitivity. The a.c. voltage
at 100 kHz across the sample was monitored and was set to a
convenient value (5 mV) by adjusting the output of the
oscillator. The I-V and C-V measurement was started by
manually triggering the ramp while initiating data

acquisition by VIC. bas program in IBM PC.

3.3.3 Light source and sample holder.

A 150 W Xe arc lamp (Oriel model 6253) was used as
the source of illumination along with AM2 (Oriel) filter for
correcting its spectrum to match that of the terrestrial
solar illumination (Fig.3-7). A light tight housing was built
to contain the sample holder and was coupled to the arc lamp
via a mechanical shutter (Fig.3-8) so both the dark and
illuminated characteristics of the sample could be measured.
A pyroelectric detector with a chopper (Oriel model 7084 and
7509) was available for measuring the illuminating

intensity. By adjusting the distance from the lamp to the



. Sé6
sample a convenient intensity comparable to standard solar ’

cell measurement was obtained. Throughout the study the
standard intensity used was 100 mW cm™= (AM2) unless stated
otherwise.

A small cryostat was designed so that the
cell temperature could be varied continuously from ronmv
temperature to that of liquid nitrogen while illuminating it
through a quartz window (Fig.3-9). The MIS cell is mounted on
a thick Cu block inside the cryostat. The Cu finger which is
in good thermal contact with the cell ensures that the
cell temperature is kept constant during measurement. A
chromel-alumel thermocouple embedded inside the Cu finger
was used to monitor the cell temperature. The design of the
cryostat allows it to be used for carrying out four-probe

resistivity measurement with varying temperature as well.

3.4 Hydrogen Passivation

In an effort to study the effects due to two
major parameters associated with dislocations, namely the
linear density of recombination centers and the
conductivity, the damaged samples were treated in an atomic
hydrogen atmosphere at various temperatures. A plasma of
atomic hydrogen was produced using a Tesla coil following
Seager and Ginley*°=2. The H radicals produced by the high
frequency alternating field of the Tesla coil are
very reactive and are considered as good candidates for
making covalent bonds with the unsaturated dangling bonds on

dislocations, thereby altering the above two parameters.
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3.4.1 Experimental.

The dislocations were passivated in an apparatus
shown schematically in Fig.3—-10. The damaged samples to be
passivated were introduced into the quartz tube after
degreasing and cleaning. The tube was then evacuated and
filled with ultra high purity (U.H.P. Linde) hydrogen. This
was repeated several times to minimize the presence of
contaminants in the system. The gases inside the tube were
monitored with a quadrupole mass spectrometer. Then, the
Tesla coil was turned on and the pressure of Hz was adjusted
until an optimum (reasonably homogenecus) plasma glow was
obtained inside the tube. The tube furnace enveloping the
quartz tube in the vicinity of the sample enabled control of
the temperature at which the plasma hydrogenation of
dislocations was carried out. A thermocouple placed between
the outside wall of the quartz tube and the heater monitored
the temperature. A typical passivation-run was carried out
at a given temperature for 3 hrs, at the end of which the
furnace was turned off and the samples were left to cool for
a half an hour with the plasma on. Once the samples reached
room temperature they were withdrawn from the tube, cleaned

again and used in fabricating MIS cells.
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Fig.3-1 Dislocation loops near the surface.
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Fig.3-2 A plot of the measured 'parameter' versus the thickness of
the incremently removed layer. {(The depth of the damage is
indicated by point (a).)
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dislocation line

Fig.3-3 Formation of an etch pit at a dislocation due to
preferential etching. The etching rates are different
in different directions.

V2 > Vl > V3
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N1

N2 SUBSTRATE

A = (B~B) - (a,~q,)

VY = tan (Rp/Rs)/(Ep/Es)

Fig.3-4a Linearly polarized light reflected from a film on a substrate
changes into elliptically polarized light. Ellipticity characterized
by A and ¢ carries information about the film.

Polarizer Photodetector

He Ne laser Rotating analyzer

sample

Fig.3-4b Schematic diagram of the rotating analyzer ellipsometer.
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Fig.3-6b Measurement of capacitance with the lock-in-amplifier (LIA)
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Fig.3-7 The spectral distribution of the Oriel light source compared to

terrestrial sun (from the manufacturer of xenon arc lamp).
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Fig.3-8 Schematic diagram of the system used for measuring the dark and

the illuminated characteristics of MIS solar cells.
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CHAFPTER IV

RESULTS AND ANALYSIS

4.1 MIS5 Cell Characteristics

4.1.1 Use of HF for etching

In the early stages of experimentation the top
layer ( 5 pm) of the samples where possible unintended
damage might be still present was removed by etching it
away in an etchant called the planar etch. As its name
indicates this etchant, composed of 8% HF, 17% HNDx and 73%
acetic acid (all acids are in the concentrated form) in
water, dissolves Si equally in all the crystallographic
directions'®=. The etch rate was found to be about
4-5 pm/min for p-Si when the solution is stirred. However,
the cells fabricated on such single crystal samples showed a
rather large variation in J-V data. On close inspection the
etched surfaces showed the formation of a thin, patchy,
whitish layer that could not be removed or controlled by
conventional chemical means. This has been observed
previously by others too'®?. Use aof clean Nalgene containers,
teflon tweezers and deionized water (>13 mega ohm ) did not
alleviate the problenm.

An elemental survey done with a Scanning Auger
Microscope (model SAM-PHI-595) on a p-Si sample etched in
the planar etch for 1 min showed that the white layer is

associated with some kind of fluoride compound formation
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(see Fig.4-1a and b) where fluorine was found to be absent

on regions devoid of this layer. Even with new batches of
acids, after some time in storage in the lab, this

problem occured intermittently, although it was
undetectable in the beginning. HF alone was never observed
to form this type of layer. Hence it was decided to avoid
use of the planar etch. It was found possible to do so, if
great care was taken not to handle the top surface of the
S5i while cutting the samples. This could be achieved by the
use of a watch glass to hold the samples while working with
them, and taking enough care to handle the samples only from
the edges with teflon tipped tweezers. For removing the
native oxide prior to sample preparation 104 HF was used.
The results of Fig.4-2a and b where we show the illuminated
J-V characteristics for two batches of samples, one treated
with the planar etch and the other treated with 104 HF,
indicate the latter procedure vields superior quality

samples.

4.1.2 Oxidation time

Since the effect of damage on the cell
characteristics was to be studied we looked for a sample
fabrication procedure that gives the maximum difference
between a damaged and an undamaged sample. An initial
experiment for finding such conditions was carried out.
Four sets of MIS cells were prepared with both undamaged
and damaged Si by oxidising them for various lengths

aof time at S00=C. The thickness of the oxide was measured
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by ellipsometry on separate S5i samples that were oxidised

at the same time as the measured samples. The observed
differences in the major solar cell parameters are
indicated in Table 4-1. Oxidation as described in section
3.2.5 was seen to be the best and was used throughout the

study.

4.1.3 General Cell Characteristics
The MIS structures fabricated in the manner

described in section 3.2.5 yielded solar cells with
following parameters: Jec = 11.411.3 mA/cm=3,
Voc = 527 %14 mv, FF = 0.7 0.1 and N% = 4.1T 0.5 for
illumination with AM2 spectrum at the intensity set to 100
mW/cm2, J-V characteristics of a cell are shown in Fig.4-3
where both dark and illuminated cases are given. The
variation of the short circuit current density, Jsc with
illumination intensity is shown in Fig.4-4a and it
indicates the conventional cell behavior. The variation of
the other cell parameters with illumination (or with Jsc
which is proportional to the intensity) is plotted in Fig.4-4b.

Using a photometer (Coherent Light) it was estimated
that the reflection loss due to the metallised top layer of
a cell is about 43%. If it is assumed that an anti-
reflection coating would reduce the losses to a negligible
level, a typical cell of ours without an anti—-reflection
coating would yield the following parameters: Jsc = 20t 2.3
mA/em=, T = 7.2%0.9 4. This relatively low value obtained

for the efficiency, even after correcting for the reflection
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losses, indicates that there are several other loss

mechanisms. One obvious possibility is the series resistance
of the cell enhanced by the sheet resistance of the thin Al
film, which usually depends on the evaporating conditions.
In solar cells it is customary to employ metallized finger
patterns to avoid high surface recombination velocity at the
front contact, and the spacing between the fingers g
typically in the order of 100 pm®*. Referring to Fig.4-3b,
where the top contact geometry of the MIS cell is shown, one
can see that in this case the photogenerated minority
carriers are not optimally collected at all. In addition to
the above factors the low efficiency can also be attributed
to the high surface recombination velocity at non—-optimised
surface states or at the perimeter of the front metal laver
where the induced junction beneath it intersects with the
surface. The latter has not been isolated by a thick oxide
as well.

The Mott-Schottky plot of a typical cell is shown
in Fig.4-5 where the capacitance was measured at 100 kHz.
Its intercept yields a value of 0.80 eV. The slope
indicates a doping level of Na = 3 x 10*= cm~ . Due to the
passible inversion at the surface the intercept can not be
used to determine the barrier height. However, it can be
used to determine whether the surface is in fact inverted.
The value of the surface potential needed for driving the
semiconductor to inversion for this doping level is 0.61 eV
calculated by Eqn.2-21. Since the measured surface

potential from the Mott-Schottky plot is greater than this
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the semiconductor is found to be inverted as suggested by

the work function differences.

4.1.4 Damaged Samples

A set of illuminated J-V characteristics of a
series of damaged samples are shown in Fig.4-&a. Results
for samples with dislocations of varying lengths (grit size
used) from 0.05 pm to 1 pm, as well as an undamaged cell
are shown. Table 4-2 gives the major cell parameters
averaged over a large number of samples. All the cell
parameters, viz, the open circuit voltage, Vac, the short
circuit current,Jsc, the fill factor, FF, and the
efficiency, n are observed to be progressively degraded
with increasing grit size. A more interesting result is
seen when one examines the J-V characteristics at reverse
bias. It is found, of course that minority carrier
generation at the dislocations leads to excess dark current
at reverse bias. Allowing for this, subtracting the dark
current from current under illumination, it is found that
the resulting "saturation photocurrent" is independent of
the presence or length of the dislocations. Fig.4-éb shows
the net photocurrent of these samples versus reverse bias
in a blown-up scale to bring out the details (the
origin of the net Jon axis is not zero but 10 mA cm™=).

The range of grit sizes we have used in this study
makes it possible to have dislocation loops which remain
inside (0.05 pm), or span across (0.1 pm —~ 0.3 pm), or

extend well beyond (1 pm) the space charge region. In the



72
undamaged samples, the width of the SCR, Wscr was estimated

by Egn. Z2-20 and was found to vary between 0.5 pm and 0.8 pm
from zero bias to reverse bias at 1V, respectively, using
reverse bias capacitance data at high frequency. With
surface damage, the measured capacity was three to four
times higher, indicating a substantially thinner space
charge region due to the added centers. However, a
quantitative interpretation of the capacity for a damaged
sample is difficult.

Another experiment was carried out by successively
etching a 1 um damaged sample and fabricating an MIS cell at
the end of each etch. In FigQ.4-7 the results of this
experiment is shown where the 10% HF was used for 20 s for
each etch. The gradual improvement of the cell
characteristics can be interpreted in terms of the changes
in the surface region (including the space charge region,
SCR) which is affected by the chemical treatment. It is well
established that the electrical activity of a surface is
guite sensitive to even a minor chemical treatment®”. The
surface recombination velocity at surface states, as well as SCR
recombination—generation rate is influenced by such
treatments. Gradual decrease in the generation current
associated with the surface states in the SCR
explains the behavior of J-V curves in Fig.4-7. This
shows that one should use different lengths of dislocations
rather than different densities of dislocations to extract
their electrical effects since the surface effects can

presumably be kept canstant by giving identical chemical



73
treatments to samples of various damage sizes.

4.2 Density of dislocations

The average value of the density of dislocations,
Do. determined by counting etch pits after treating the
damaged samples with Dash etch is also given in Table 4-2.
The values obtained for both 0.05 pum (average of 7 samples)
and 0.3 pm (average of 10 samples) cases seem to be roughly
equal although the standard deviation of the latter is
relatively larger. It is difficult to explain this
similarity. Two scanning electron micrographs indicating the
nature of the observed etch pits are shown in Fig.4-8. The
sample shown in Fig.4-Ba has been treated with the Dash etch
for 20 s while that in Fig.4-8b has been etched for more
than i min. The undamaged samples were free of etch pits.

These two micrographs show the importance of the
etching time. As the results indicate, Do. was found to be
in the order of 10°® cm— = in all the samples measured

increasing somewhat with increasing grit size used for

lapping.

4.7 ANALYSIS AND MODEL

As seen in the experimental data, under reverse
bias, even in the 1 pm damaged case the photocurrent is
only moderately affected (Fig.4-éb). By comparison, in TiO=
samples the photocurrent is reduced by two orders of
magnitude in the presence of even less surface damage (0.3

pm) 7. The insensitivity of the photocurrent to the length



of the defects suggests that there is a mechanism which
dominates over the simple recombination at these defects,
for if simple recombination were the dominant effect of the
dislocations then the saturation photocurrent would

decrease as well as the other solar cell parameters.

4.3.1 Recombination model

The inadegquacy of the standard recombination
mechanism for explaining the reverse bias data can be shown
for the special case of the 1 pm damaged case by a simple
analysis of the photocurrent in terms of Shockley—-Noyce-Sah
(ENS) theory®=. The inversion layer makes the analysis
simpler since the structure can be treated like a n'p
Junction in the bias range of interest. However, the exact
nature of the front contact is not important to see the
effect of recombination on the photocurrent at reverse bias.
The standard diode theory can be applied assuming the MIS
structure can be represented by a one-sided-junction (see
Appendix I) where recombination is described in terms of a
suitable minority carrier life time.

Instead of a uniform semiconductor the sample can be
considered to be composed of two different regions: ane,
containing the damage, extending a length .ﬁfrnm the
surface, characterised by a minority carrier life time, ta,
and the region beyond ﬂ, the bulk or the undisturbed
material with a different but higher life time t.o
(ta << to). One has to account for the recombination

in the damaged region beyond the space charge region {(SCR)
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when calculating the photocurrent since the width of the SCR
in the bias range of interest is less than the the depth of
damage when l = 1 pum. In addition to that, both thermal and
photo generation in the SCR also have to be taken into
accaunt (see Appendix I for details).

The resulting curves of the photocurrents of a 1 um
damaged and an undamaged sample are shown in Fig.4-%9 where
for simplicity a constant generation of electron-hole pairs
has been assumed. The minority carrier life time in the
damaged region (ta) was estimated by fitting the dark
current data with the SCR generation component as shown in
the Fig.4-9.

The results indicate clearly the photocurrent should
be very sensitive to damage if recombination is the dom:inant
effect in the samples. 0Of course, the curves can not be
directly compared with those obtained experimentally since
the calculations are based on constant photogeneration.
However, it is evident from the shape and the magnitude of
the calculated photocurrent that the defect states at the
dislocations should strongly reduce the photocurrent if the
carriers were only to be recombined at them. This is quite

contrary to the experimental observations in Fig.4-éa and b.
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4,.3.2 Dislocation Conductivity Model

It will be shown that conduction of captured
carriers along the dislocation levels provides a good
explanation of experimental results*®=, For mathematical
convenience, the dislocation loops are replaced with a
uniform distribution of dislocation lines running
perpendicular to the surface of 5i (Fig.4-10a). The
dislocations introduced to the sample will undoubtedly have
a certain distribution with respect to their lengths. As
discussed in section 3.1.1, experiments have shown that the
effect of dislocations (on IR reflectivity, chemical etch
rate, conductivity, x-ray line broadening and
photomagnetoelectrical voltage) disappears when material is
etched away to a distance [ where Z is the diameter of the
particles used to produce the dislocations. For lack of a
better value for dislocation length we have used th2 same
value l as the effective depth of penetration. Since
we are not expecting a rigorous agreement between the model
and experiments (see discussion in section 4.3.3.) this
approximation should be satisfactory. The surface
distribution of the dislocations is also assumed to be
uniform for the simplicity of calculations even though the
actual case is seen to be somewhat different from that
(Fig.4.Ba).

Fig.4-10b shows the band diagram of the cell with a
dislocation, with the plane of the paper parallel to the
dislocation, where for clarity, the insulator layer is not

shown. It is known that dislocations in p-type materials have
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donor levels in the band gap, which we will call the defect

levels. Hence, a dislocation can capture holes producing a
positive line charge, which is compensated by a negative
charge in a cylindrical space charge region around it. Fig.4~
10c is the cross sectional diagram at AB of Fig.4-10b, viewed
perpendicular to the surface.

The model of Fig.4-10 thus includes a single level
of localized states, due to the dislocations, denoted by
E+x, assumed to be near mid gap. Ev« and Euv.,a are the
valence band edges of the bulk semiconductor and the
dislocation, respectively. Ecw and Ers are the Fermi
levels of the metal and the semiconductor, respectively. E.
is the depth of the defect levels given by
E: = Ex — Ev,a. Vo is the output voltage of the cell
given by Vo = (Eem — Ees)/q. Electrons from the conduction
band and holes from the valence band can be captured at the
defect levels. As indicated both in Fig.4-10b and 4-10c
holes have to be activated over a barrier of magnitude
(Ev — Ev.,a) to be captured, while the electrons as the
minority carriers do not. Further, we assume that there is a
certain conductivity along the dislocation so carriers can
move along the potential gradient which is established by
the carrier movement itself. Using ODhm's law to describe

this, we obtain

Jalx) = -—-s5(dVa(x)/dx) (4-1)

where, Ja is the electron current (in amperes) alang the



78
defect levels and Vo is given by, Vu= (Ex = Eem)/q. Here

s, the specific conductance of the dislocation which is
assumed to be constant over the length of the line defect,
has units of cm ohm™*. The bending of the levels on the
dislocation as a function of x as sketched in Fig.4-10b is
described by equation (4-1). In sketching Fig.4-10b we
assume the density of trap levels at the dislocation is
high enough that carrier exchange with the metal makes the
trapping level at the surface isoenergetic with the metal
Fermi energy ( "pins" the Fermi level) as shown. The
double layer formed by this carrier exchange, a few tenths
of angsrtoms thick, is not shown in Fig.4-10b.

The equation of continuity of carriers vields

another relation, namely

dJai{x)/dx = “qQknpPa (4-2)

The gradient of the current along dislocation is equal to
the net rate of carrier capture on the defect levels. In
Eq. {(4-2) we indicate only the majority carrier (hole)
capture and neglect the capture of electrons along the
dislocation. This is partially justified by the fact that
the photoproduction of electrons in the damaged region of
the sample, which has a maximum dimension of about | Hm, is
negligible in comparison with photoproduction over a
distance of a minaority carrier diffusion length (L ~ 100

pm). For simplicity of the analysis we make the



approximation that all electron capture occurs at the tip

of the dislocation, and any electrons not captured at the
tip will reach the metal in the defect free area between
dislocations. With this approximation there will be a
quantitative error in the results, but qualitatively the J-V
curves will not be significantly altered. In Eq. (4-2), ke

is a rate constant given by

ke = € 0pPu (4-3)

where c is the thermal velocity of the holes, aPis the
capture cross section of the traps for holes, and p. is
the density (per unit length) of the traps occupied by
electrons (or unoccupied by holes). pa in Eq. (4-2) is the
density of holes in the valence band at the dislocation,

given by

Pa = poexp(—-qV/kT) (4-4)

where p. 1is the density of holes in the bulk silicon and V

is given by inspection of Fig.4-10b.

V = ( Eu — Ev.a)/q (4-5)

Also by inspection (Fig.4-10b), we obtain a relation between

vV and Vg

Ei =gtV + Vo + Va ) + 3] (4-6)
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where p is Ers - Eu,

The differential equations (4-1) and (4-2)
describe the model and we have two boundary conditions.
First, as mentioned above we assume that there is a high
enough density of states in the defect levels that the
Fermi level of the metal is pinned to the dislocation level
at the surface, i.e., at x = 0. Hence, the first boundary

condition is that (Fig.4-10b)
at x = 0 ;3 Vailx) =0 (4-7)

Next, the simplifying assumption that all electron capture
takes place at the tip of the line defect, provides the
second boundary condition. Since the photocurrent is

the same for the damaged and the undamaged cells the

magni tude of the electron (minority carrier) current
density at x = —Aﬁ is the same as the photocurrent density
{(Jon) of the undamaged cells. If the dislocation space

charge region (DSCR) has a radius of r, then we have
Jalx==f) = TIr=2Jdon (= I., say ) (4-8)

as the second boundary condition. In our calculaticns, r is
assumed to be 0.15 pm=7. Using the boundary conditions given
by (4-7) and (4-8), the differential equations (4-1) and

(4~2) are solved for Ja(x). Assuming that the electrons can
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0
communicate with the metal readily through the 20 A thick

insulating layer we can calculate the contribution to the
photocurrent from one dislocation (Jai) by evaluating
Ja(x = 0) as follows.

Substituting for Ja(x) in (4-2) by (4-1) and

eliminating V using (4-6) yields

d=Va(x) /dx= =2fKexp (g Valx)) (4~-9)
where K = (gkepe/2 g s)exp(~-(E. — p)/kT)exp( Vo) and [ = q/kT.
By multiplying (4-9) with (1/2) (dVa/dx) and integrating, we
obtain

(dVa/dx)= = Kexp(fg Va) + c (4-10)

where C is an integration constant.

Egqns. (4-1) and (4-10) vyield

J=a(x) = szKexp(lBVd(x)) + s=C (4-11).

We had the boundary conditions (4-7) and (4-8). Writing Ja(x)

at x = 0 as Ju1, we obtain
Jar =X's ( Bexp(BVo) + C )72 (4-12)
where B = (qkppb/2ﬁis)exp(—(E1— p)/kT). C can be evaluated

using the second boundary condition, Egn. (4-8). First, we

should evaluate Vg(x = —,f), which can be obtained from



solving (4-10). Rearranging Egn. (4-10) and integrating, we

have

[l
I+
~
+
g

(4-13)

./~ dVd
vKexp ( svd) + C

where D is another integration constant. The LHS of (4-13)
depends on the sign of C. Egqn. (4-12) which can be

rearranged as
C = (J%a1 - s=K)/s%,

clearly shows that C can be either negative or positive

depending on whether J<%4, 1is less or greater than s=k.

Case I.
If C > 0, integral of the LHS of Eq. (4-13) vyields
1 /Kexp(BVd) ¥ Cc - /C
— 1n = +X + D (4-14)
8YC /Rexp(8V,) + C - /C

Using the first boundary condition (4-7), we evaluate D and

the second boundary condition (4-8) then yields

2 2
Ipz - <2 (VK + C + /C)° + Kexp (£8/C/ ﬂ (4-15)
(VYK + C + /-é)2 - Kexp(+8/C/ j
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which can be used to evaluate C, numerically.

Case II.

I+ C £ 0, the integral of the LHS of Egqn. (4-13)

vields, with C = abs{(C),

2 tan_l‘/KexP(Bvd) - C - ix + D (4-16)
C

B/£

Using (4~7) and (4-8) as before, we cbtain
J=, = s3C tan= (8 F pC L/2) (4-17)

where B8 = tan—*((K - C)/C)*7=. Egqn. (4-17) also can be solved
numerically, for C which in turn can be used in Eqn. (4-12) to
calculate Juir. When C = O we get the limiting value of both
cases.

With the above equations one can calculate the
values of C and insert it in Egqn. (4-12) to obtain Ja:., the
current reaching the surface through the dislocation, as a
function of voltage Vo.

The total current of the cell can be thought of as
being comprised of two components, the current along
dislocations, and the current supported by the undisturbed

regions of the sample. The latter componernt can be
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described, by the ideal single crystal solar cell J-V

characteristics that can be expressed in terms of the
photocurrent density Jo~ and the reverse saturation dark
current density Joas. Then the current density J. of an

undamaged cell is

Jo = Jern = Joalexp(qVa/kT) (4-18)

Then the total current density, J can be expressed as the
sum of the current through dislocations and current

associated with the undisturbed region.

J = Ja1Daa + ade (4-19)

where a is a geometrical factor which represent the
effective area for the current in the undisturbed region of

the cell and Do is the density of dislocations.

4.3.3 Results and discussion

Several simplifying assumptions wers made in order
that the model be analyzable relativley easily, namely,
a) actual dislocation loops can be approximated by a uniform
distribution of line defects whose lengths are comparable to
the size of the particles used for lapping the samples, b)
the dislocation states in the band gap can be represented by
a single level, c) the Fermi energy of the metal is pinned to
that of the dislocation states at the surface, d) the capture

of the electrons (minority carriers) predominanatly occurs at
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the tip of the line defect, and e) the insulating layer is

thin enough so that it does not pose any hindrance to the
carrier transport across it. Considering these assumptions
one expects the model to yield qualitative aggreement with
the experiments at best.

Figs. 4-11 to 4-14 show the numerical solutions of
Eqns. (4-15,17,12,18 and 19). The variation of Ja: with the
length of dislocation ([) is shown in Figs. 4—~1la and b
where the parameter (E. — p ) is assumed to be 0.3 and 0.3
a2V, respectively. The other parameters used in the
calculations are given in Table 4-3. Figs.4—-12a and b show
the eftfect of the specific conductance on the J-V
characteristics for a fixed length of dislocations, namely,
= 1 pm.

The total J-V characteristics of the MIS cells for
the cases shown in Figs. 4-11 and 12 are indicated in Figs.
4-13 and 4-14, respectively. The Eqgqn. (4-19) was used to add
the contribution of defects and the contribution of defect
free regions. Figs.4-15a and b show the cell parameters
aobtained from the calculations for various lengths of
dislocations when (E: - p) = 0.3 eV and
s =1 x 10°*> cm ohm™*., The experimental data given
in the Table 4-1I] are also plotted for comparison.

Figs. 4-16a and b show the calculated variation of
the cell parameters with Da: for the case of when [ = 1 pm.
The J-V characteristics obtained from the model by
varying the length of the dislocations show the strong

effect of the surface damage on Voo and FF (Figs. 4-11a and
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b). Furthermore, it is evident from Figs. 4-11a,b and

4—-1Za,b that the saturation photocurrent (at reverse bias) is
actually independent of the length although it is not
completely shown in the figures the case Df‘£= 1 pm is the same.
The fact that the reverse saturation photocurrent
of the cells damaged using various grit sizes does not
depend on the grit size (the depth of the damage) is a very
important observation from the experiments. If recombination
were the important role of the dislocstions in degrading the
diode, the saturation photocurrent would be affected as
much as the open circuit voltage. As demonstrated in the
mathematical model of the photodiode for this special case
of a thin layer of surface damage, if conductance and
shunting is the important role of dislocations, the
saturation photocurrent is unaffected while Voc is strongly
affected. Because the latter agrees with experimental
observations, we believe that tﬁis constitutes a piece of
compelling evidence in favor of conduction along
dislocations.

In the case of conducting dislocations the model shows
why the recombination of minpority carriers captured by the
dislocations should increase with the length of the line
defects l » under forward bias and be negligible under
reverse bias. This bebavior is exactly what we observe
experimentally and arises due to the fact that once the
minority carriers (electrons) are captured at the
dislocations, their maovement along the defects under reverse

bias permits them to reach the surface. However, the
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majority carrier capture on the dislocations is exponentially

dependent on voltage, and with a forward biassed diode, will
recombine before they reach the surface. This will lead to a
low Yac and FF. If the distance E that the minority
elactrons have to traverse hefore reaching the surface is
long, then, their likelibood of being recombined increases,
and Voc and FF worsens.

The effect of the parameter (E:. - ) is readily
seen in Figs. 4-11 to 4-14: E, is the depth of the
defect levels (or dislocation states) and p is the
di fference between the Fermi level and the top of the
valence band of p-type silicon. A sensitive variation of
the current along the line defects with E; should be
expected since according to the model the hole capture at
the defect level varies as exp(—-(E, - p)) at a given bias
(see equations (4-2, 4-4 and 4-6)). Hence lowering (E, - p)
should increase recombination of electrons at the
dislocations giving rise to a lower Ja: at a given bias.
This behaviar is, in fact, discerned by examining
Figs. 4—1la and 4-11b. Comparing the experimental results
(Fig. 4-6a) with the theoretical curves (Figs.4-13a and b
showing the calculated total J-V characteristics) one
observes that (E, — p ) = 0.F eV is more favorable for an
agreement between the model and data than 0.5 &V. The
acceptor density of the samples being 3 % 10'=® cm ¥, the
value of p, calculated by p = (kT/g)1n{Nu/Na) is 0.2 eV
where N, is the effective density of states in the valence

band of Si. Conseguently, the depth of the dislocation
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levels, Ei1 is found to be 0.5 eV. This value of E.

compares very well with the value reported by Mantovani and
Fennino™” who studied the reverse bias dark current of
Schottky diodes prepared on dislocated p-Si. They report
that the dislocations introduced by bending the samples
have most effective energy level for the
generation/recombination process at 0.52 eV above the top of
the valence band.

The effect of the specific conductance, s
on the cell characteristics is also relatively strong as
clearly indicated by the various curves in Figs. 4-12a, b
and Figs. 4—-14a, b. As it has been assumed in the model, the
minority carriers can still reach the barrier even when they
are captured at the dislocations and the magnitude of the
current should depend on the conductivity of the line
defects. Figs. 4—-12a and b reflect this behavior. Comparing
the experimental J-V curve for 1 um damage (curve e in Fig.
4-4) with those in Figs. 4-14a or b one can infer that a
value of the order of 10°'S cm ohm™* for s wnuld give the
closest agreement between calculations and observations. As
mentioned earlier in section 2.2, the only value of s
available in the literature is 107*® cm ohm™* at 4.2 K
which was estimated by Labusch®®. The value of s at the
room temperature estimated by fitting the model to the J-V
data is lower than that at low temperature.

The calculated variation of the cell parameters
(ch,T], Voo and FF) agrees quite well with that

observed experimentally as indicated by Figs. 4-15a and b
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when s = 1 x 107*= cm ohm™* and (E, -~ P) = 0.3 eV.

The only deviation seen in these results is when

£== 1 pm where V.. and FF are significantly larger than the
#vperimental values. The fact that the results for the
largest ‘[ are affected in forward bias suggests that the
simplifying assumption used in calculations where the
electron capture along the line defect was ignored except at
its end (x = —,Z), could be responsible for this. Apart from
this minor deviation the simple model adequately describe
the effect of dislocations.

The shunt current as expressed by Eqn. (4-12)

indicates an exponential dependence with the bias,
contrary to the generally believed linear dependence. It is
of interest that the effective quality factor of photodiodes
dominated by conduction along dislocations will be greater
than two, according to Eq.4-12.

Calculated dependence of the cell parameters with
the density of dislocations, Da: shows that, as expected,
they degrade with increasing Dai. However, it is most
interesting to note that there is no significant
deterioration when Da. < 109 - 10 cm~2. This behavior
closely agrees with what is observed in practice by other
authors=v- 104,

A solar cell is usually represented by an equivalent
circuit involving a diode in parallel with a resistance
(shunt resistance, Rsw) and in series with another resistance
(Rs). A current source parallel to the diode is used to

indicate the photogenerated current under illumination. The
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Res and the Rs are generally estimated by inverse slopes of

the current-voltage characteristics of the cell as Rsiy =
(dI/dV)Y~* at V >» O and Rs = (dI/dV)~* at V << O. One must
have the Rs = 0 and Rsn - oo for an ideal solar cell. Either
a large Rs or a lower Rsn degrades the fill factor yeilding a
poor cell. The Res alone does not affect the open circuit
voltage (Voc) although it will affect the short circuit
current (Jse) while the Rsw alone does not influence Jsc
although it will influence the Voc. It seems at a glance that
a combination of both Rs and Rsw may produce the degradation
observed in the J-V data. However, when the effect of Res and
Rsw on J~V characteristics (as calculated by several
authors®=) is examined it shows that unrealistically low
shunt resistance (of several ohms instead of several hundred
killo ohms indicated by the slope of the reverse biased
characteristics measured) and a very high series resistance
(of several hundred ohms as opposed to just several ohms
indicated by the slope of the forward biased characteristics
measured) are needed together to bring about the changes in
Voe and Jse concurrently as in the experiments. Thus, the
data can not be explained in terms of such an equivalent
circuit with any physical significance. 0On the other hand,
the dislocation conductivity model explains the variation of
the J-V data at a more fundamental level where one can

directly relate the parameters involved to the structure.

4.4 Conclusions

The J-V characteristics of the MIS cells
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fabricated on p—-type Si containing dislocations of various

lengths, showed that all of the cell parameters were
progressively degraded with increasing penetration of these
line defects into the sample. However, the reverse
saturation photocurrents were observed to be independent of
the depth of the damage. This combination suggests the
degradation is due to conduction of captured carriers along
the dislocation levels in the band gap. A simple model
presented, assuming a certain conductivity along the
dislocations, is used to explain the experimental data.

The J-V characteristics calculated using the model seem to
be very sensitive to the specific conductance, s of the
dislocations. An estimate of the value of s was made by
fitting the theoretically calculated curves with the
experimental curves. For the type of dislocations studied,
s could be estimated to be about 107*F cm ohm~*. To our
knowledge, this is the first time that such a conductivity
has been observed in a solid state semiconductor device at
roam temperaturet<s, It is of interest to note that the
model predicts that with dislocation densities less than
about 10 cm~= or so, there is no significant degradation
due to dislocations, which agrees quite well with the

observations made by others.
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Fig.4-2a The J - V characteristics of a batch of samples where the
planar etch has been used.
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TABLE 4-1
Oxidataion AVoc /Voc Aq/q Oxide

time thickness
(o]
(min) +/—- 3 A

0 0.36 0.35 12

S 0.42 0.63 18

I0 0.32 0.27 24

180 0.30 0.81 24
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Fig.4-3 J-V characteristics of an MIS cell. Both the dark and the
illuminated cases are shown. Accounting for the reflection
losses, this cell corresponds to an efficiency of 7.7% (AM2).
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Fig.4-4a The short circuit current density versus the illumination
intensity of an MIS cell (P124). This shows, as usual, that
the Jsc is proportional to the light intensity.
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Fig.4-5 A plot of l/C2 versus V (Mott-Schottky plot) of an MIS sample
(PS6). The doping density is calculated from the slope. The flat
band potential is given by the intercept.
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Fig.4-6a Illuminated J - V characteristics of cells damaged with

various particle sizes (or lengths of dislocation loops).
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Table 4-2 Parameters of undamaged and damaged solar cells.

'e Voc Jsc: FF ; 77 Dd1
-2 0. 8 '2
(l“") (mV) (mA cm %) % (10" cm )
0 52714 11.4%1.3 0.70%0.05 4.1%0.5 0
0.05 316*78 11.7*1.6 0.52%0.10 1.2%0.2 4,4%2.0
0.1 295*%19 11.1%1.3 0.54%0.02 1.7%0.3 10,0%8.0
0.3 242166 9.2%2.0 0.41%0.60 0.9%0.3 4,5%2.7

1 79719 4,3%*1.0 0.26%0.03 0.14%0.14 23.0%2.1
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Fig.4-6b The net photocurrent density (saturation photocurrent),Jph
of MIS cells of various damage sizes versus reverse bias
plotted on a blown up scale. Jph is obtained by subtracting

the reverse dark current from the current under illumination. 5
Note that the origin of the Jph axis is not zero but 10 mA cm °.
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Fig.4-7 The dark (dotted lines) and illuminated (solid lines) J - V
curves of 1 pym damaged MIS cell (P115D) prepared after
successively etching the surface for 20 s in 10% HF,

(a) The original 1 pm damaged sample (b) After the first 20 s
etch {(c) After the second etch (d) After the third etch.
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Fig.4-8a Scanning electron micrograph of a sample damaged with 0.3 pm that
has been treated with the Dash etch for 20 s. This shows the
various sizes of etch pits and all were counted.
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Fig.4-8b Scanning electron micrograph of a sample etched for 1 minute
showing only the large pits. All small pits have been removed.
This was not used for determining Ddl but the density of pits

is reduced by about a factor of 5. Hence the etching time is
important,.
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Fig.4-9 Calculated J-V curves using recombination theory at reverse bias
(see Appendix I).
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(c) Dark current of a 1 pm damaged cell according to the SNS

theory82
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The reverse dark current is fitted to obtain an effective life

time ('Td) for the damaged region.
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Fig.4-10a The MIS structure with mechanical damage. Dislocation loops
are replaced by lines perpendicular to Si surface (not to

scale).
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Fig.4-10b The band diagram of the cell with dislocation in the plane of
paper. The insulator layer is not shown. The dislocations are
indicated as extending a distance Z from the surface where &
is much greater than the space charge region width. A double

layer (not shown) makes the traps in the dislocation isoenergetic
with EFM'
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'Fig.4-10c Cross-sectional diagram at AB of Fig.4-10b viewed
perpendicular to the surface of the cell.
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Fig.4—lla Calculated variation of the current along a dislocation (J

V (Volt)

)
dl
with its length( /) when the specific conductance,

s = 10_15 cm ohm—1 and E, - p =0.3ev.
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Fig.4-11b Calculated variation of the current along a dislocation (J
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Table 4-3 Parameters used in calculations.

Symbol Numerical value
P 3 x 108° em®
b
B a0 v7!

c 107 cm s_l

10-15 cm2
P

P, 3 x 107 cn?
) 0.05 to 1 pm
Da1 10° cm”?

E1 - P 0.3 eV
o 0.3
J 11.4 mA em” 2
ph
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Fig.4-12a Effect of specific conductance, s on J-V characteristics of a

dislocation (length =

(a) 10-14 cm ohm-1

() 5 x 10712
(c) 1071° cm ohm™!
d) s x 10716

cm ohm

1

cm ohm_1

Z=1 Pm) for the case of E1 -p = 0.3 eV.
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Fig.4-12b Effect of specific conductance, s on J-V characteristics of a
dislocation (length = =1 Pm) for the case of E1 - p = 0.5 eV.
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Fig.4-13a Variation of the total J-V characteristics of MIS cell with
dislocations of length / when E, - P =0.3eV.
(a) O pm
(b) 0.05 pm
(c) 0.1 pm
(d) 0.3 pm
(e) 1 Pm



118

J A0 2 A em D

© P o o P

i ! i

.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 8.0
v 107! volv)

Fig.4-13b Variation of the total J-V characteristics of MIS cell with
dislocations of length /Z when E, - p=0.5eV.

(a) 0 pm
(b) 0.05 pm
(c) 0.1 pm
(d) 0.3 pm
(e) 1 pm
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Fig.4—14a Variation of the total J-V characteristics of MIS cell with
specific conductance, s of dislocations with a fixed length
of 1 pm when E. - p = 0.3 eV.
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Variation of the total J-V characteristics of MIS cell with
specific conductance, s of dislocations with a fixed length
of 1 ym when E, - p= 0.5 eV.
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Fig.4-15a The variation of the short circuit current,J_. and the

efficiency, 77with the length, { of dislocations. Calculated
variation is shown in dashed lines.
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CHAFTER WV

FURTHER STUDIES OF DISLOCATIONS

9.1 Photoelectrochemical data

To further verify the results obtained in MIS
measurements, one half of several batches of damaged samples
prepared similar to those measured earlier were sent to
Dr. W.P. Gomes in University of Gent in Belgium for
photoelectrochemical (FEC) measurements. The other hal% of
the samples were retained, and were measured in the MIS
configuration. To avoid a discrepancy of results due to any
time dependence of the properties of the dislocations
introduced by lapping, both type of measurements were
carried out at the same period of time after their initial
preparation (lapping).

The PEC procedure is much simpler, experimentally.
An ohmic contact is made at the back side of the silicon
sample (damaged or undamaged) with BGa-In eutectic, and the
surface is masked with an epoxy so that when the sample is
immersed in the electrolyte only the front surface is
exposed to the solution. The electrolyte used was
NHAF with or without a KaFe(CN)./KsFe(CN) .
redox couple in water as discussed below. The current-voltage
characteristics were measured using a He-Ne laser as the
source of light. Their measuring system allowed them to
obtain a scanning laser spot (SLS) map of the sample, which
is essentially a 2 dimensional distribution of the net

photocurrent with position of the sample surface.



126
A smail variation of the sample preparation was

introduced for another experiment where, after initial sample
lapping (with 0.3 pm powder) half of the surface was masked
with black wax which is resistant to acid etch. The masked
sample was etched in planar etch for 1 min which removed
about 5 pm of the top damaged layer of the exposed region of
the sample while keeping the other half intact. After the
etch the wax was dissolved away and the sample was

degreased, cleaned and was sent to University of BGent for
laser scanning measurements.

Fig.5—-1 represents a resulting laser scanning map
showing a case where (a) a slight cathodic potential was
applied to the sample compared to a case where (b) a high
cathodic (reverse) potential was appled. These measurements
were made on a single sample, the left half of which was
polished with alumina grit of 0.3 pm. The net
photocurrent vs. position over the scanned area of the
sample show dramatically the effect, obtained in previous
MIS measurements, that under a high cathodic potential
(at reverse bias) the saturating photocurrent is
independent of the presence of the surface dislocation loops.
When a slight cathodic potential is present the |
presence of dislocations leads to much lower photocurrent.

In Figs.3-2 and 5-3 we shaow net photocurrent vs.
applied potential curves for the PEC and the MIS solar cells
on undamaged and damaged samples obtained by subtracting the
dark J=-V characteristics from thosg under illumination. In

Fig.3-2 we show the results where the damage is produced by
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0.05 pm and O.1 pm grit sizes of alumina. In Fig.5-3 we show

the results where the damage is produced by 0.3 pm and 1 pm
diameter alumina grit. On both graphs are shown results for
the damage—free silicon case. The voltage axis for PEC data
must be normalized because with PEC solar cells the voltage
is measured relative to a particular reference electrode
which for our purpose is at an arbitrary potential. Thus
there is no relationship between V = 0 on MIS solar cell and
V = 0 (vs. SSE) with the PEC solar cell. To normalize the
curves we simply have adjusted V = 0 position so that for
the undamaged cells the decrease in photocurrent curves
start at the same place on the graphs for the two cases.
The current axis is adjusted experimentally by controlling
the light intensity for the two types of measurements so
that the saturation photocurrent in both cases is in the
order of 10 mA/cm=,

It is seen that the the effect of the damage on
both the MIS and the PEC J-V characteristics is
qualitatively the same i.e, the forward characteristics are
degraded lowering the open circuit voltage, the fill factor
and often the short circuit current. However, the reverse
saturation photocurrent seems to be independent of the size
of the particles used for polishing. The case of PEC solar
cells is similar to that of MIS cells but there are slight
differences. A slight but systematic lowering of the
photocurrent with increasing damage size is observed in the
PEC solar cells. However the lowering is small. The fact

that the lowering of the saturation photocurrent of the Si
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PEC cells is small is readily appreciated when one recalls

that in TiO=z PEC cells the photocurrent is reduced by two
orders of magnitude in the presence of even less damage (0.3
pm) 7.

In Fig.5-4 is shown a comparison of the MIS and
the PEC illuminated characteristics with in each case no
oxide present at the surface of the sample. "No oxide" means
that the sample was rinsed in HF just prior to the actual
measurement of J-V characteristics. This has been shown'<”
to leave an oxide of 10-15 & thickness on the sample. In the
case of the MIS solar cell the aluminum metal electrode is
deposited over this area and hence the oxide is not expected
to grow substantially more. In the case of the PEC sample
after the HF rinse the sample is immersed in an aqueous
solution containing potassium ferrocyanide which is a good
stabilising agent for the silicon®®® and will maintain the
oxide with no further growth as long és high hole currents
to the surface are not allowed. It is observed in this
comparison where the oxide is not carefully prepared that
the FEC solar cells show a substantially better
characteristic than the MIS solar cells. However, with an
oxide, as is the case in Fig.3-2 and 5-3, the MIS solar
cells show characteristics of equal quality to those of PEC
solar cells*””.

It is observed in the PEC characteristics in the
dark that the presence of ferricyanide ions in solution has
a significant effect on the dark J-V characteristics of the

dionde. This was observed with Fe*(EDTA) by Sears=>% but was



not analyzed. Fig.5-5 shows the results of the injection
curves associated with ferricyanide as a function of the
length of the dislocation. It also shaows a curve measured
with the deepest dislocation loops (those produced by 1 um
Al =0=) showing that there is negligible excess current
without the Fe(CN)~*, ion present. This latter curve is to
indicate that the reverse current does not arise from bulk
electron—hole generation process (which would be independent
of the presence of the Fe(CN) =, ion) but must result from
the injection of carriers into silicon from the
ferricyanide. It is observed that the deeper the dislocation
the higher the reverse dark current. Further, the shape nof
the excess current as a function of voltage depends on the

length of the dislocation.

5.1.1 Discussion

In Figs.5-2 and 5-3 above, where the results with
MIS and FEC solar cells are compared, it is shown that
indeed the photocurrent does saturate essentially to the
same value in the reverse direction {(or at cathodic
potential) independent of the presence of a laver o+
dislocations at the surface. Bualitatively this shows
clearly the need for conductance through the dislocations,
because if the dislocations were non—canducting and simply
recombination centers, most of the minority carriers
reaching the dislocatiorns would be lost regardless of the

applied bias. We note that the depth of the dislocations (1



pm) is larger than the cdepth of the surface space charge
region, expected to be a few hundred nm, so in this case
especially the dislocations penetrate into the bulk where
they can act as recombination centers. The photocurrant
under forward bias, associated with majority carriers
captured at the dislocations to recombine with the minority
carriers, is dependent on the length of the dislocations as
expected, as observed experimentally for both the MIS and
the PEC solar cells.

The PEC results showing dark injection current from
ferricyanide suggest strongly, again, that the dislocations
must be conductive. First, it is clear that the excess
current is associated both with the Fe(CN) ">, ion and the
dislocation. I+ the holes could not move through the
dislocation the dislocation would then be acting as a
surface state, presumably, injecting the holes into the
valence band. This is considered unlikely for two reasons:
First, such a surface process would not depend on the l=ngth
of the dislocation, and second, the distribution of energy
levels of the ferricyanide is such that it would be more iikely
to inject holes directly into the valence band than via the
dislacation**-=2, If we assume that the concentration of the
dislaocation at the surface is independent of the particle
size used for lapping and the only major difference in the
samples is the length of dislocation ( as indicated by
results in section 4.2) the result strongly suggests that

the holes do move along the dislocation.



5.1.2 Conclusions

The PEC measurements, of parallel MIS samples with
surface damage, showed several useful results. First, it
showed further indication of conductivity on dislocations,
as indicated by the excess current associated with injection
of holes by ferricyanide. The current due to such injection
increased rapidly with the length of dislocation. The
observation that the reverse saturation photocurrent is
independent of the length of dislocations in both types of
solar cells lend further support to conducting
dislocationsg'~~.

Second, it showed that although good FEC and goodr
MIS solar cells show similar respunse to damage, the FEC
cell is much less sensitive to an inferior oxide layer, in
particular to silicon with no surface oxide. This
characteristics of PEC cell has been suggested before, but
to our knowledge it has not been experimentally demonstrated
by a direct comparison for the two types of cells.

To distinguish between recombination at
dislocations and shunting at dislocations would have been
very difficult were it not for the unique configuration in
the surface dislocation loops and were it not for the unique
characteristics of hole injection by ferricvanide ions in

solution.
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5.2 Hydrogen Passivation of Dislocations

There have been many earlier studies of hydrogen
passivation, particularly passivation of grain
boundaries*©®=-119-114, However, some recent studies using
deep level transient spectroscopy (DLTS) have shown that
dislocations introduced into n-type silicon by plastic
deformation can be effectively passivated by hydrogen as
wellt*t=-.11e, In general, it has been concluded in solar cell
passivation studies that the major part of the improvement
is in the open circuit voltage and in the short circuit
current, although the results are somewhat irreproducible
from paper to papertt=-11=,

It was anticipated that with the mathematical
model for the effect of the dislocation loops one should be
able to determine more accurately what parameters are being
improved during the hydrogen passivation treatments. Also,
it was anticipated that using PEC cells with hole injection
by ferricyanide!®?, the interpretation should be simplified.
We hoped to obtain a fairly clear-cut indication of whether
the changes in resistivity of the dislocations or the
density of recombination centers at the dislocations
dominated the improvement associated with passivation.
However, it will become clear later that the results are

more complex than anticipated.



S5.2.1 Model

Fresumably, the major effect of hydrogen treatment
on dangling bonds is formation of a covalent bond between
the hydrogen atom introduced into the crystal and the
dangling bond in the silicon ***. This, in principle, should
remove dangling bond energy levels from the band gap, as is
found to occur with dangling bond interface states between
the silicon and the silicon dioxide. The removal of such
dangling bond levels from the dislocations should have two
effects: first, lowering the conductivity along the
dislocations, second, lowering the density of recombination
centers at the dislocations.

A "high" conductivity along the dislocation has two
effects according to the conductivity model *°®: one under
reverse bias, the other under forward bias. Under reverse
bias the dislocations will tend to conduct minority carriers
to the surface. This will increase the saturation
photocurrent because minority carriers captured at the
dislocations will find their way to the surface and be
counted as current. With a low conductivity dislocation, on
the other hand, the minority carriers trapped at the
dislocations can only recombine. Thus, passivating the
dislocation (and lowering its conductivity) should have the
effect of lowering the reverse bias saturation current and
probably of lowering J=-, the short circuit current. Under
forward bias on the other hand, the conducting dislocations

will allow excess majority carrier current to flow to the
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surface along the dislocations. The inodel shows that at a

given forward bias voltage, the forward current is greater
in the case of a damaged sample (i.e., with dislocations
present in the sample) than in an undamaged one. Thus, the
passivation of the dangling bonds by hydrogen atoms
(lowering its conductivity) should cause an increase in Vae,
the open circuit voltage.

In Fig.5-6 we show the results of a numerical
analysis of the model in chapter 4, where we analyzed with
a simple model the effect of passivating the dislocations.
In curve A we show the photocurrent-voltage curve for a set
of "typical" parameters (as found by fitting curves in
chapter 4) for conductivity s, and the linear density of
recombination centers p., in damaged sample. In
curve B we show the effect of decreasing the conductivity as
would be expected by passivation (while leaving pu
constant). As shown, simply decreasing the assumed
conductivity leads to the qualitative behavior as described
in the preceding paragraph, lowering Ja= but improving Vac-.

The influence of the passivation on recombination
may, in the simplest model, be to decrease the density of
recombination centers along the dislaocation. This decrease
should cause an improvement in both the short circuit
current (by lowering the recombination of minority carriers)
and the open circuit voltage (by lowering the forward current).
In Fig.S~4 comparing curves B and C we abserve the behavior,
as calculated with the gquantitative model, when simply

assuming a lower density of recombination centers in the



maodel .

Thus, by this model the passivation has two
effects: comparing curve A to curve B, accounting only for
a conductivity decrease due to passivation it is seen the
characteristics are somewhat degraded. However, as in curve
C, adding in the expected improvement in recombination, the
short circuit current characteristics are restored to closer
to the original (damaged) values, and the open circuit voltage
characteristics are substantially improved. In fact,
experimentally we have not observed an overall decrease in
the short circuit current as predicted by the model (compare
curves A, before passivation, with C, after passivation).
Thus, the model with the parameters used overemphasizes the
degrading effect of the conduction along dislocations.
However, as it will be shown, a substantial lowering of both
conduction and recombination center density is not properly
reflected in the solar cell parameters, and the model helps
to explain why the improvements are not observed upon
passivation to the extent that it could have been expected.

Since it was anticipated that FEC measurements with
hole injection would also be of assistance in interpreting
results, passivated and unpassivated samples identical to
those used for MIS measurements were again sent to
University of Belgium where electrochemical measurements
were carried out for comparison. The damaged samples were
passivated as described in section 3.4. In cases where MIS
and FEC characteristics were to be compared, the samples

were taken from neighboring areas of a silicon wafer, and



the samples were passivated together.

S5.2.2 Results and Discussion

Fassivation of the dislocations should, of course,
not only affect the photocurrents but also affect the dark
currents. The dark current in the reverse direction,
dominated by the Sah—-Noyce-Shockley type minority carrier
generation®=-*'7 at the dislocation, should be lowered by
passivating the dangling bon