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The semiconductor devices nave generated a tremen-
dous =mount of interest among physicisis and technologists,
meinly because of their miniesturized sige and low power,
The progress towards understanding the basic properties
of go0lid materials has stimulated a parallel progress in
the development and use of these solid state electroniec
devices. ~These devices, however, were found to be very
seasitive to surfece effects. This led to the investiga-

tions oi the semiconductor surfaces.

An important class of semiconductor devices consists
of metal-oxide~seuwiconductor ( il0S ) devices, The main
causes oI instability in 0SS devices have been found to be
mobile alkali ions in the oxide layer and the interface
states present at the silicon-silicon dioxide ( 31_3102)
interiace. lioreover, the characteristics of these devices
are f ound 10 change on irradiation. This makes them use-
less for space applications. It has, therefore, been con-
sidered worthwhile to investigate these phenomena; and
such an experimental study forlls 2 part of the present work.
The other part of the work is a theoretical study ou MOS
solar cells. Solar cells are the devices which convert solar
energy directly to elecirical energy, The need t0 narbess

solar energy has accelerated the researches on solar cells.,
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Phe conventional p-n junction solar cells have not vecome

very common due to their high fabrication costs. Tne L0S
solar cells, commonly kmown as Schotiky barrier solar cells

( &80 ), are iound 0 give good eificlencies and are easier
and cheaper to fabricate, In the present work on 5.0, influ~
ences of various factors on the conversion efiiciency of these
cells have been studied theoretically in an attempt to find

conditions for the maximum efficiency.

The first chapter of the thesis deals with the surface
states, which are the most important factor in the study of
surface properties of semiconductors, The origin and theory
of surface states and the theory behind sowe important experi-
mental methods used for their determination, have been explained
briefly. +The second chapler presents a detailed analysis of
the 31-3102 system, considering the effect of surface states,
The capacitance of 0SS devices under apglied bias conditions
and the charges in the space charge region for low and high
ac signal frequencies, have been explained in detail. In
addition, a survey of the earlier work done on interface
state density, oxide charge and radiation effects, has also

been mzQe€.

It is known that the oxidation of silicon in the pre-

sence of chlorine improves the properties of Si-SiO2 interface.
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In the present study, trichloroethylene (LCE) was used as

2 chlorine source and the effects of its concentration, during
oxidation, on the oxide charge density, interface slates,

and sodium ion neutralizmtion, have been studied. ‘rhese
results are given in the third chapter, It is observed that
the interface state density reduced for 0.3 to 0.4 per cent
TCE concentration. 4lso, the sodium ions are found to be

completely neutralized for 0.9 per cent ICE concentration.,

The results of the radiation ( x-rays ) effect on the
}50S devices are presented in the Iourth chapter, “©The formation
of radiation induced charge is found to be stronzgly dependant
on the growth condition of 5102 layer, the gate metal and
the exposure time for and the gate bias applied during the

irradiation.,

The last two chapters of the thesis are devoted to a
theoretical study of KOS solar ¢cells or Schottky barrier
solar cells ( SBSC ). In the fifth chapter p-n junction
solar cells have been compared with these cells and the theory
of SBSC has been given, alongwith a brief review of the earlier
work done on them. The resulls of the present calculations
done to study the eifects of Various factors, namely, oxide
layer thickness, interface state dengity, metal work function

and donor densl ty, on the conversion efficiency of this



device, have been presented in the sixth chapter. Lhe
transmission coefficient IZor the tunneling of electrons
across t he interfacial layer, which has a strong dependence
on the thickness of the interfacial layer, nas properly

been taken into account. This transmission coeificient had
been taken to oe unity in the earlier works of other authors,
which was not realistic, The present results show that the
oxide layer thickness and the donor density need be optimiged
for the maxdmum efficiency of the Schottky barrier solar

cellse
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Chaoter-1

SUREACE oTalcg

The semiconductor surface has been studied very
thoroughly since the ooservation had been made that various
surface phenomena have detrigental effects on The properties
ond the stability of p-n junction devices. It was first
reported by Atalla and his coworkers' in 1959 that thenaally
crown silicon dioxide Ifilms can have a stabili zing action on
the surface properties of silicon, <These silicon dioxide
films also separated the wmetal electrode from the semicon-
ductor and this gave rise to the metal-oxide-semiconductor
( 105 ) devices. 'The properties of these [0S devices were
found to be dependant on the surface properties of semicon-
ductors, which include the orientation of the crystal and
density of surface states. Ailso, these surface properties
showed changes, when the deVices were subjected to ionizng
radiations. The ionizini radiations were found to cause an
increase in the surface state density, which in turn decre-
ases the transconductznce of the device, causes a change in
the threshold voltage and shift in t he capacitance-voltage
characteristics of the device along the voltage axis. In the
case of Scholtky barrier solar cells, the surface states are

found to act as cbarge transier centres and tne efficiency

of the device 1s Iound to depend strongly om the density of
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gurface states, The darrier height at the surface of the
semiconductor iz also found to depend on the density of surface

states,

1.1 Semiconductors

It is well known that the electrical conduction in
solids can take place only when the allowed energy bands are
partially filled, A crystal behaves as an insulator if the
bands are either filled or empty and are separated by a wide
energy gap. The conductors are characterized by one or more

partly filled bands, Semiconductors have electrical resis-
tivities in the range 1C"2 to 109 ohm cm at room temperature,
which is intermediate between good conductors' ( ~ 107 ohm cm)
and insulators’ (1014 to 1O22 ohm cm ) resistivities. In semi-
conductors, the conduction and valence bands are separated by
a forbidden energy gap, which is not as wide gs in the case

of insulztors. At absolute zero temperature, the conduction
band in semiconductors ig empty and the valence band is full,
but at room temperature some of the electrons gain sufficient
thermal energy to go to the conduction band leaving behind
holes in the valence band. These electrons and holes are then
in a position to conduct electricity, Such semiconductors,

in which equal number of electrons and holes take part in
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conduction, are known as the 'intrinsic¢ semiconductors?,
The most common examples of the intrinsic semiconductors are

gilicon and germanium,

If an impurity atom of a fifth group element ( say,
arsenic ) is added to silicon, it would normally occupy a
lattice site. Four of the five valence electrons of this
impurity atom are used in the formation of four covalent bonds
with the neigabouring semiconductor atoms and the fifth
electron remains bound to this atom by the electrostatic
forces, as shown in Fig. 1.1a, This atom can, therefore, be
easily ionized at room temperature and provides an extra
electron for conduction. The crystals containing this type of
impurities are known as 'n-type semiconductors', because there
are more negative charge carriers ( electrons ) than holes,

These impurity atoms are called ‘donor atoms',

If, instead of fifth group atoms, third group atoms
( say, indium ) are introduced as impurity into a silicon
crystal, a different situation is created. Such an atom,
having only three valence electrons, needs an additional
electron to form the four covalent bonds with the neighbouring
host atoms. Such an electron associated with the impurity
atom, creates a hole in ithe neighbourhood, as shown in Fig. 1.1k,

The energy required for the migration of the hole is of the



same order as the energy required to remove the extra

electron from the donor atom in n-iype semiconductor, There-
fore, at room temperature the holes would te migratory, In
crystals containing this type of impurity, the aumber of
positive charge carriers ( holes ) is wmore than the number

of negative ones and they are termmed as 'p-type semiconductors’.

The impurity atoms, in this case, are known as 'acceptor

atoms?,

The semiconductcrs containing introduced impurity atoms
are called 'extrinsic semiconductors', The conductivity of
materialg being directly proportional to the concentration of
charge carriers, the conductivity of extrinsic semiconductors
is more than that of intrinsic semiconductors., iloreover, the
Fermi level for n-type semiconductors is close to the condu-
ction band edge and that for p-type semiconductor is close
to the valence band edge, whereas in intrinsic semiconductor

it lices in the middle of the band gap.

1.2 Bulk band structure

In an ideal crystal, the electrons may be thought of
moving under the influence of an infinite array of ion cores,
Phe potential energy of such an electron is a function of

its position and the wave functions may Le obtained, in the
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one electron approximation, by solving the Schrodinger

equation

; 2m - =X
v‘wc5)+—ﬁ;(E—V(r))w(r)=0 (1.1)

where V( T ) is the potential energy of the electron and has
the periodicity of the lattice. The solutions of the ahove
equation are the familiar Bloch functions

k.2

o (T ) =T g (1),

where the function Uk( T ) also has the periodicity of the
lattice, One important consequence of the crystal being
infinite is that the wave vector k of the Bloch states has

to be real in order to have finite non zero wave function every
where inside the crystal. This restricts the set of solutions
to have very few physically meaningful ones and these give the
allowed energy levels clustered in the valence and conduction

bands separated by a forbidden energy gap.

1.3 Surface states

7

A crystal surface is created, when an infinite crystal
is cut. In this case, instead of an infinitely periodic

potential, one has a periodic potential terminated at the



surface, To solve the Schrodinger equation at a surface of
discontinuity, one can determine the general solutions on
both the sides and match them to have the wave function and
its derivetive continuous across the boundary, In this cacse,
therefore, the solution would consist of two types of functions,
one corresponding closely to the Bloch functions having the
periodicity of the lattice throughout the crystal and the
other being confined largely to the surface regions of the
erystal, The second type of functions decay exponentially in
the direction normmal to the boundary planes These are the
solutions which are known as the 'surface states! and give

rise to energy levels in the forbidden energy gap.

Various methods are used in solving the Schrodinger
equation at a surface. Classification of these methods is
usually made on the basis of the type of expansion function
chosen for the wave function, Three methods are common : (i)
'Plane wave method' - This is the most simple one, wherein
linear combtinations of plane waves are taken and the coeffi-
cients are determined by imposing on them the required
syametvy conditions. (ii) 'Cellular method! - In this method,
the functions used are products of a radial and an angular
factors., Here, the Bloch conditions enter as boundary condi-

tions on the wave function within a unit cell. Such methods
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were first used by ¥Yeigner and Seitz2 and Slater3 in realistic
band structure calculations. This plays an important role inm

the surface states calculations also and was used by Shockley4.
(1ii) 'Tight binding method' - In this method, the atomic wave

functions are used as a zero order approximation., This nas

been used by Goo&nins for surface states calculationse.

1.4 Historical veview of the theory of surface states:

One of the earliest applications of quantum theory to
periodic crystals waz the Kronig-Penney modelS, introduced
in 1931, According to this the periodic potential inside a
crystal may be represented by square well potential. Tamm7
was the first to introduce the concept of surface states in
such an application. He considered the potential to be ter-
minated at a free surface. The termination was taken as a step
discontinuity and the wave functions and their derivatives
were matched across the boundary. He inferred from his calcu-
lations that localized states appear at the surface, The
model used by Tamm is shown in Fig, 1,2, This model gives
diserete allowed energy levels in the forbidden enerzy gap.
These are in addition to the 2llowed energy bands of the
Kronig-Permey model, Tamm's work was later extended to more

Q
general cases in one and three dimensions. WMaue considered



the nearly free electron model of a crystal and expanded the
crystal potential in a Fourier series., IHe also took a step
discontinuity at the surface at maximum or minimum of the
potential and obtained the conditions for surface states. 1In
1939, Goodwin9 published a series of three papers. The first
was a generzlization of bdaue's work and the other two developed
approaches which were new at that time and were based on the
linear combination of atomic orbitals { LCAO ) method, During
the same year, Shockley4 also examined this problem by consi-
dering a more general one dimensional potential terminated at
i1ts maxigum symmetrically by a step, as shown in Fiz, 1.3.

This 1s in contrast to the asymmetrical termination used by
Tamm7 ( Fig. 1.2 ), Shocklsy found that no surface states

are possible for large interatomic distances, in which case

the erergy bands correspond to discrete energy levels of isolated
atoms. A9 the interatomic distance is decreased, the allowed
energy levels broaden into energy bands and their edges appro-
ach each other., Beyold a particular value of the lattice
constant , the boundary curves of the bands intersect.

Shockley found that when bulk bands cross, the surface states
appear as a result of the perturbation at the surface, which
was considered to be small Dy him, It may be noted that the
Tamm's perturbation was large. The energy states thus obtained

by Shockley correspond to localized wave functions, According
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to him, the negligible perturbation corresponds to the

situation found in silicon and germanium crystals,

It nas been of general interest in the field, to dis-
tinguish Tamm and Shockley type states. The states obtained
when the periodic potential is symmetrically terminated at the
surface and the atoms are close together, are indentified as
Shockley states. The Tamm states arise due to asymmetrical
termination of the periodic potential, the atomic separation

being large.

The 'free electron modelt has proved to be a successful
tool for determining the surface band structure, Rijanow10
and Mauee made use of this method and confirmed the possibility
of existence of surface states in three dimensional crystals.

9

Goodwin” obtained the explicit wave functions and energies
‘for these states in terms of certain Fourier components of
the lattice potential. Heg also used the 'tight binding
approximation' method and investigated the wave functions ang
the energies for both, one and three dimensions, Tt became
apparent Ifrom these studies that surface state energies are

found to lie in the band gap. Also, it was foung that the

number of surface states is one per atom,

’l‘omasek11 also investigated these states using tight

binding approach and retaining overlap integrals upto first
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12,13 considered the distor-

neighbours only, whereas Koutecky
tion in the two outermost layers. Pugh14 calculated along the
same lines and reported that the surface state band lies some-
what velow mid gap. Grimley15 showed that adsorption of the
foreign atoms on the surface also gives rise to surface states,
Levine and Mark1b studied surface states on ionic crystals,
Heine17 used the complex wave vectors to solve the problem,
Davison and LevineH reviewed the subject, taking both theore-

tical and experimental aspects into consideration,

Recently, the surface states have gained more importan-
ce and are being studied due to their technological applications
in rectifiers, transistors, integrated circuits etc, Bardeen19
explained the Meyerhof's anomolous resultszo on metal-semicon-
ductor contacts, in terms of the surface states, Shockley
and Pearson21 tested the Bardeen's hypothesis. Using a field
plate, they modulated the potential of a semiconductor free
surface- the so called 'field effect! experiment, They showed
that part of the surface states charge was mobile, but most
of it was immobile when a secondary field was applied parallel
to the surface, The immobile charge was ascribed to the
charges trapped in surface states. Later, the surface states

were classified into 'slow' and 'fast'! states. The 'fast

states ' are those which interact with the interior space



charge region very gquickly, whereas the 'slow states' interact
very slowly with the interior of the crystal. The fast states
are usually regarded as residing at the surface of the semi-
conductor crystal, while the slow states are thought of being
associated with the outside surface of a few Angstroms thick
oxide layer ordinarily present on germanium or silicon surfaces.
The slowness of these states is attributed to the difficulty
that the electrons experience in penetrating the intervening
insulating layerZB. The surface states are also classified
into 'donoxr' and tacceptor! surface states. A 'donor statet is
one which is neutral when occupied and becomes positive by
donating an electron, whereas an 'acceptor state' is neutral

when unoccupied and becomes negative by accepting an electron.

1.5 Surface recombination

WWhen the density of electrons or holes is more than
its value at thermal equilibrium conditions, the recombination
of the excess cnarge carriers takes place, whether in bulk or
at the surface, Experimental observations have shown that such
recombination occurs through localized levels in the band gap,
Shockley and Read22 gave a theory for recombination in bulk

and Braittain and Bau:‘deene3 extended it to the surface,
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The single level recombination is one, in which only
one trapping centre is present in the band gap., This takes
place in different ways, discussed in Apvendix A, An expre-
ssion for the total number of carriers recombining at the

surface per unit area per unit time is given by Sah et ald4.

1.6 Experimental methods

Determination of the surface properties is not easy
as such, because most of the elecironic phenomena can only
be detected for the sample as a whole, The surface properties
can be derived only if the bulk properties c¢an be accounted
for, Such a separation of bulk and surface properties can be
effectively achieved by varying the barrier height at the
sunrface and following the resulting change in electrical pro-
perties, This method also helps in the determination of sur-
face state density and energy distribution. The equilibrium
barrier height is a function of the surface state distribution,
which depends on the method used for surface preparation and

the surrounding ambients. Braittain and Bardeenzj used this

jidea to vary the barrier height.,

Potential barrier can also be varied by the capacitive
application of field normal to the surface. The charge indu-
ced by the field gets distributed between the space charge
region and the surface states. The change in the space charge

brings about a change in the barrier height. The so called
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'tield effect experiments' describe the change in sample
conductance as a result of the application of field normal
to the surface, In fact, the experimental proof for the

existence of surface states was provided by these experiments,

1

In such an experiment, a high voltage is applied to a
parallel plate condenser of which one plate is made of a semi-
conductor and the other of a metal., A large amount of negative
surface charge is induced on the surface of the semiconductor
from a high voltage supply. If the area of the plates is A and
the separation between them is d, the charge g induced on the
semiconductor, when the applied voltage is Vo, is given by

Kb So

q=CV =VA y (1-2)
d

where KS is the dielectric constant of the medium between the

two plates and ¢, is the free space permittivity.

In the absence of surface states, this charge would
consist of free electrons in the conduction band, Thus, the

nunber of induced electrons aN would be
q Aeo K

wll = =V, — (1.3
e ° ed )

e being the electronic charge. The induced electrons should

cause a change in the conductivity of the sample, given by



WO =eg wnFep, (14)

where p 1is the mobility of electromns, an the number of
electrons induced per unit volume and V the volume of the
semiconductor sample ( V = A h, h being the thickness of the
sample ), Thus, the change in conduetivity expected from the
above experiment was

e, Vo A K €, Vokn K &

g = . = . (105)
Ah ed hd

But the observed change in conductivity was only about one
tenth of the value predicted by the above expression. This
difference was explained by Bardeen19, who accounted for the
surface states, According to iim, most of the induced charges
go into the surface states and these electrons in the surface
states are immobile and hence the change in the conductivity

is small,

Another effect observed was the slow relaxation of the
field effect, When a voltage is applied, the surface potential
gets built up immediately, but on removing the voltage, it is
found t o decay gradually to the zero tield value in time, which
varies from a few seconds to hours or days., This effect was
attributed to the presence of fast and slow surface states,

The relaxation time for the tield effect was found to be very
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larse, when thick oxides were present at the semiconductor
surface. The surface potential decays to a value close to the
zero fieldvwalue in a short time ( this is due to the fast states),
but it tekes very long to come to exact zero field value due

to the presence of the slow states at the surface.

Some important experimental methods are briefly descri-

ted below.

1.6(a) Surface conductance

The potential barrier introduces a space charge region
in the surface layer. The conductance of this barrier depen-
dant space charge region is different from that of a layer of
the same thickness in the bulk region, The changes in the
surface conductance, due to variation in the barrier hzight,
can be measured directly. The surface conductance .o at any
barrier height V8 is defined as the change in the cample con-
ductance per unit area of its surface, resulting from a change
in the barrier height G to V- Thus,

14 1 1

= ™ )v 0
4T A ( > - (1:6)

where 1 and A are the length and the surface area,respectively
and R is the resistance of the sample, whose value at Vg = 0,

is Ro'



To determine the surface conductance, resistance of
the sample,.in the form of a thin rectangular filament, is
measured, while the potential tarrier is varied ty external

means. It is obvious from eqe (1.6) that 4 O min 1S obtained

when R is maximum. The V_, at which R becomes maximum, is

given by

ev L
v_ = 22 Z2w - in(—), (1.7)

= KT by

which is a function of temperature and impurity concentration.

Here, uy = ( ey, )/kT, where ., is the separation between Fermi

level and conduction band in the bulk, Knowing the conductance,
the barrier height can be obtained, which in turn depends on

... 25, 2
the surface state density ~° 6 27.

1.7(b) Surface capacitance

With the knowledge of surface capacitance, change in
the surface charge can be correlated with the corresponding
change in the barrier height. The surface capacitance is
defined as
o Qy

Vs

=C . * C g (1.3)

‘( Rge *+ & Qgg)

VS

where & Qg and b Qg are,reSpectively,the total change in

the surface charge density and the change in surface state
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charge density, both due %o the change in barrier height from
Oto V.. Q. is the space charge density and ¢__ iz the
space charge capacitance, The surface state capacitance 2

igs defined as

: (1.5)

The space charge capacitance CSC ig a unique function
of V, for a given impurity concentration and temperature and
can be easily calculated. The surface state capacitance css

depends on the distribution of the surface states,

To measure surface capacitance GS, a plane parallel
capacitor ig formed between the semiconductor sample and a
metal plate, separated from each other by a thin insulating
£film, ( MIS structure }, as Shown in Fig. 1.4a. Fig. 1.4b
shows the equivalent capacitance circuit , where Cg is the
geometric capacitance ( per unit area ) Petween the metal
electrode and the surface, i.e., the cpacitance that would be
measured, when the semiconductor is replaced by a metal, The

effective capacitance C_, measured by an external circuit, is

given by

1
= — )

1 1 1
— — . (1610)
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In practice, the differential capacitance C0 is
measured by superimposing a small a.c, signal on the d.c. hias

voltage and measuring the capacitance asafunction of the bias

voltage.

(1.11)

where dVO is the change in the applied voltage across the

capacitor, required to change the barrier height from O to V-

A substantial amount of information about the surtace
state distribution is obtained by determining the differential
surface capacitance as a function of the barrier height

v, ( g(qye)/km Jo The density and energy distribution of the

gurface states are obtained by comparing the theoretical and

experimental curves,

1.6(c) Dc field effect

Phis consists of the steady state changes in surface
conductance, induced by electrostatic fields. For each
applied voltage, the system i3 allowed to rsach equilibrium
and the rvesistance of the Iilament ( sample ) is measured, when
no further change in its value is detectable. The measuring
voltage across the filameni is kept small, compared to that

applied at the field plate, s0 as to maintain the entire surface



at effectively the same polential, This metnrod gives the
density and energy distribution of the surface states, by
comparing the results of the experiment ( 4 Q. as a function
of V_ ) with the theoretical expression for the occupation
statistics. This straight forwardness of the method holds,
only wheun the distribution of surface states is diserete and
the dominant sets of states are widely separated in energy.

Additional imformation is required to get the distribution, if

this condition does not hold,

In dc field effect experiments, both slow and fast sur-
face states participate. The density of slow states being
1lzrge, most of the charges are trapped in these states and the
variation of barrier height becomes very small even for very
high fields applied, due %o the long time constants of the

slow states. This is generally the case for germanium and

silicon surfaces.

1.6(d) Low frequency field effect

In order to study the fast surface state effects, de
field can be used only when the surface conductance is measu-
red soon after the application of the field, before any appre-
ciable charge can be trapped in or released from the slow

stateszB’Zg. This is quite useful at low temperatures, where
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the time constant of slow states is quite long ( hours ),
At room temperature alternating fields can be usedjo' 31'32,

4+ considerable frequency range is available in which slow states
are inoperative, while the fast states are in complete equili-
brium with the space charge region. The filament resigtance

i3 measured as a function of the ac voltage applied to the

field plate and density and energy distribution of the surface

states is obtained as in the last case ( section 1,6c ),
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Chapter-I1
MOS DEVICES

In order to overcome variouag adverse surface pheno-
mena associated with semiconductor devices, like MOS field
effect transistors and p-n junction devices, the semiconductor
surfaces have been intensively investigated for many years
since it was first reported1 that thermally grown 3102 £31m
can have a stabili zing action on the surface properties of
silioon, In fact, one of the principal reasons for the success
of plapar technology is that plamar Jjunctions are covered by a
thermally grown Si0, layer. This reduces many surface effects
and therefore, results in better control over device charac-
teristics, This 13 the reason why 810, layers have found a
wide spread use in the semioonductor device technology, More-
over, it was demonstrated that the basie for all silicon device
passivation is thermally grown 5i0,. Though other dielectrics,
such as vapour deposited silicorn oxide oxr nitrige, phospho-
silicate glass or aluminium oxide, are useful, they are generally
employed as secondary layers, either over the thermal 510, or

over the metal,

2.1 Thermal oxidation of silicon

The thermal oxidation of silicon is comnanly carried

out in a water vapour or oxXygem atmoaphere over the temprature
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range of 800—1250q0. The kinetice of thermal oxidation of
silicon surfaces with E,0 or O, ambient, beyond the oxide thick-

nees of 20 nm, is generally described by the combined linear-

parabolic relation of the Ianm2

2
x, + Az, =B (t+ 1), (2.1)

where A, B and r.are constants and x, 18 the oxide thickness

after a time t.

Whereas t he linear growth 1s controlled by reaction of
the oxidising species at the 5i-5i0, interface, the parabolic
growth is dependant on diffusion and/or solubility of oxidi-
cing species through the growing oxide, The oxtdation rate is
obgerved to be affected by the presence of phospho-szilicate
glass ( P205‘3102) or borosilicate glass (3203.3102 ) on the
stlicon surface, whicb changes the diffusion of oxidising speci-

es. In addition, oxidation rate 1s also dependant on the erystal

orientation and doping density.

2.2 Charges in the 81-3102 system

In an ideal case, S10, can be considered to be an
insulator,which doeg not contain any charges, But in practice
the thermally grown Si0, film is found to contain positive

charges and is associated with at least four types of centers
»
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namely, fixed oxide charge or surface state charge, mobije
charge in oxide, fast surface states or interface states and
traps within oxide which may be ionized by an incident radiation,

The Iixed oxide charge, usually referred to a8 Q_.,» may vary
S8

12
from 10 10 chargES/bm ’ depending‘upon the growth condi

tions, The mobile charge arises from contamination of the
oxide during processing and is thought to be dque to either
alkzali ions ( Na ) or pI’OtOHB. Itts magnj_tude also ranges from

less than 1O ¢ chargea/cm to more than 1012 Ohargea/um . The

fast surface states do not represent a fixeq charge’ becanse

they can exchange charges easily with siliecn, Lastly, poei-
1vely charged centres with a concentration oy the order of

/cm3, have been observed in oxide, after {tg exposure to

lonizing radiations, such a8 x-rays, electrong gop ganmR Iays,

In view to study the nature of ahove mentioneq
charges, the C-V characteristics of met&l‘°lide-sem1conductor
( MOS ) devices have been used in the pregent iuvestigation,
Becauge of the ease in fabrication and greaterp sensi tivily,

this technique has been very commanly used ang itiq details

are discussed below.

2,3 Surface space charge and gapacitance

The MOS structure is a thermally grown oxige 23iIm

sandwitcbed between metal and Sémiconductor, as ghown in

Fig, 2,1, It ia baslically a metal-inaulator-aemiconductor
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(MIS) structure, in which the insulator is an Oxide, The
metal electrode over the 810, film 1s used to apply electric
field nomal to the surface. When a potential is applied on
the metal, bending of the conduction and the vValence bands
takes place, which depends on the voltage applied and the type
of semicondnctor ( n-type or p-type), ( Here we are considering
the case when the surface states are absent, otherwige they also
cause a band bending even in the absence of applied voltage),
Under this condition, the charge density in a smal)] region
near the surface is different from that in the semiconductor
bulk and this region is known as the’surface space charge
region', When thia region is in thermal equilibrium, there ig
no flow of dc current and the Fermi level jg same throughout
the semiconductor; consequently, np = nf holds, The space
charge phenomena in silicon, including various aspects of MOS

capacitances, are well discussed in books3’8 and regearch
9-14

papers .

Energy bandg and charge distriution in p-type MOS
struecture, nndexr different bias conditions, are 1llustrated
in Figo 2.2, When a negative bias (V, < 0, where V, 18 the
potential on the metal plate ) 1s appliea to the gate ( metal),
the majority carriers ( holes) in»theigzaicanductor g9t attrac-
ted towards the metal and accumulate in the surface space
charge layer., In thip case, the density of majority carriers

is more ir the surface layer than in tpe bulk and therefore,
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the surfece region is known as the 'accumlation region!
When th he 1

en the bies on the metal plate is positive ( VG > 0), the
majority carriers ( holes ) are repelled and the surface

space charge layer gets depleted of them and is, therefore
’

known as the 'depletion region?,

The charge per unit area in the semiconductor space

charge region, Q.,, is given by

QSP == € NA *q » (202)

where e 1o the electxonic charge, N, 15 the denaity of accep tor
atoms and x4 is the width of the depletion region, The integra.
tion of the Polsson’s equation gives the potential in e deple-

tion region as

x 2
) (2.3)

| (1"‘
¢ = ¢ -

¢ being the potential at any point x in the depletion region
and ¢, , the potential at the surface ( which is equal to the
total bending of the bands from the bulk of the semiconmmetor

to 1ts surface ), », is given by

2
e N X3
ve = _&_‘— ’ (2.4)

8
where € _ 1s the semiconductor permittivyty,
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When the gate potential ( Vs> 0 ) 18 further increa-
sed, the minority carrier density in the space charge region
increases and the width of the space charge region also increa-
gea. If VG goes on increasing, a situation comes when the
bands are bent so much that the conduction band comes cloger
to the Fermi level at the surface than the valence band. When
this bappens, the concentration of electrons near the interrace
increases sharply, so much 80 that the electron density at the
gurface is more than the hole density in the bulk and the supe
face layer is then known as ‘inversion region' , The accumu-

lation, depletion and inversion regions are shown in Figs, 2,2a,

b and ¢, respectively,

2.4 cggacj,ta.noe-vo_ljage characteristice of MOS structure

The nature of C-V characteristics of MOS structure 1s

discussed below for negative and positive bias conditions,

Tn case 0f a p-type silicon, when the gate voltage V,
is negative, there 1s an accumulation of positive charges
( holes) neax the 31-3102 interface. The measured value of the
capacitance (C) under this bias condition is that of the oxiae
(C,) only, i.€ey ¢ =C,. ( AL the capacitances are per unit
area , tor simplicity.) As V. is made less negative , the

charge variation does not take place very close to the intertage
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thereby the space charge capacitance (csp) decreases, which

now becomes comparable to Coe Tms, ter zero and swall negative
values of Vu, the MOS capacitance is smaller than the oxige
capacitance, Now, when the gate potential ir made positive, the
aepletion region is rormed ana the charge variation takes place
at the eage or the space charge region, S0, the increase in
positive voltage at the gate, increases the depletion region
width and hence, the capacitance cap decreases, thereby decrea-
sing C, But for sufriciently high Vs » the band benaing beocomes
so much that an inversion layer is formed at the $i-510, inter-
tace. At still larger positive blas and high measurement frew
quency, additional charge induced in silicon appears in the form
ot electrons in the narrow inversion layer at the interface

and the aepletion region width approaches a maximum value,

The corresponding capacitance reaches its minimum value, At
low measurement trequency, both the mejority carriers ( holes)
and minority carriers ( electrons ) can zollow the applied signal
and the capacitance starts increasing ana reaches the maximunm
value equal t0 the oxide capacitance ( co)‘ The nature of the

C-¥ characteristics for both the cases is shown in ¥ige 2,3,

2.5 MOS capacitance in abgence of suptace states

The voltage V. applied on the MOS struoture appears

partly across the oxide layer ( vo) and partly across silicon

(Pg )y 1e0e, V, = -V, + ¥, . (2,5)



Agsuming that there are no charges in the oxide layer
ana at the interface, the etlectric displacement should be conti-
nuous, a8 required by Gauss's law. These assumptions lead to

the voltage across the oxige V %o be given by

X Q
y mo Jsp% s | (2.6)
0 e c -
ox (8]

where eox is the permittivity ot the oxide layer,

It Q; is t he charge per unit area on t he gate, the

capacitanoe of the mOS structure would be

d d
c.."iﬂ..-__"_tzz..-a_g.sg_. .
dVG_ dvu -—-—208 * W
o
1
oxr C = ) > ' (2.8)
+
% " T
d Q e k ¢
where ¢ __ = = —£ = 2. - 2.2, (2.9)
B8P dws Xy Xy

These equatiom give

° 1 (2.10)
R ® .1
Co VEte(2e,,° v/ (e e x 2 )

This equation shows that the capacitance would rall as the

depletion region width increasea, However, eq. (2.10) does not
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hold when V  is zero or negative, since no deplztion region
is then present and the measured MOS capacitanee woula be only
that of the oxide layer,io3,, C = G  , because in this case the

semjiconauctor acts Just as a resistor in series.

The ace charge capacitan
ap g p ce C sp and hence the M0OS
capacitance C, are frequency dependant while oxide capacitanoce

Co does not depend on frequency,

The charge Q sp in t he semiconductor space charge region

under dc¢ bias is given by

Q, = S p(x) ax, (2.11)

? o

wherenae(p—na-ﬂn-m‘),

p and n being the hole and eleciron concentrations, respectively
and Ny and N, are the donor and aceeptor concentrations, res-
pectively. Integration of the Poisson'’s equation gives the
space charge as

U

8
Qp = - 2' . e n, Ly [2{ cosh( T -U;) ~cosh Up+U, sinh U}

- e /2 (2.12)

( 8

] 2en 4

where I'D =

is the intrinsic Debye length and

e a e
8 KT 8 F kT L
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¥y being the Fermi potential ( separation between the Permi
level and intrinsic Fermi level in the bulk ),

2.6 Theoretical C-V characteristics

The information about the surrace properties of oxidizead
silicon, without considering surface states ana oxide charge,
is obtained trom the measureménis ot the differential capaci-
tance ( AQ/dV ) of NOS structures as a fumction of dc voltage
applied across it. A large contact 1s made on the semicondictor
gide of the device, so that the contribution of the capaclitance
of this side to the total capacitance can be neglected. At
high frequencies the capacitance of the MOS structure is given
by the series conbination of capacitance of oxige 1ayer-(co)

and that of the space charge layer ( Gap ), f.e.,

c.GC
C = ——o——a‘L . (20 13)

Cot Cgp
Here, C, is constant and is given by

k €
St ¢ (2-14)

C =
o
%o
The space charge capacitance depends on the width of
space charge region and is given by eq. (2,9), where depletion

region width x, = [(293¢s)/(0N‘)]1/2. (2.15)

The capcitance of the gpace charge region is different

at low and high frequenciess At high Irequency the Space charge
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capacitance is as given by eq. (2.9). At low frequency the
charge carriers can follow the signal frequency and there-

fore, under this condition the space charge capacitance can
be ootained by differentiating the charge Qsp ( as given by
eqe 2.12) with respect to surface potential ¥g+ This gives

k. e e(p~-~n+N-N )
s - r (2.16)

C =
B
P Qsp

2.7 Bfrect of metal work tunction

It has been found that the differsnce in work functions
of semiconductor (¢,) and metal ( @ ) causes a shift of the
C~-V characteristic. This shift is caused by the band bending
due to the work function difference, Because of the band bending
gome additional charges are present in the space charge region,
which induce charges on the metal-oxide interface, Thege
charges ocause the shift of C~-V characteristic,

The flat band condition is achieved, when we apply
just sufficient voltage to metal, s0 that the already bent
bands become flat., This voliege is known ag 'flat band voltage!

Vpp From Fige 2.4 , 1%t is clear that

Vg = ¥m = Y8 - (2.17)

2.8 Rffect of surface states

I1f the surface states are alge present, the charges

in these states would also induce charges of opposite polarity
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on the metal-oxide interface and in the space charge layer.
The charges in the surface states vary with the bang bending
( or the surface potential Py ). The effect of the work

function difference and the surface state charges, is shown

in Fig. 2,5, for zero gate bias.

From Fig. 2.5, we see that

E
G
Py * Voo ™ Xg * ;‘“ = (P =¥ ) (2.18)
or ¢’ "
ms = %m = ( %5+ 2 Pp) == (8go v Toods  (2019)

where “ﬁa is effective metal to semiconductor work funotion
aifference, voo is voltage drop across the oxide layer at
zero gate bias ( VG =0), g0 is the surface potential at
VG = 0, Xg iz the electron affinity and EG is band gap of
the semiconductor,

Fig. 2.6 shows the energy bands ang charge distritution
in MOS structure, under applied gate bias. In the figure, '
and Vv are tbe quantities (950 a2d V ) as defined above ,
when gate bias is no¥ zero. The charge on the metal electrode
q;, when a Voltage Vg is applied to it, 1s wqual to the char-
ges on the gsemiconductor surface and in the oxide layer., Under

the assumption that the charge in oxide layer is small and
may be neglected ( see Figs 2.6 ), we may write

Q@ = Qp - G (2,20)
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where Q; = v, G, with ¢ = (koeo)/xo - k, is dielectric
congtant of oxide , €, 15 the permittivity of free space,
x, is oxide thiclmess and Qgg is the charge in the surface

states, From Fig. 2.6 we find that

VG = Vo - VOO + Pg - Pgo o (2.21)
Using eq. (2.19), Vg = Vo o+ 9.+ @I . (2,22) .
substituting v from (2,22) in eq. (2,20), one gets
Qg 0
- [La) e —— = = JB—
Vs Pos * T s T . (2,23)
Yo o

The cpacitance or the MOS structure in the presence ot surface

states is given by

0 = ¢ (2024)

Co Csp +Coq

Cog being surface state capacitance , Assuming the charges

in surface states to be constant ( dQB;o) , the capacitance
may be written as
¢_C
o8
i (2.25)
o7’ sp
The charge in surtace states is , however, not constant, but it

depends on the frequency of the applieg signal,
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2.9 [Theoretical calculation of C-V curve considering surface

states

Knowing the Fermi potential U { in units of xT/e )
and taking the arbitrary value of surface potential U s the
charge Qg, may be calculated from €qs (2,12). The space charge
capacitance is given by eqe (2.9) and (2.16) for high and low
frequencies, respectively., The effective voltage vet:' as

given by eq. (2.23), is

Qs Q

b— - —— = L= ﬂ—

Vetr = V6 " ¥me * $g = o (2.26)
o 0

Pheoretical curve is plotted between V .. and capacitance,

The experimental C Vs VG curve is aéso obtained, The shift

S8
between the two curves represents co - v;‘ o Thus, knowing
from eqe (2.19), the chaxrge in the surface states and

w'l
ms
thereby the density of surface states can be calculated,

2.40 surface state measurement techniqueg

vVarious techniques have been developed to determine
surface state parameters from MIS capacitors, The surface
states are found to affect the capacitance of MOS devices by
giving an additional capacitance Cas in parallel with the
space charge capacitance. Following are gome of the techniques

used for surface states measurements,



~338:=

2,10(a) Differentiation method

This metkbod, given by Termang, consists of measuring
C-V¥ curve of MOS device at very high frequemoy, when it is
free from the capacitive influence of surface states, The
comparison of this curve witb an ideal MIS curve gives the
integrated charge in the surface states., The total charge in

the surface states is given by

Qge ~ COAV ’ (2.27)

where 4V is the voltage differential between the bigh frequency
curve and the ideal curve for a particular surface potential,
Thus, the surface states density per electron volt is obtained

as

Dy, = ( Q. /%, ) » (2.28)

Q‘-A

However, 1t was pointed out by Zaininger and Wartielg ' that

only the integral of surface states density is measured and

there is uncertainty about the magnitude ot the space charge

capacitance.

2,4C(b) Integration method

In the integration method, proposed by Berglund15, the
semiconductor surface potential is determined as a function of

applied voltage, from dliferential capacitance measurement at
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low trequency. The expression used tor this ig
V1 C
wol Vo) = wg( Vy) = J (1= v ) &v, (2.29)
V2 0
where gs(v1) and wa(Vz) are the surface potentials at applied

voltages V1 and V2. This i8 evaluated by integrating (1 - g_ )
o

ve V curve., The charge neutrality condition is given by

e v
X O
Q= —

]
where Q 18 the charge in the oxide, Bss the surface state

= eD__ + Qg (2.30)

density and Qp the charge in the semiconductor space charge

region., Differentiation of eqg. (2.5C) with respect to o, €glves

OVa eox/xd
— = E'—_ . (2.31)
dy
8
1"

Comparing the vs @, curve with the one given by

av
eqe (2.29), the deﬁsity of surface states can be obtained.

2,10(¢c) Conductance method

In this method, first used by Nicollgian and Goetzbergeﬁs,
surface state density io determined by measuring conductance
of the device, This method gives better results as compareq
to other methodsin the case of low surface state density,

th the the
which is the case with rmally grown $1-$10, interface,
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The frequency dependant conductance Gp iz a function of sur-

face state capacitance C__ and resistance R only, as given by

G c w7
wp - qu_;?—-fa , where 7( = R, Css) is the surface

state 1ife time and w isthe angular frequency of ac signal,

Phe Gp/w ve w curve passes through a maximum at w T = 1,

where its value ig 085/2. Enowing CBS. the density of surface

gtates can be calculated from

C
- (2.32)

U [ &) —————————— 'y
88 e 4

where A is the metal plate area.

2,10(a) I emperature me thod

This method was suggested by Gray and Bmwn"?

s R8ing

which the surface gtate distribution near the conduction and
valence band edges, may be obtained, It was found that the
G-V curves ghift along the voltage axis with the decrease in
temperature. For a p-type sample the shift is towards the

negative direction, whereas for n-iype sample it is in the

positive direction.

In this method, the change in voltage ( and hence, the

change in surface charge ) is measured. This is required to
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maintain the flat band condition, as the Fermi level within
the silicon is varied by changing the sample's temperature ..
in the range 80 to 300°K. The measurements are done at Very
high freguency to ensure that any charge in the surface states
does not contribute appreciably to the ac Capacltance, whioh

means that the measured capaclitance is due t0 free carriers
only,

In the case of p-iype semiconductor, at temperature T,
the Fermi level is agsumed to be above the surface states which
are filled with electrons and are therefore neutral. When the
temperature is decreased to T,, the Fermi level moves closer
to the valence band and som€ electrons are lost by surface
states, which become positively cbarged. Now more negative
voltage is required to reach the flat band and this ig entirely
due to the charge in the surface states, since the potentia]l
drop in the semiconductor is zexo at both the temperatures,

The change in the flat band voltage, as the temperature is chan—
ged, glves the change in the surface state charge directly,
The surface potential ¢ , however, being equal to the bulk

Ferml level, can be calculated.

The experimental procedure consists of varying tempera~-
ture and maintaining the flat band condition. This is done
by observing the changes in the capacitance and adjusting
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the bias. Knowing the change in flat band voltage with
temperature , the surface charge vs surface potential curve

can be obtained , which gives the surface state density as

1 3Q
p_ = 2. (2.33)

8s
e OWB

2,11 A survey of the work done on 51-8102 interface

In early 8ixties Atalla and hisg coworkers! from Bell
Laboratories suggested that the silicon devices couléd be passi-
vated by their native oxide,5i0,, resulting in various improve—
ments in device per_formance and reliability, 4s a result of
i ts importance in the planar process, concentratea efforts
were made to study the $i-5i0, interface ana it 1s probably the
most well characterized interface, Initial studies on this
topic showed Very high density ot interface states and oxide
charges’? '0; ana instability dme to alkali ion contamimation
during operation further delayed the aevelopment or Mos devices,
Continuous scrutiny or different process steps and studies ot
relgted parameters resulted 1a vast understanding of the subject
and ag a result sophnisticated MOS and bipolar devices can be

routinely fabricated, On ¥he other hang, many questions still

remain ungnswersd, A Drief review of this subject along with

some important resulte are discussed here,



charge Qox exlets very near the Si—SiOQ interface11'13’16'18'19.
It 13 somehow related %0 the oxide structure in the interfage
region between the 8102 and sllicon and is thus, dependant on
the growth and annealing conditions, The dependence of the
oxide charge density on the annealing ambient, such ag 02, H,0,
nitrogen or argon, and on the annealing temperature, is algo

7, 18,20

relatively well known « Not 30 well understooad is the

proposed mechanism, which explains the Qox dependence upon

oxidation and annealing conditions,

The dependemce of st on silicon orientation is also
well documented and is more for (111) oriented sjilicon than

for (100), This dependence ia apparently relgteg to the oxi-
dation reaction,

18
Whereas Deal et al = obsexved an increase ip Qox With

temperature nitrogen annealing, the results of Lamb and
Badcock21 are contradictory., There is algo disagreement on
the 1n11uence of the oxide thickness on the surface charge Qxe

Deal et al’ ® found no influence ot Oxide thicknegs on the charge,
whereas Badcock and Lamb>Z and Revess ang Zaininger<> foung

lower values for higher oxice thiﬂknessea,

The nature and origin of Qox have been the subject of

considerable discussion, Most investigstopg now agree jin
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principle that Qox results from a non-~stoichiametric silicon-
oxygen structure in the Si-5i0, interface region., Both excess
silicon and deficient oxygen would result in positive charge
and density of the charge is dependant on the final high

temperature aunnealing or oxidation condition and silicon ori-

In mid-sixtees, intensive investigations were started
and considerable empirical data concerning interface states
have becone available7’20’za’25. Because of its ease and
gengitivity, the C-V method of analysis of MOS, has most
commonly been used, This method has also been used to obtain
o more accurate measure of interface state density, by carrying
out the measurement at liquid anitrogen temperature'! and has

also been used in the present investigation,

Tamn and Shookley® predicted theoretically that because
of disruption of the periodicity of lattice at a surface, a
semiconductor would have a high density of localized energy
levels introduced into its forbidden energy gap. With regarde
to interface states, 1t is widely believed that there are two
high density blocks of states in the gilicon forbidden &ap,
one close to valence band and the other cloge to conduction
pand, with a lower density continuum across the gap between

them7’17’20’24’25- It 18 agreed that the interface state

densities are gemerally Proportional to q (inmitially ,in
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particular ) and they also depend on silicon orientation,
It is also known that high temperature anneals in inert ambients,
such as nitrogen, increage inteérface state densities. Similarly,
treatment in hydrogen or active hydrogen species Produced by

the reaction of an active metal with water on the oxide surface,

26
reduces surface state density .

The confusgion over the type of states, i,e., donor or
ecceptor, still exists. From the frequency dependence of MOS
C-V curves, Whelamz7 obtained a relatively large capture cross-
gsoction for slectrons f or the states near the conduction band
edge and thus , deduoed that thess gtates were positively
charged before electron trapping and hence, were donor states,

1
7 observed that for a

In contrast to this, Gray and Brovm
p-type MOS capacitor, as the Fermi level moves towards the
valence band a larger positive oharge density 1s seen in the

interface states, which they attribute to a set of donor states.

with regard to the physical origin of jnterface states,
{t 15 assumed at pregent that these states result from elther
defects in the structure of the interface region between

ailicon and the oxide, or from impurities in thig region, or
from bothe.

phe presence of moblle impurity ions in thermal oxides

cauges building up and decay of space charge and othep allied
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polarization effects, resulting in change in the built-in~field
and therefore, in the flat band voltage of MOS capacl tor,

First of all K?ff et alzzgozzerved this phenomenon in Sio2 films,
but later on Snow et al "’"" were first to correlate it with
the presence of alkall ions,mainly Na % These ions can be
incorporated into oxide during any or all device processing
steps and any processing material, solveant or ambient, can
gerve as a source, Other species, such as protons31'32,
jimmobile negative 1ons33’34 and oxygen Vacan019833, produced

due to the reaction of aluwinium with SiOé, have also been
shown to contribute to iomic oharge. Initia) work of Hofstein31
indicated that more than one hydrogen species might migrate

in oxides alongwith the multiple types of godium, Conflicting
data have been presented regarding alkali contemt, particularly
sodium, in the thermal oxides., The majority of results to date
indicates that more sodium is present than is indicated electri-
Thus, the question arises regarding the nature of

cally -
{nactive sodtum and conditions in which it could be electrically

active or Vice-versa,

35
Recently, Kriegler™™ gave a powerful method to prapare

sodium free oxide films. Hi3 Buggestion was to grow 810, layers

in oxygen witi a few percent of HCl added to the gas strean,
Phe HC1l reacts with oxygen and gives out chlorinme, which gets

the Si-
incorporated into oxide near The Si-510, intertaces The built
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in atons passivate the surface by trapping Na' ions, Not only
sodium ions get neutralized by the addition of chlorine op
HC1l, tut also the oxidation rate was found to be more in cage
of chiorine oxides. The interface state density was found to
be reduced by one oxrder of magnitude in case of HC) oxides,

as compared to the oxldes grown im H1 free atmosphere”-*- 938

The reduction in the oxide charge was not odeerved for
the chlorine oxide, as comparesd to ordinary oxideg36'37’39-41.
Phe oxidation in the presence of chlorine or jits compounds
regultes in high concentration of chlorine near the 81-8102
interface, The neutrallimation of sodium ions at the fnterfaoce
by chlorine nelps in the pagsivation of the devicey, The higher
concentration of sodium i1ons has been obgerved at the interface
as compared to the oxide bulk42. There 1s a contradiction
about the dependence of the passivation efficiency ( fraction
of the neutralized godium ions ) on the contamination level
of the device, Kriegler et a1*? observea that tne passivation
pfficiency 15 independant of contamination lsvel, upto a value
12 jong/cm”, whereas the observation of Van der Mewlen

of 4 x 10
et a144 is that only oae third of the sodium ions are neutraly zed

Most of the above mentioned beneficial effects have

been observed, using HCl or Cl, as a chlorine source, which are

hazardous and diffioult to handle and require extra installation,
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A more manageable chlorine aource-tricblq{g%hylene (ICE )~was

45
y which gives sufficient amount

proposed by Declerck et al
of chlorine in the gas phase and is equally or perhaps more
effective as compared to HC1l or 012. However, at present
very little information regarding its effeet on S1-510, inter-
face properties and chlorine incorporation is available, OQur
work, which used TCE as chlorine swurce, presented in thig

thesis , would throw some more light on the subject,

Radiation effects The MOS devices subjected to ioni zing radia-

tions, such ag x~-rays, gamma rays, and high and low energy
electrons, have been the object of considerahle study. The
radiation produces electron~hole pairs in the oxide layer .

The electrons being quite mobile ( electron mobility*e.

4. = 29 cmz/v/ sec ) are swept away towards the positive electrode
and holes, which are relatively immobile, are trapped or they
recombine with electron847'48- The result 4is that a negative
charge 18 built up at the metal and a positive charge in the
oxide near t he interface, when positive bias 19 applied to the
metal, In the later studles these holes were found to have

non zero m0b111t1°3‘9-52- Another effect observed is the
inerease in density of surface atate353’54. The radiation
induced charges cause shift in C-V characteristics of Mos
capacitors., The main disadvantage of thim effect is that the

MOS devices could not be used for applicationg, such ag Space
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flights, where radiations would b® an important factor,

The study made by ZainingerSS and Grova apd Snow48
snowed that a greater effect is observed with Positive biag,
1n comparison to negative bizs, during irradiation, They algo
found that the saturation is attainegd Sooner, 1f the doge level
is increased, however, tnis saturation is higher in valye
for higher gate biases, Aitken et a1-° irradiated devigeg
with positive and negative biases applieg to the meta], Their
observation was that under positive bias the space charge
wag within 50 A of the Si—oio interface, while 1t wag within

50 & of the Al-510, interface for negative biag,

Hughes et 3150 worked on MOS deviceg irradiateq by
x-rays and oxides grown by wet, dry ang iop implantation
methodgse They obssrved that the mobility of holeg depends
very strongly on the oxide preparation wethod, In case of
dry oxides, the hole mobility was found to be mich higher ag
compared to the wet oxides case., It wag also foungd to be
strongly dependant on temperature ( at liquid nitrogen tep-
perature n0 hole motion wag detecteq Js They €xXplained thge
low temperature charging of the device due 4, bulk trappeq
holes, whereas the room temperature Charging wag dominateq

by trapping close to the Si-Si0, intergae,

1
srour et al5 studied the radiation tolerance of

)
devices at room temperature and at 77 E. They Obgerveqd that
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the oxides exhibiting the radiation tolerance at roonm temp-
erature, show large amount of radiation induced charges at
low temperature, They also showed that this problep can be
reduced to a great extent, by using ion implanted oxide or
by applying high field %0 the oxide during irradiation,

A number of authors ( €.g. , Grunthaner and Maserﬂian57,
winokur et a158, eto.,) found that changes in the interface
state density and oxide charge, as a result of irradiation,
depend strongly on the method of falwication of the device,
winokar et a15 8 found that the increase of surface state
density was much more for wet oxides, as compared to that for
dry oxides. Reveszsg obgserved that hydrogen, which was the
most common impurity in $i-5i0, structure, had a strong effect
on the defect production, which in turn affects the density
of surface statese. ReVGSZGO and Sah61 studied the chemiecal
reaction taking place at the Si~8102 surface after irradiation
and found that the presence of OH and H has 3 strong effeot
on the interface state density. According to Sahzs;.1 a large
pumber of trivalent silicon atoms are present at the intexface
due to the deficiency of oxygen. These trivalent silican
bonds get peutralized by forming Si-OH bonds when the oxige
is exposed to a wet ambient, When the ionizing radiation
falls on the device, the S5i-OH bonds axe broken and the ox

jons are drifted away to the positive electrode and the spage

charge builds upe.
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The flat band voltage shift, after irradiating the
device, was found to depend not only on the fabrication seo
procesg of the devicese’sz, but also on the thickness of oxide
layer, BerNisse and Derbenwhcks observed that the Charge
build up was proportional to oxide thickness Squared (d )
or the flat band sbift ( &py ) was proportional to e,
Vishwanatnan and Maserjian64 broposegd g model f oy the thick-
ness dependence of radiation charging in M0S. This mode],
shows that a V., depends on the thicimegg of oxide in g
wanner, in which the square and cube dependences are the
limiting cases, According to them,when dox > A, (A being
the average distance from a trap, withip which holesg should
be generated to £ill up the trap), & Vpg © d:x and when

« a’ o

The radiation sensitivity of the deviceg was algo
found to depend strongly on the metal ag well as the semi-
conductor substrate. Lindmayer® ig of tne opinion that
interaction of certain dopants with hogt atoms appear to
affect the radiation sensitivity, Peel ot 5356 reported that
the radiation sensitivity of the contaminatign 4, the silfcon
film affects the stability of the deviceg, Lindmayerss studieq
the effeot of different metals, viz,, a1, yo .1a Cxr; on the
stability and found that Cr fis the best of t he three,

Phillips’ | alse compared CT and Al ag gate metals for yos
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structure and observed that radiation hardness shown by Cr
was more than that shown by Al, by a factor of 25. Another

advantage found with Cr was that the induced surface state

density was found to be less®??68,

The results of the present experimental study made
on JNOS devioes are contaired in the following two chapters,
In chapter IITI, the etfect of trichloroethylene concentration,
dur ;g oxidation, on the axide charge, interface state denei ty
and sodium ion neutralization is studied ang in Chapter IV,
the results ot the variation of radiation induced charge wjith
different gate metals, energy or radiation and gate bias
applied during irradiation are Pregented,
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Chapter - 1717

SURTACE PROPERTIES Of SILICON_1:E OXIDE S5Y¥3 I@y

—

The successful fabrication of OS5 devices requires
adequate conirol of silicon-zilicon dioxide interface JTCper-

ties as an esser tial condition, in early sixties, two majop

problems, one of high density of interface stateg and fixegq
oxide .charges and the other of instability due to alxali lons
( Na* ) associzmted with silicon-silicon dioxlse interface,

were realized. Continued effortg to OVercome these 2robleps

led to the realization of two DroCesses, namely, the Phassho-~

silicate glass ( PSG ) stabilizmiion ang sealine of 34 -

-

- s ¢ 0 H = 3
with 313 N4 layer, Each of these laynr,, 2Cts 2z o Yarrier
to sodium ion micration, resultine jip imyroved stahility,

In both the cases, breakdown bshavieyr of the insulator

i3 also improved, however; at a price of Obtaining 4 Polari.

zable PSG or an electrically somewhat stable gjiQ, .- S

- e |

sys‘bem.

i ch a situation, repgr " L
Given su » TEPOrts about +ye Positive
effects of oxidation of silicon in the PTrzsence of chlorine
. ; ) o . o
containing species ( HC1, C1, ), on Various §i-gig. inter.

i g1 i c n - . ™ > v -
face vropertisg and silico Substrate jeality, SeeMmed pyite
. T at of the srays . 1-5
interesting. 2 We PV studies™2, 1oy o0,

chlorine source, mpe lack of safety and em ... 1
£De2in

N

used as 2

(9]

wa
2o uirements involveg ;i R 1ie .
installation reg din tre yos oFf 1y foreea
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2eu. 1l to look for safer calorine sources, such as trichls
<L Py e 2
roethylene { ZC% ), carbon tetrachloride ( 201 ) and 1.1.1

trichloroethane,

The present chapier deals with the posyitg of
investigations on the depenrdence of ICE concentration on the
fixed oxide charge density and interface state density, "his
~1so includes the results on sodium ion neutralization and itg

correlation with the chlorine concentration in the Zas phase

during TCE oxide growth.

1 nNevice fabrication

Phe n-type silicon wafers of 4-6 ohm ep resistivity

~-nd of < 100 » orientation were used in the present investiga-

tion. These wafers were first cleaned in organic solution

etched in F , followed by thorough cleaning in deionigeg

water. Turther clsaning was done in 1: 1: 5 mixture of
H,0, 3 Ni, OH H,0 and Hy0, ¢ HOL : 14,0,

The wafers were oxidiz=d at 1100 % with varying

pos concentration in the sas phase, from 0,1 - 1,0 7 NE/Q

7cE was added to the oxygen ambient by flowing a con-

The
trolled amount of I, through a quartz bubbler maintained at

35 + 0.5 %. Devices for oXide charge and interface state
. o were annealed in gity in o )
density studles, W in Y. ambient for

i i dots were eva .
30 min. Aluminium porated on the oxidiseq
opn a2 ne tal maSk, in g va . . "
surfac{_‘j throus cuum S‘) Stem main t"li!":#‘,' 'i
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at 10_6 Torr., Befors aluminium evapnoration, backside

oxide is stripped in haffered 4., The backside metalliza-

: i - ~ . .

at SOO%} in forming GacS.

In view to establish a close correlation between

cnlorina concensration in the gas phase and sodium ion

neutralization, the devices Tor This situdy were not annealed

in i, imhient., This 1S because chlorine may come out during

noaline and the correlation between the two may not be

=34

justified. oxidised samples were intentionally contaminated

inz2 1% 40~° 1 solution of HaCH in an ultrasonic vibrator,

for about D min. at room temperature. o sintering of alumi-

pium contacts was done on thz devices used for sodium ion

Leutralization, which resulted in a PLt higher oxide charge

densitye The C-V measurement was done with the help of ICR

e Type 921 mafds
, and measurements were done with variable

nride by Sys.ronics, Arich was operated st

srequency 10 XKH
de bias applied ipternally to the device. In order to
getermine the contamination level, Nias Temperature Stress
( B.T. gtress) test ( 200G, 0 V/bmo, 25 min. ) was conducted
on uncontaminated ary grown oxide, This showed 2 slight
shift of O » yolt in G-V characteristic , indicating no
ile charie 1t is unlikely that this shift is due to

mobile sodium ions and could be due to high temperature effects

mob
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Dry czrowm oxides convaninated zimultancously showed conta-~

. . - 12 )
miration level of > x 1C sodium ions/cm”,

ovaluztion tiehnioucs

¢ te

5,2(a) Determination of fixed oxide charse ntnzits

The capacitance voltage technigue has oroved very
use_ful in studying the properties of oxidised silicon

surfaces. It provides a fast, sensitive ang easily inter-

pretatle techininue,

As discussed in the last chapter, the silicon-
cilicon dioxide interface is always chareecteriseq by o

positive charge an@ 1t results in a paraliel translation

of the C-V characteristics of MOS deviees along the voltace

axis, towards negative voltages. The determination of fixeg

oxide charge dsnsity ( G . ) would require the knowledge of
theoretical ideal C-V characteristics, which has been cal-
culated taking all the device parameters, like oxide thicke

ness, substrate doping concentration, into consideration,

The details of the calcula®ion are discussed in the previous

chapter. The oxide charge density has heen calculated using

the followingZ relgtion

“ox == 1 '
= “ns (7e1)
O :

" oY%
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where &V is the shift along the voltage axis, G is the
ox +

oxide capacitance and ' 1is the metal to semiconductor

worlt function difference.

3,2(b) Tetermination of interface stete density

The determination of interface state density has been
done by 'temperature method' , proposed by Gray and Brown
in 1066. This method is bacsed on the principle that as the
temperature 1is reduced, the rermi level comes closer to the

valence band cdge. The surface states which were full with

electrons and neutral at a temperature T4s lose electrons when
the temperature is lowered to T> axd become positively charge
Jence,to achieve flat band condition, more negative voltage
is applied. Phis change in the voltage is due to the charge
in surface states , since the potential drop in the semi-

je gzero at both temperatares, Hence, the temperature

conductor
s varied and the fla?t band condition is maintaineq by obser-

.

1
ving changes inthe capacitance and adjusting the hias, The

f1at band voltage is then plotted as a function of temperatupe

phis graph gives the surface states charge Qog @8 a functioy
of murface potential.

As our interest was limited to Compare the magnitude
of interfacs state densities present in differently srown

TG oxides, rather than 1ts distrilution in the bana gay
v - ’

21l the C-V measurement were taken at roop temperature ang



1 I sen tem v L2t nad voltage 3
n > mord
toered 2% hoth these temperatureb Zavs us surligee stata Jden
= - Al 8.\4\, e.-_ .-

sity in a particular region { 0.13 ev away from the conAd
. ondu-

ction band ) of the forbidden gap, However, the digtmiy
b riby-

tion of surface statcs in the forbidden Z2ap could be cal

culated using the following relatign.
Q..
(3.2)

r’ !97 -

1
sg - T a
s e

. 4
S ¢ Tzchninue for Na neutrali gation study
e

Fa.d
-

/

In order to study the migrati i
~=tion kinetieg of i
sodium

.ons and its efizct on 8i-SiQ interface
a ! b, ¢ prone
rties B.T
3 » .

stress tecanigue vwas employed, The devi
Ces were polapi
zed
by applying a positive field of tha order of 105 V/o
m
_ 0 ;
@t 2002 , for about 25 min. ( sufficient to attain t
sa tu-
ration ). After having kept the devices under this gt
stress

condition, *hey were cooled rapidly to n
vom temperatyre
with the bias still applied. The g-y characteriots
STlC wag
measured at room temperature without s :
'Hyrtclably dliatyphe
Gis hrblng
the system. The negative shift of the o Y ch
- - aractem'ntic
along th2 voltage axls , as comparan L0 the ipits 1
itia one,
would be indicative of the 3moqt of charge induceq
in gil:
aue to migration of alkali ions apg its deneit cox
T OTYISLNY could he
calculated using the following relaticy
R
LV = =X - %;

1
“ox
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In view t0 study the sodium ion neutrali mtion

in 228 oxides, a term passivation (P) is defined as follows-.

x /s

‘' mob = ‘
\s)

Y

a"__

is the mobile sodium ion concentration PEr Snuare

[OX 4C]
~rentimeter, 1.0y . 3 4 . 1is bhe number of unneutraligzed

codium LCIHS.

5.3 Chemistry of the chlorine procesg

fo interpret tiae effect of chlorine ang itz compound
- 1- -3 i i - -i ‘j~-‘ 3 } i
on the oxidation kinetics or si 3102 interface properties,
it is essential to know the gas phase composition of the
reaction products. s+uE 1in the gas phase woulg atleast

partially react with O, to form 012 and H20 and follow the

reaction
(3.5)
2H2O + 2312 == 41IC1 02.

Phermodynamic caleulations show that 2t 1150%

the zbove reaction would yield for 1 Ve TCE/OO ambient apyrox
< e e

imately the same amount of Cly, 0.95 7 uc1 ana 0.05 77 .0,

~

At lowel temperatures somevhat more d,0 is formeqd
< o

Resultes _and discusdions

Tt is eleaxr from Fig, 3,1 that <'S oxifes Ay

x..\_‘t

- > £ 3 2
show any significant reduction in tne oxi de cnarge dengs t
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compared vo the dry oxides growm in ultra-cleap orowsh

2nd proper aanealing condition. dowever, it ig true that

Z23 oxidation has positive effect if the rrowth cond tjion

PV

not ideal { contaminated J <« AsS indicateqd in ’ii--;.T,

devices i1acricated in non ideal srowtih conditions, using

+OZ as a enlorine source, showved appreciable decrease in

fixed oxide charge density,upto 0.4 - 0.5 7/ 1¢E conceritys..

tion, compared to ary oxides erown in the same furnace, For
the devices grown in clean growth ang annealing condi tions,
»Imost the sz2me small value of charge density 25 obscrvegq
upto 0.5 / TIIZ. Turther increase in 1¢x concentration

resulted in increz-: of charge density,

Tig. 2.2 shows the dependence of interface state
density with varying T°E concentration in the 2 phasge
during the growth. A4 <i~nificant reduction from 1 % 1C”

s - 1
ctates per cm® per eV to 4.2 x 10 States per cpt per oV
in state density could be seen for 0.4 LEycompared g
dry oxides grown in ideal conditiong, Similar ¢q the oxide
charge bhehaviour, interface state density 2lso increagegs
for nigher ICE concentration ( > 0.4 “CE ) in the gas

similar observation was made ty Declarc)k ot al7’8.

phase.

It is clear from the abgve mentionsg Tesults tha4
o oxidation carried oub in ultraclean sroyen . dnnealing

conditions, rriuces the interface giq4, density considerably



nithout affecting the fixed oxide charge density, atleact

upbo ZCI concentration of 0.5 7/ in the 2as phase, fhis

shovs the effectiveness of TCE oxidation process garticularly
P larly
in reducinz the interTace stzte density under jasgz] agrovwth

conditious. ‘fowever, it hac positive effect on hoth tye

parameters, if the crowth conditions are not ideal, Similarp

also been ebscrved in oxides Troam in HO

dependences lLave
9-12

and 31, as cklorine sources

fhe orizins of interface states and oxjae charge
are different. Whereas the oxide charge is fixed, interaction
of interface staies with gilicon depends on the 20sition of
the Fermi l=vel at the surface, within the forbvidden g2p.
- well established thal unsaturated bonds at the surface,

It is
disordsr =t the interface, is mainly responsible for

LIRS |

()

tne interface states. The states situated outside the

silicon forbidden £ap, like extess silicon ions ang oxrygen
defi~iency, are known to be the source of oxige charge
1t is , thus, obvious that the physical oriein

densitye.
of all the charges may well he based upon the factors relateg

or
to the silicon boud structure/defects there of | Whether. a

particular oxide growth process causes a szilicon bond defect

. $
C 3 +i

aepends on *the structural confisuration, bond energy ana

other considrations. Whether the defects iy eilicon bondg

ip turn will result in either fixed oxide charge density
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) 1 o - + densi s S .
( Qs OT interface state density ( D o) would depend
primarily upon its location ir the a:idized silicon

structures, acxre, the possible effect of metallic ang jor

igaic impurities and defects cm both the parame.ers could

not bte denied. <he presence of these spcciss could physi~

celly distort the silicon oxygZea bond structure and Jeag to
cnarzz effects.

our observation of the reduced interface state
densit:’r with TCE upto 005 / during O?!i'ﬁ:"-‘,'ti()n OOuld be
attributed to the pairing of unsaturated s=ilicon honds with

sctive hydrogen or OH groups produced during hieh temperature

2,11,13,14
“~ oyidation ? 7 77T, Most probadly these asiiv- species

produced during ICh sxidation a2z a product of t he reactionTS

7 - T Y 21 = - = -
given by €q. (3.5). The observed reduction in intersace

-

'l t1 ) r 1 : .
density could also0 be partly due %o % he zettoring

gtaie —
: . 3 10
of the cuemical impurliles .
The observed increase in both, interface - .- i,
14 o:dde charge densliy,for tls devices grown and .y
"

Qensity &1
nign ( > 0.5 / ) k4 concenirations (

Y

lgs' .)e'! " (. -,
2O Jel 3

. N 3 R
could be asczibed to the ¢iching of 5ivjaen surface cdue to
- 3 ¥ - A0N D1 5 : - =~ ~ .
yigh calorine comcentrablon present during oxige groyty- 1 17,13,
Thie phencmenon Causes the presence of exeees ionie eilicop
: rv n2ar the $i-s5io. j .
in the oxide verJ 510, interfagee resulting in the
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increased values of oxide Qhareca &= We This viey i

A~

" . . 1
2120 supported by the recent findjn=r that the eMlor:ne

crcduced ss a product of reaction durineg o0g OXidation

thic temperature ang concentratiop 1lay 5

dominant role on the oxidation Kinetics, The increage

surface state density at hign 1op concentration may pe

relazted to less water zeneration wilich TAY come gyt ounee
the eguilibrium has beon disturreg by the reaction at the

19 o I
interface’'”, [Hore the surface ~ouganess causeqd by rela-

tively high chlorine concentration Wring srowgy 3y ereate

defects 2t the 31-—3102 interface 1‘esu1t.1_n!_t in t ha intore

face ziate denzity.

Ca e

Ia' acutraliwaiion : It is now well establicheq that apart

from t he cleaning effect ( removay ,r impurities Present

in the furnace by purging the furnsce i chlorine ambient Y,
chlorine oxides show positive improvement SVeN 1if the jonie
contamination occurréd after oxidatign. Tais ig believaq
to he mainly due to the neutralization of g * ions aftep
interacting with chlorine present in large anmnount, o+ the

31-3iC.~ interface of chlorine O0xidatjion,
R c

Fig. 3.5 shows the resyite of Bm stress on Na ¥

neutrali @tion ( defined as t he fraction 0f the jat whioh

got neutralized ). HNearly Complete HEutralization of Na+

te + 2
ions in our case ( 3 x 10°° ya'/ oy ) takes place far 4,



-~

. e I's) ]
TCE couacentration of C.9 7/ at 1100"2, Data for 1o

6317’ 1(-":1’-?'-- P~/ 8.nd some I‘eported I‘esul‘ts on F‘GE oy_ides'?
’

oid
lead to similar chlorine concentration *17115,21,22,23

In HCLl oxides, it is observed that Na+ neuvtrali cation
tukes place suddenly in a narrow range of HCL concentration,
, 1or the devices having Na® contamination

12 . 2
level of the order of 10 © ions/em®, Tuis is indicative

between 3 - ¢ /

of the fact that Na' neutralimtion is achieved once g
certain minimum level of chlorine is incorporated in 3102

film., However, exact mechanism ol this threshold behaviour

is still a matver of discussion. Contradictory results are
"
available on the dependence of Na contamination leve] on

the passivation efficiency. Whereas Kriegler et a1 ! are

of the opinion that it is independent of contamination level
upto a value of 4 x 10"¢ ions/cm” » Van der Keulen et g1°%
observed that only one tuird of the Na¥ ions are neutralized.
Results on the TCE oxide indicate that this pPhenomenon ig
not very effective at high level of the Contamination16_

our results of TCE oxides show that complete heutralization
of Na+ jons ( 3 x 1012 ions/cm2 ) could be achieveq by
srowing oxides at TCE concentration of 0.9 7 at 1100%,
However, a threshold efiect could not be gistinguisheq in

our data ( 218 3.3)
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3.5 GConclusion

7he present study shows that one order reduction
in interface state density could be easily achieved by 0,3-0,4 */
?CE curing TCE oxidation. she Iixed oxide charge density is |
not very much affected by tnis process under clean growth
conditions. However, this process has beneficiul effects
on this parameter ( Qox)’ if zrowth condition is not ideal,

e large chlorine conception near the 5i-3i i )
Th & 510, interface is

- > K4 L r -
effective in passivating against Uz ion drift,
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Chapter-1y

EFFECT_OF RADIATION ON_MOS DEVIC RS

Early in the Qdevelopment of MOs transistors, it hag
been found by many workers that even low energy €lectrons, X-Tays
and gamma rays can have significant effects on Si-g
prqpertieST'go The two most important effects, whi:;bo:nterface
MOS structures are exposed to ioniging Tadiation environ:::;fhen
are : (i) the introduction of positive Oxide charge and (ii) ap
increase in the fast interface state denaity 54 the 81-8102

interface,

Fortunately, both these indyceq charges, which are
permanent at room temperature, could pe annealed oyt during 3
temperature annealing ( 300% )°'4»3,10 The only 41gagy. i
wag that thege devices could not be useq fop Space applic::::f:.

where lonising radiation would be a faotor,

The ever increasing demand of EeMiconductop devices ip
space applications, because of their minjatupgeq 8ize and 1oy
power, lead to extensive researocan activity 4p this area, 3oz
efforts have been aimed towards understanding tne mechaanigng of
the radiation induced space charge in 0Xides ang gotting tny s
charge eliminated or: minimized. Varigyg Toditications 1n geyyq,

fabrication prooesses, uses of particyl,r gate 3
ayers, QOmposi_

nd effect
tions of oxide layer a & of Passivatin, layers haye
11-13 been
suggested .



The present chapter deals with the effects of gate
metals ( Al, Cr, Au ), oxide growth conditions ang energy of
Z-ray radiations, on the charge formation in MOS structures .
The C-V analysis technique has been used to study the charze

formation,

4.1 Device fabrication

The n~type silicon crystals of 1 oum om resistivity
and (100} orientation were used in the present investigation,
The cleaning of the wafers was done inm similar manpep as
described in the previous chapter., fThe cleaned wafers were
oxidized at 1100°C, in dry oxygen and in dry/wet/dry oxygen
amblents, separately, The thicimesses of these oxjdeg were
found to be 920 and 960 angstroms, Tespectively, which wers
measured by Ellipsometer within an accuracy of 227 . Before
metal evaporation, backside oxide was etcheq ip buffereq HF,
on the front side Al, Au and Or dots of approzimately 9
diameter, were ev:porated through a metal mask, in vaouum systen

maintained at 10 Torr, Al waa uged fop backsi de contact

The wafers were annealed in nitrogen atmosphere gt 500°c for
about 25 mins,
4,2 Measurement technigue

The capacitance-voltage methoq of analysis has b
‘ een
used to study the radiationm inducegq ¢harge formation in Mos
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deviceg, The G-V characteristias were meagured using Systroniog
LCR bridge type 921, at an internal Irequency of 10 KHz, The
devices were exposed t0 X-rays with ®PPTOpriate contacts op gate
and substrate for blesing, For irradietion Rich Seifert X—Xay
unit was used, whick can be rum ror accelerating voltages
between 25 Kv to 60 Kv, After inradiatiqg C-v Characterigticg
were mcasured amd Wy aetermining the ghiftg in the flat bang
voltage along the voltage axde, etrects of different parametera,
such as;, gate blas during irradia.tion, X-Tay energy andg exposure
time, on the radiation induced Charge Tomation wag studied,
These studies were made with differently grown oxides ang
different gate metals, As the inducegq Charge ig obgerved to be
quite permanent at room temperature, any time lapse uring the

measurements 13 not expected Y0 change the density of radiation

inauced charge,

Determination of radiution induced charge

4.7

As digcussed in chapter-IX, the formation of pPositive
space charge in the insulator, resulte in a displacement of MOS
0~V curve to the left along the voltage ax18s The nature of
radiation induced space charge wag determined wity tke help of
shift along the voltage axis, ag Compared to the initia] g.y
characteristics ( i.e€., without 1rradiation), The induceg
charge has been calculated using the toll owing relation,

%

vV [ e— o ﬂn’s ?
a Vyp e, (4.1)
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where o Vep 1s the flat band shirft along the voltage axis,
¥mg 15 the metal to semiconductor work function difference,

Q'é is the induced surface charge and.c° is the oxide Capacitance,

4.4 Regults
The C~V characteristics obtaineg after x-ray frradia.
tien for different exposure times have been bresented ip this

chapter, The initial ¢-V characteristicg » without any exposure,

are also shown.
been obtained, until after a few minuteg of €Xposure, when

Considerable shifts along the Voltage axis have

more or 1less stable value is reached, It hag been Tound that
a relatively ]_arge ghift ia obtained (hl!‘ing the 1nit181 ex‘posure,
at all gate biases, In eddition, the zagni tude of Capacitance

chanze ( 1e6s) C/C ) 18 also increased arter 1rradiation, jndj.

cating the increaced leakage in the devices gye %o irradiatien,

The effect oi exposure time ana thyt 0t the bjiag applied
to the gate during irradiation, are shomn jp Figs. 4.1 ang 4,2.
Fig. 4.3 shows the radiation induceq charge, whep the positive
bitases applied to the metal during irradiation were 2.4 and g
volts. It 1s apparent Iraathe figure that tpe ypaueeq charge
first increases with exposure time ang tpep saturates, fue
saturation time depends upon the gate voytag, applied during
irrediatien. Rapld saturation of jnayceq cbarges was obtajneq
at higher positive blas applied during irradiation, ,q i8 clear
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from Fig. 4.4, Our devices showed decreasing velue of
induced charge with the increasing gate biases, for constant

energy of radiation and gxposure time,

in order %o gtudy the gate metal dependence on

radjiation induced charge, all other parameters, such as oxide

layer, gate blas applied guring irradiation and exposure time,

were kept constant. The C-V characteristics obtained for Cr

and Au 1ayer8 on dry grown Oxide, are illustrated in Figso 4.5

The radiation jnduced charges, calculated for different

tted in Fig. 4,7, It is apparent from this

and 4.6.

metals, are plo
figure that the chromium layer showed considerable radiation
hardness uring jnitial irradiation, as compared to gold layer.
Whereas devices with gold layer showed systematioc increase

and saturation with jncreasing exposure time, chromium sbowed
erratic pehaviour and becamé even more radiation sensitive

under prolonged expOSuUres.

The MOS devices paving dry/wet/dry oxide and Al as

2 gate metal ’ were 1rradia.ted by X-rays having different
corresponding to the accelerating voltages

maxi oo energi€ésy

and 53 Kv, for
pnduced charges, calculated from the C-V curves

s 55, 46 constant gate blas and exposure time
O ’ ’

rhe radiation i

4,8, 4.9 and 4010 )» 3T€ plotted in Pigs, 4011 and 4,12
"Dt J 4

( rigs.
1t is clear from tHESE gigures that the formation of radiation
, 1s indepeadant of the radlation energy, at least

induced chaTé



~s 783

for dry/wet/dry oxide hzving A1 as a metal layer,

The radiation ipduced charges could be annealed
either by heating the devices or by irradiating them with

ultraviolet light, x-rays or low energy electrons, In order

to study the recovery phenomenon, the devices were first

{rradiated with 32 KeV x-rays for 2
r the devices to reach the saturation., The devices

5 mimites, which is suffi-

cient fo

were then exposed +t0 X-raye, with negative bias applied at

the gate dquring jrradiation. Most of our devices showed

e recovery and the C-V characteristics shifted back to

complet
interestingly, some of the devices could

the original one.

not be completely recovered even after prolonged irradiation
at negative bilases ( Figs 4,13 ). In addition, the inversion
s also not obgerved in these devices,

region wa

4.5 piscussion

pefore we discuss our experimental findings, it
would be worthwhile to summarize the main features of these

experimental observationses

posi tive space charge appears in the oxide layer, when

(1) A
yo§ devices are exposed to ionizng radiation,

(11) The radiaticd induced spaceé charge gets saturated with
prolonged srradiations The saturation is rapid at higher

posi tive biases applied during irradiation,



(111) The magnitude of saturated radiatjop induceqg Charge
in the oxide depends strongly on the gate Voltage

applied during irradiation,

The bullding up of radiatiogn lnduceg Charge g bighly

(iv)
dependant on the gate metal, Chromium 1g Observeq
to have more radiation hardness, ag Compared to go1g
for short exposures, but it showed greater Sensitivi ¢y
after prolonged exposures,

(v) The radiation induced charge ig Pemanent ¢ room

temperature; however, it coulg be Reutralizeg if the
devices are heated or irradiated witp UY or other

ioni zing radiations with negati ve bilag applied at t he

gate,

Two schools of thoughts have developeg for posty
lating a mechanism for the formation of Tadlatjon inducegq
positive space charge. One model is baseq Strictly on the
consideration that iomising radiation beay interactg first
with the gate and then with the insulator to form a cloug of
electron~hole pairs within the insulator"g, It ig thesge
pairs, which cause the observed effect hy subsequently intep.
acting with trapping sites within the nsulating film, mpe
electrons which have leen generated que ¢, Tadiation, eithep
recombine with the holes or move oyt of gne insulator beoauae

of the applied positive field , where,g the holeg dffyse
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in the insulator - some of them recombine with electrons,

but many are captured into the stationary traps. This gives
rise to the observed positive charge, The remaining holes,
which are not trapped and have not recombined, are neutralizeg
either at the metal electrode or with the electrons injected
In the absence of electric field daring

from the silicon.
irradiation, the electron~hole pairs recombine ang relatively

amall number of holes will be trapped resulting in no signi-
ficant accumulation of charge in the insulator, In the case
of biased bombardment, the electrons readily move out of the
insulator under the influence of the field angd the trapping
of holes is emhanced resulting in a significant positive space
The formation of space charge takes place at the

charxrgse.
$1-810, interface and moves into the insulator with continueg

bombardment, if the gate bias ia held positive, Most of this
charge 1s imaged in the semiconductor surface and therefore,
the capacitance meagurements show a shift along the voltage

axis, During initial studies in the field, this model wasa
widely supported and some modifications to thia model, which

$ncluded the electron injection through the metal layer, were

also proposed.

phe second model, which is based on recent studies,

oh of the radiation induced positive space

proposus that m
¢ drift within tne 310, riln'+'8,

charge is due To the ioni



-3811=

It is postulated that ions, such as sodium and protons,are
liverated during irradiation and they either diffuse or drift
in t he 3102 film, When these ions drift to the Si--S:i.O2 inter-~
face, the flat band and threshold voltages are perturbed due

to corresponding modifications in the electric field at the

silicon surface. This results ia the shift of C-V character-

istics,
Our results on voltage dependence of radiation induced

charge ( Fig, 4.3), show that relatively less charge is being

formed at higher voltages applied during irradiation. On the

basis of the first model, one would expect that with the posi-
tive field applied on the gate during irradiation, more holes

would be drifted towards the 31-8102 interface and be trappeq,

resulting in high density of radiation induced charge, This

18 not reflected from our experimental data. Hughes et al14
feel that the magnitude of radiation induced charge strongly

depends on the growth conditions and hence, on the impurity

contents of the oxide and the metallic layer, They also

observed that Al layer after sintering diffused through the

oxide and acted as a sodium getter, Devices sintered at

+ 0
higher tewperature ( 500% ) showed higher Na conceatration
and hence, an enhanced radiation induced charge was observed,
There geem to be atleast two reasons for our observed voltage

# the radiation induced charge. One is the nonw

dependence ©
uniformity of the godium content in the oxide and the other,
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the nonuniform diffusion of Al through the oxide, As dis-
cugsed in chapter II, the sodium ions could be incorporateqd
into the oxide during any or all device processing steps,
resulting in nonuniformity of Na content and this eould not

be avoided due to our experimental limitations, Qur devices
were also sintered at 50090 and nonuniform diffusion of Al,
which acts as a sodium getter, might also result in observeqd
effect, B T stress was conducted to verify this nonuniformity,
but no significant mobile Na' ion concentration was obgervea,

Tt is believed that in our devices most of the sodium ig bound

by Coulomb forces to non bridging oxygen, thus behaves as
immbobile neutral species when B T agsesments are conducted,
However, on irradiation the sodium ions are liberated ang
conseguently, drift in the oxide due to applied field, resulting

in radiation induced charge. Perbaps the migration of posi-

tively ¢harged Na* ions 48 accelerated at higher positive

biag and rapid saturation is observed in thisccasse,

With regards %o t he dependence of radiation induced

he gate metal layers, it is clear from Fig, 4,7

charge on t
that the chromium layer has more radiation hardness for short

layer,on dry oxides, The low Value of

exposures than gold
on induced charge for short exposures and higher valueg

radiati

for longer €Xp
rules out the possibility of nonuniform Na distribution at

osures in case of Cr, as compared to Au layer,

the metal-oxide jnterface or in the bulk of the oxide layer,
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at least for these samples, It seems that similar to Al,
Cr layer also acts as a sodium gettep and sodium ions are
located in the deep traps at the metal-oxjide inter:face.
These sodium ions are believed to be liberated only after
brolonged exposures, resulting in increaseq radiation gepgji-
tivity. The presence of nonuniform traps at t he metal-oxide

interface in sgodium contaminated devices, has been reflected

by the results of many authors’7"a.

As indicated earlier, the density of neutral g,
at metal-oxide interface or 5i0, layer decides the magni ty de
of radiation induced charge., Increase in x-ray energy did not
have considerable effect on charge formation, as shown in
Figse 4411 and 4.12. It seems that if the sodium content 4s
constant, even low energy of Xx-ray is sufficient to release
all the sodium ions and further increase in x-ray energy would

not have any significant effect on the radiation induceg charge,

The recovery of the devices may be explained to be

due to the migration ol Na' ions back to the metal-oxide intep.

face, Partial recovery obtained in some of the devices may
be attrituted to fast and slow charge migration in contamingteq

7
devices under B T stress, ag proposed by Hofstein1 and Singh

et a11®, It seems that some residual charge is retained by

the devices during recovery due to some structural changes

in Siob film in that area.



4,6 Conclusion

The formation of radiation induced charge is

gtrongly dependent on the growth conditions of Si0, layer
In order to fabricate the radiation-

and the gate metal,
which could be used for space applications,

hard MOS devices,

the growth of godium free oxide and metal layers is an essene-

tial condition.
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Chapter - V

SCHODTKY BARRIER SOLAR CELL

i

golar cells are devices which directly convert solar

energy into electrical energzy. The race between various

nations of the world for rapid industrial growth and the fast
s

awindling conventional sOuUrces of energy have foxced us t
0

look for alternative sources of ener:y. The commonly used

epergy sources are the fosgil fuels and the hydraulic power
These sources cannot meet the demands of the world for more

than a few decades. The most promising sources of energy in

the future appeal to be the g80lar enerTgy and the nuclear
energy released as 2 result of the fusion of lighter nuclei

5.1 Solar enerzy

phe sun has been radiating enormous emounts of energy,
overy three seconds, for over

a million Q
14

represents 42.93 x 10
jnue at this rate for at

which 1s about
K¥ hx energy).

500 million years, ( 1Q
on is expected ¥ cont

This radiati
1f even a small

least next 50 million yearse

amount of the

y reaching the earth could be used, it would solve

v gupply problems.
t it is free of the dange

sources of energy. >o0lar energy

solar enerxrg
one singular feature of

most of oul energ
ar energy is tha
ated with other

r of pollution,

the sol

which 18 agsocl
has its ©

wn problems. The energy falling per square

however,
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cm of earth's surface is hardly 0.1 Watt., For generating
© >

appreciable amounts of power, it is necessary to concentrat

- ate

the solar energy to large Values, with the help of concen

trators or large area collectors,

Any process of energy conversion in which the efficj

ency 1s large iz a desirable process. Efficiency is definegd

as the ratio of the output power to the input power. Compared
to the efficiency of emergy conversion processes in which one
form of energy is converted to another involving intermediate

steps, the efficiency is likely to te larger in processes

wherein intermediate steps are absent. Thus, efficiency in

direct conversion processes would be better and can be achieved

at lower costse

5.2 Photovoltaic conversion

Solar cells are the devices which are used for direct

corversion of the solar energy to electrical energy. They have

programmes for over a decade, The appearance

been used in space
of a voltage across the device, when light falls on it ( in

e of any other current sourc? }, is known as the 'photo-

absenc
This effect was first discovered by Edmond

voltaic effect’.
1t was found that a voltage is developzg,

Benquerrel in 1833.
when light is airected onto one of the electrodes in an electro-
lyte solution, In the fifties of this century, scientists
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etarted thiniking oI using this effect ( known to oce
ur in

splids too ) for energy conversion
» Bell Telephone L
b aboratory

first produced high efficiency solar cells Since th
¢ en a lot

of work has been done in this field, The success of 1
solar

cell in space research bas more than justifi
~ ied the large am
ount
of effort put in for 13 development, It would be useful
ul for

+he mans<ind 1n general, only when solar cells are put t
© use

v

for terrestrial purposes alsSo.

5.2 ZIhe g—n.junct;gp.solar cell.

ohe type of solarl cells commonly used these day
s, is

nothing put 2 simple p-B junction, with silicon as the h

oat
when the Ju
ction ajffuse t

g donor impurity ionsS. This results in
an

nction is formed, electrons from n-sic
- e

lattice.
o the p-side, leaving behind the

near the Jjuit

posiively charg®
increase i the potential on n-side. Similarly, holes fro
m

e to the n-side leaving behind the negativel
y

p-side Aiffus
the potential on p-side, thereby
»

a acceptor ionSe

The proce
4 vp under thermal equilibrium, at
I; ge | ¥) #

charge

gets 1owerede
5013 }'

g continues till a built-in -potential
a

which the pnet £10W o
int of View of the energy ban .
From the PO d diagram, electrons

g to go from 0=

f charge carriers on ei
either gid
gide 1s zero
»

side to p-side have to ¢limb the potential
a

condition for gzero net flow of ch
S

ni11. The
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across the junction,'under thermal equilibrium, is mev when

the Fermi levels Efn and Efp of the electrons on botn the

sides of thne junction coincide, as shown in Fig. 5.%a. Ln

fact, there will slways be some elecirons on n-side, which

will have sufficient enrersy to climb up the hill and go to
th holes there, thereby consti-

the p-cide a2nd recopbine wi

tuting, what is called, 2 trecombination current density!
e 7

© ( current density i8 current per unit area)., Since
'

J
nr o . -
elecctrons are negatively charged, J .. 1S directed from p-to
. a similgrly, the thermally generated electrons on
n-c1CGeo -

4o can climb down the BLLL towards n-side, constituting
~=gide

o . . eV .
roeneration current density? Jng? directed from n-to p-
a 'g a
there is a hole recombination current

cide., In the game ways
p-gide ) and a hole generation current

( from p-to

density J .
to p-cide ). Under thermal equilibrium,

0
pr
9 ( from B-
pE

density J

o .
and Iy = Jpg ) (5.1)

)

o = ang pr

. current density from p- to n-side, in thermal equi-
al € .0

r* "pr )} and this ig balanced

0
» Jpg ) from n~ to p-gcidse,

i f we apply 2 viag to the p~n iiode, with the

1 tive and n-side negative, the external potential

the built~-in -potential from the value Vv
b

wilibri® to ( Yy ~ V ) under this bias, known as

in thermal eq
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' rd bizg' ( Fi&. 5,1b1). Now more eclectrons can diffuse
Qrwa , S

M 3 . ol 1S t - . - (v}
from n- to p-~side, increasing the current density ’nr’ Jnr> Jnr.

. N . o
the hole current density Jpr also increases; J

pr>’pr'
gince the temperature of the dicde is not changed,

Likewice,

However, .

pg-’
s in a net current from p- to n~side,

nti d
i g continue to have the same values , J“qan J
J i e "-

e =)

as before. This result
given by
(9,

o eeV/kT - 1) = Jo( {;} V_1-)’ (5.2)

]
—
s
&
ey
o]
]
N
—~

the diode is rpeverse biased', ( n-side positive
When e
{ he applied voltage increacses the

and p-side negative }, ¥

po tent jal barriel,

reverse bias, &
recombination currents, which decrease to

from Vy; P thermal equilibrium o (V. +V)

g shown in Tige 5.1bII., Again, this
under

afrects only the
0 anald
Tar © Jor pE
jg given bY

.0 7The net current from p- to n-side

pV i (5-3:
;=g (¢ -V -~ 1)
0

cpat J i8 negative in eg. (5.3)., Both the egs, (5.2)
r

It is clea expressed as the single diode equation
e

and (593) may b

- . (5.4)
J = JO ( J t )
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The current-vol tage characteristics { Fig, 5.23) show that

a positive V gives J > 0 ( 1.€o, from p-~ 4o N-side ), ang
’ 21

negative V gives J < 0, 7The product of current and voltae
s5€

1s always positive, which means dissipation of powerp
]

uov:,, if the diode is illuminated, the generation of th
: B

carriers on p- and n-sides of the Junctjion inCreases much

above the thermal equilibriunm values,
hole and electron generation currents op illuminatioy
: ]

L =
1f Jpg @nd u;g be the

L 0 L i lect i
Jpg > Jpg and Jng > Tnge E rons from P-gide, where they
are minority carrviers, fall downhil} constituting a greater

‘ L it ;
generation current Jng than what it was ip themai €quilibriyg,

The flow of electrons lowers the potentia} On n~side, 3ig;i
Larly, the flow of holes Irom n- %o p-side, rajgeg the potentiay
on p-side, This has the effect of reducing the thermal

equilibrium potential drop from V . to ( Voi =V ). 1In effecy,

dicde acts as 1T it is forward biaseq, This algg increa

the
. . u o
the recombination current from ( Tnp + Jor ) to (g + J
nr pr)‘

ses
net current density on illumination jg given by

The
T > R
( Tng* Ypg /

Sy
"
L
Cy
*
e,
ol
H
—

' e Qo
(o] ef = J = J -
a ( Jgr P Jpr ) { ng * pg) ( Jph)

V. 1) ~d,
JU ( eﬁ 1 ) ph. (505)

|

L L gk)-(3° 440 ;
where T, = ((Tpe * pe? ng * Jpe e Since, Top is
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Much larger than the first term in eq, (5.5), a
2/ POsitive
Value of V yields a negative cur '
Teut J. Hence, th
’ € product

Of voltage and ecurrent is negative {
» MEAMIng thereby tha
t the

device generates power., The curreni-voltage charact
EClerictie

0f a soler cell under illumination is stovn in Fig. 5
¢« J.2b,

For greater efficiency, J should be large and negatiy
S e, Thig

means that the forward bias current component R A
oy~ - 1)

shoulé be as small as posszible, This current comgone t
nt is

called the 'dark current', Thus
- .V
where g4 = J, (¥ - 1),
{(5.7)
For a solar cell, we define 'open circyjy Voltage !
Y, foxr whica t .
VOO 2s that value of V, o the current jig zero,
Therefore,
V x
0 = a, (F0°- )Ty,
kT . Yol
or V s —=1n( -+ 1),
Oc e Jo \:o,;)
, - rag ! e
The 'short circuit current! density Jsc is defineg as that
value of J for Which V is mwl ive.,
= - J 1. ¢
T se po (5.9)
The terficiency' of @ solar cell is defineg o5 4. rati
0
Pover output
(5.10)

15 power imput



in the Voltage—current
(V-1 ) Characteristic of the solar ce13 (Fi.
cefine thpe pover output ag Vm) X Imp ¢« The '£i11 Tagtoys

’ T
°f a solap cell is defined as

v X I

i
B
{s

f op

17 = 1 ol |
A ey .

ials and efficlency cong

iders s

cions Top SQilar Cells
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4

Preparing Photo.
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ich takegy
ic that tae photons are absorbeg in ty
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. lz

e semiconductor
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the i i
semiconductors with smaller band gapc The
T
performanc
e

£ > - 3 1
of large vand &ap materials ic deteriorated, ocec
' ause the

number of phovons with enecrgles necessary to ore
ase eleet
. ror:_

hole oairs, reachinsd the photovoltal
A 2 £ taic convertor
ie insuffi
In addition to th :
inority carriers. It is reguired that t
he
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jifetime of the T
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ye nhigher eff
-~
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olar
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ravw materials .
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N ¢ such cells
so1ar cell tne cof% © 1s 1s nigh compared to athe
rotive renearch is stil] i
ourcesds ° Boung on to
Teduce



-s 008~

t‘_. Q
J.h -
»* vl’e

cells, They degrade on being subjected to high
3 A 2 ) l energ
radiations, This offect has been minimized to {
b a rrmat Axta
Ly covering the cell with glass S
4 g , so that most of
the dama
ge

occurs in the glass ratner than in the cell oth
- . taer method
to do this is ©o add an impurity to the base mnt
age material, which
hndaat

sunt of its high mo

e crystal and neutralizes the
‘ s the broken b

onds.

on acc bilitj[, C}Uic‘\’ly migratus % th
= o} 2

defects in th
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. s0lar energ
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om the surfa
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wn enersgy whichh is required to produ
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t‘h l s

js equal ®
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1ess toan t goes waste, A
nhotan wh
EN DSQ

energy

ra enersy contributes to lattice vib
rationa

na the ex?
ssipated as heat. ¥ 4
01f" reported that

palr
sentually &

0 e

of the solaf en
semiconductor with
0'9 eV bang £ap .
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cnerated carriers 408 not take place. Also, the series

resistance of the cell causes the degradation of the fill

factor, which results in toe reduction of 1its conversion

c¢fficiency.

nottky barrier solar cell

5.6 Advantages of the SC

The interest in the field of SChottk}' harrisr 50l ar
which are simple metal-semiconductor contacts

advantages of these structures over the
ave been recognized, The 3BIT can

s icie el .
s to give efficiencies apovroaching that

so 2

be fabricated
The fabrizatlon of these

j
of p-n junction solar cells™ .
.t much lower temperatures, so that no

gevices ¢a2i be donE i .
gth =2nd life time occurs. Nore~

giffusion 10

jon of
e easy and simple to evaporate a metal

degradat
auch mor
r than t

mhis also makes the dovice cheajer, The

3t 18
o diffuse impurity into it to

iolla

g is that of a metal, which hag very amall

form & junct

i S
o J
Ppe y r otes Can al S o 436 J S
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sénerated Carriers does not taje place, Also,

the Serj
Causes the degmadation o

I

es

T'ésistance of the cel}

“ae fi13
factor, which r

es5ults in the reduction of it

efficiency;

5.4 Advantages of t he Sehottky barpjeq S01lar cely

The interest in the fielg of Schottyy barris, 50l ap
cells ( 5587 ), which are simple metal-semicondu

Ctor eontac t30
1s rising since the advantages of these struct,.

'e@g Over the
junction solar cells have been recognyzeq,
p~-n j :

The Sps: can
be fabricated, so as to zive efficiennjeg apprOaChing s
of p-n junction solar cells”. The fabprina

devices can be done at much lower temperatures, S0 that p,
evices car
degradation of diffusion 1ength and life 1y, oceurg,
egradatio:

More..
it is much more easy and simple tq TVaporate a pey.,
over, S _ .
miconductor than %o diffuse TWPUTity ineg it 3
on the se

junction. Ihis al50 makes the gdevje, SReaper, g4
form a jun -
in S350 is that of a metal, wWaich hag Very maly
top layer i )
resLstivity.

tage jg
substrates can 2180 be used f
rystalline 3 or
that polycrys

the

device,
. of this
fabrication

ontact
tal semicondictor r~on
5.7 Wetal-

f semie
rhe trapsport theory o Onductora’

asej on the
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band theory of solids, wasg formulateg by Wilson6

Scllottky? applied this theory to nmetal-gar

0
_3
Ao
[v]
O
o
)
[
a
{
O
*

Schottky found that a potential barriep ariseg

from the
vtable space charzes in semiconductors,

ductor coniacts were, therefore, ntamed after him and are

Known ag 'Schottky barriers?,

When a metal of higher work funection is brought cloger

type semiconductor of lowep work functigp and the
to an n-t;

< them is reduced to such an eXtent tha
distance between

‘: e - n the

flow of

trons takes place from the Sémiconductyp to the metal,
electrons

. 1 of the semiconductor
. the Fermi leve »
This lowers

The trapg.
ron 1 ibrinm jg
8 continueg till an eguil

fer of elect

I'eacheq, In

1s of both the metal ang the
) . the Fermi leve ’
equilibriom,

ductor, coincide. Due to transfer of electrons,
- c ’
semicondu

Pleteq
ge carriers and this layer kngum as the
arg

of the ch

'depletion
tains mostly the positively Chargegq dono
region', conta

T ions,
1ts in the bending of conductjgy and valene
This results

. I.':dy 0 the - l

o0 region
A8 in the semicond

Thus, a buflt-in-potential v
bulka 4

ter than that of the electrg Hovar
rea '
is g bi is PTroduceg in the

egion, as showr in ¥ig, 5,35, gy Potentjq)
depletion T

( which 1s equal to the S€paration between the
barrier ¢y

: band and the metal Fermi levey )
conduction
too of the
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Prevents the figw of electrons

from one region ¢+
vay as doesz the built-in-posq
T =1 junction ( Fig. 5.1a),

1n the same

= d o

2 the othep .
ntial y

If the work function of the metay 4, very Sigh,

valence band of the n-type semiconductor comes

the

Clozer g4 the
Fermi level at the surface and the Surface regg

Cfi'e Ctlvcly
becomes p-type. This is known as the r;

The
2+J4 ang b,
emic

depletion and inversion regions are shownp in pyq

igs

respectively. On the other hand, if ap N-type o

Oldue oy
unction,

the g

18 put in contact with a metal of lower wop F

thae
electrons flow from metal to semiconduc top and

urfﬂce
Ieﬂion accumulabes more eleCtmnSn
o

Thus, ap
region’ is formed, Ia this case,

itively charged and the semiconductorp BUTfa00 beoomes
positi
i o
negatively cnarged, This cause
-]

t the surface, as shown 1n Fig. 5,3, Similarly, for g
a

iconductor, the depletion ang inversion
p-type sem

Tegiong are

T lower work funetigy than 4
i +h ametal %

obtained wit

hat of &

me 1: N PII W‘ }I c 1: Ild H}

_ tion of the metal-semiconduc
tifying ac
for the rec

tor Oontact.
tration of carriers in the depletioy re
rasc

The concen

externally apolied voltage appears ae
small, the

0ss this 1ayep
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Tais applied voltage increases or decreases the built-in

potential, as shown in Fig, 5.4. If the voltage applied is

+V ( forward bias ), the effective built-in~potential becomes

Vi, = V,
bi y whereas reversge bilas increases it to Vbi + V. 1In

fact, there are always a few electrons in semiconductor cond
2=

ction band, which have enough energy to sumount the potential

barrier. The electron current density from semiconductor to

metal is denoted by J, and corresponds 1o a conventional current

in the opposite direction, Similarly, Jf denotes the electron

current density from metal to semiconductor, correspondine to

a conventional current in its opposite direction. 1Ip equili~

. + .-
brium, Iy and J should be equal, so that there is no net

electron current flowing through the device,
there are two hole current

In addition to J: and.I:

’
densities also, represented by J: and J; s JT is due to the
r

holes in the valence band at the semiccnductor surface, having
sufficient energy to enter the bulk region. And J; consists

of holes diffusing to t he semiconducior surface and recombi-

ning with the electrons from the metal, The conventional

currents corresponding to J: and.IT are from metal to semi-
¥

conductor and semiconductor to metal, respeciively. Asain,

g% and J” must be equal in magnitude in the equilibrium

p .
condition. Thus, in equilibrium, when the net current 1s

2EY0,
vo.12)
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when exterral voltage is applizd to the contacwy
v
( Figs - +
( Figs. 5.4a and ¢ ), J, and J, chenge, because they depend
on the numover of cherge carriers having sufficient energy t
o

surmount the terriel. These current dengities, ror applied

voltage V, are given by

Jn = - JDO 2xXp [ - P ( Q} -V ) . (5.13)
» = . - ; o )
JP Jpo exp L p ( ¥B v (5.14)

where J, and Jpo are, respectively, the magnitudes of the

lec tron and hole current densities, incident upon the

total e
n equilibrium. The direction of motion of

surface barrier i
idered to be positive from metal

charge carriers is consS
The other two cur -

P
erature only and do not depend upon the

the

-
rent densitles, J,,J ,are

to semiconductor.

the Tunctions of temp
Since, in equilibrium,

rnally applied voltage.

gxte

3t ==7n (5.15)

and J = - S (5.16)

tnerefore, J o = Jno &P ( - ¢ ep) (5.17)

Thus, the total electron ana hole current densities axre

’

I = iy o =y, 830 (-pog) L exe (BY ) =11 (5.19)

) =1 1. (5.20)

and J, = SR 55 = Tpo O (-peg) L exe (BY
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These give the total current density as

J=(J =3 )=d,Lex BV)-17], (5.21)

wher =
¢ dy ( Jpo + Jno ) exp ( - e LA (5.22)

This eguation shows that both, the metal-semicon
ductor contact and the p-n junction, have similar current

voltage characteristics ( see eqe 3,2 )3 only the saturation

current is different in the two cases, Thus, Fig, 5.2a may

also be taken as the ecurrent-voltage characteristic Yor metal

cemiconductor contact,

The results of the above theory, somehow, did not agree

with experiments. According to this theoxry the results shour d

sensitive to the metal
ndependent of t he metal work function

be extremely work function, whereas they

were found to be almost 1

g explained by Bardeena, who took into

This discrepancy wa

account the role of surface gstates.

5.8 Schottky barrier and gurface atates

ained by Bardeens, are the loca-

energy £ap between the
¢ the semiconductor,

surface states, as expl

s existing in the forbidden

lized state
ands at the gurface ©

conauction and valence b

of higher WOFK function and an

I1f we consider a metal
) brought close

n-type semiconductox ( of lower work function



to each other to such an extent that tunneling of electr
onas

can take place between the two, then a negative charze would
* &% w

brild up on the metal surface and a positive charge in the

semiconducitor 3pace eharge region, ( the carrier concentrati
< tion

being low 1n semiconductor, the positive charge would not b
~ e

confined to the surface only o The barrier height thus pro

duced depends on the metal work function and the electron

affinity of the semiconductor.

sut, in case a 1arge density of surface states is
present, the charges produced by diminishing the separation
batween the metal and cemiconductor, gst accomodated in the
surface states without affecting the space charee of the

Thus, the potential barrier of the metal-semi-

semiconductor.
act ( Schottky barrier ), Jin this case, becomes

y of the sem

conductor conv
seonductor surface rather

dependant on the propert
than on the metal work function.

v barrier solar cell

g Schottk

D

The Schottky barrier solar cell { SBSC ) is a simple

jconductor junction, as 3lready mentioned. In these

metal-sed
n the metal and reaches the s

1ight falls ©

metal being thin,
irg are generated in the

emiconductor,

cells,
is almost transparent o light. The

because
semiconduc tor depletion

electron-hole pa



i R__—--— w; = {\(‘/INTERFACML LAYER
|
r—-— —— _\_._-L_.!_. —
TT I‘ N 8-V,
~

4—-05— _

¢ 2 b
0"‘ : : et
" i X 2 !}"’ x|
J _LF_E_RM! \ ?
o Hmma —2—"'_’.—— LEVE .
‘ = ¢ - '
T l — W
\ - § !
— X
€s |
ks-—u :L
~ €. = x_-_-s -
xX==5§ x=0 x=0
ta) WITHOUT tLLuMINMION (b ) WITH I(LLUMINATIOH

F16.5.5 METAL— SEMICONDUCTOR OSF STEM



-3104: -

region, with the result that now more electrons have suffji

¢lent energy to overcome the povential barrjer, This 4s
eguivelent to forward biasing the device, The Permg level
rises in the semiconducior by an amount, say v, How, if

metal and semiconductor ends are connected tp 4 circuit,

2 flow of current would take place, These S350/ 5 were
known to give lower open circuit Voltages than those given
by p-n junction solar cells ( (..l volg ), Fonasn® repor-
ted that the efficiency of SRBSC incregses with the dansity

of surfacz states, when an insulating layer is fandwitehneqd
between metal and semiconductor. Pponpen ang Stiffertd
observed that SBSC with an insulating oxide layer betyeen metal
and semiconductor, gave open circuit voltage :Eg 0.55 volt,
Since then, there has been considerable aCtivity in thig

field and these MIS ( metal-insulator-semiconductop ) or

10S ( when oxide is the Insulating layer ) devices ape being

extensively investigated. HOwever, the scxact role 0f the

interfacial layer is still not well understood,

The system studied in the prasent work is g gold-
silicon dioxide-n siliCoR STructure, Such 5 gygten (sBsC),
with metal having highexr work functign than semiconductor,
is shown in Fig. 5.3a. Here, & is the potential drop

: i er an i
across the interfacial layer and vbz 1s the built—in_Potential
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in the SemiCO'Iduc t() e !;' " o
- r d N j n
t)le 107 re-) Q7 dUP, L‘J kend;”a" MI

thae “Ce In eouilihpd em Cenditian, thom. o

- iy tea 2 el n.a ')et
15 of Current and Fermj l2vals ip metal sng _
Coincide,

Vaen the device ig i1lumingtegq ( Pir 5.5b)
SR 20D, the

2ars partjsy -
partly \Vy) acrogg

Of width « ang

Voltage V developed in the cell app

the semiconductor depletion region

Partly

V. ss t terfaci wi

(/1) across the interfacial layer of width §, Tbererorg,
_ Voo

v - Vj_ t LS (3./3)

The electron current dend ty L{rom metyy to

semf-
conduc tor is given by
Too = ATT exp (B wg) o ( -8V, ) (5. 24)
and that from semiconductor to meta] j¢
* < { -
g€ =4 1% e (- ey ex (pV); (5. 25)
S .
" - son'? nstant.
5 Richardson's constant, The ) o
here A 1s the . . ) Se twg, o and
se together constitute the ne electrgy CUrrent depngs
s tor to metal Sty
gemiconducto al,
%1fmm
" 92 exp L-p (pg*Vy) 1 L exp( gy )~ 1
Jp =4 ¢ (5.26)
Tn addition fto the electroy Current, poy, car
' rent

Consj_sts of tWO CDmponent
also exis thange
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\ .-Ole 1 f‘rle'rn L
rrent LE8 S Laded br '. :

--gion, ziven by = R
g

h::§£1-erp(-’3¢l-')'.7c

“here § is the light flux density a.

—il‘ln-d
< - %] thﬁ
-\f '~ > - n
< a0 » .
a Me M a i the

wwrption coefficient of the materia],

. The oty
TL{ <) 1s the net hole current density ¢
Q

vards .
expressed as e Jinetion

dp
u?:]( W ) - - / .
’ dx r = & (" 28)
JQ
where p(x) is hole concentration in the Semj
Conduct,
iti ad isth i i Fat
a position x an Dp s We diffugion Coefficiant fop
7 . . . ‘ ”31'?8
The current density Jy(4) is obtaineq by 861Vins & '
5 02 nans
nuity equation for hole concentration, T
b4 - a -
LA k. §ox (-a
P f ———— = O . 4
dax % % P $2.29)

»

In this py, is the unilluminateq hole Concent
rati

ion fgr
nction and 7, 18 ths 3 w
from the JU p lfetlme for ho]_ v

bove eguation Inte.
gration of the 2 o &lves I ( « ) as

‘ e a Ip § exp (-aw) epnOD.; L
Jp (el — - = " W(pY)-y

!

15 component
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igs the diffusion length for holes In this

couation (5.30) the first term corresponds %o the hol
oles

generated by light, in the bulk region, Thus, the total
’ a
current density is

1isht generated
¢ al b exp (-aw)

‘Tphze;‘?[-""e?@(“au))+
1+ €L
&
exp (- 0«
|

' .
voedl)

-
|

0|

g

oy

g the electron curvent positive and therefore

Considerin
h current ne ative from semiconduct
ole g or to metal, the

urrent density is written as

total ¢
J=d, =y w ) =9Iy
:JO [ exp (;V')'-1 ]"Jph (5.38)
here ep. D
X - no p ,
; = 1l exp [ p( et V) @4 (5.33)
P

R
is the =aturationl current density.

rrent ~ voltage expression for S3SC

Thus, the cu
n solar cell (ea. 5.6).

s that for p-1 junctio
ater than the

a current density being gre
{ eﬁv‘ 1 ), the fotal

js similar t

The 1ight generate
current deHSity.Td - Jo

forward daric
ositive values of

urrent gensity J becomes negative for p

c
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v which means that ihe device generateg POl
e ' war .

I'he short circuit current, the goen cirouit K

CERENRRY . Voltage

the elficiency znd the £i13 f '
. - tactor for 5asp alg

. aL80 are defineg

i the zame way zs in the ¢ase of p-n junction s0lar ecely
= ‘QA._

. <ee section 5¢3).

Zrief review of the work done on SESZ

5.10
The simplicity of fzbrication and Jogw Cost of
such solar cell s an

SRSC are T he reaspns which have made

object of invencive Investizaticns, It was predicteq by
" i

Pulfrey and lMcCut -, the basic of their theoretical

caloulations, tht «fficizncy of about 227 can be Ubtzined

on

%1tk a metal-n silicon SBSC, sbout 24/ with metal-g silicop

1. th 3BSC employing semiconductor of bang

One and :}‘L)jut ‘:;/:! el
gap between 1.4 and 1.4 eV. According to them, thege high

efficiencies could be obtgined if the barrier height jg
of the order of the energy gap. Ikey, however, considorag
unit quantum efficiency and nerlicible recombination gng

Later, the sapme

used a metal of very high werk function.
made allowance for recombination and incomplete

. 1
autiors €
absorptioxn , which resulted in an efficlency lower than thso

value reported earlier. They also found that there is an
optimum metzl thickness which gives maxvimuan eonversion

efficiency.
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. P B m 1
Lands cerg and Xlimpke 2 and Fonash” STudied the
effect of surface states at the interface wetween the semi
semj ~

conductor and the insulating layer and found tuat it impro

ves the perfomance of S$350. Uhey, nowever, did not consj

der the eifect of the tnickness oi the interfacial layer ang

took the transmission coefficient across the interfacial
layer to ne unity.

The present work, first reported14 in 1976, takes
into account the effect of interfacizl layer thickness ang

the transmission coefficient, on the conversion eificiency
of the gold-silicon dioxide-n silicon system ( SBSC ). 1t ig

found that there is an optimum thiclmess of the interfacjal

layer which gives the maximum efficiency.

15,1
Fonash, in his later work 9 6’17, accounted for

the fixed charge in insulating layer and ootained the wodi-

fied metal work function

q 0
1ix “eff (5034)

@,
= <

1

is the metal work function, Qrix is the fixed charge

waere *m
in the oxide layer at an effective distance o ., and ex is

He also repor-

the permittivity of the insulating layer.
on

ted that the insulating layer has direct influence
the nucleation and growth of the metal glectrode, which
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affects the 1ight transmitted to the semiconductor

o 18
pulfrey in such a study, found that the barrier height

increases with both, the increase in insulating oxide 1
ayer

charge and the surface charge dens1ty.

Lillington and Townsend19 observed with the gold

n silicon system that the open circuld voltage increases by
8;/and the efficiency by 35/, when an oxide layer is incl

uded betweel metal and semiconductor. The optimum thickness

am effieiency was observed to bte 19 5.

of oxide layer'for'maxlm
O nad earlier reported ageing in Sehottky

mith and Rhodcrlck
bharrier 210125, fabricated by evaporation of 201d on p silieon
Lillington and pownsend 7, howevVer, obgerved that no such

aging occurs if the substrate 1is heated to 12000 prior to
and during tae evaporatioll.

g¢lrn and Yeh21 used various oxidation techniques
and antire aflection coating on tne metal gurface while
studying gold-oxide~gallium arsenide system. Tthe efficiency
o increase from 8.5/ o 15/, with antirefiection

ace observed was 750 milli

wa3s found ¥
en circuit voliage

coating snd ths OP

VOl t3e.
=nd Stiffert10 woTked with.thermally grown

poopan
jcon dioxide.

The latter one was

oxide and deposited sil
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this 5., Case L thy Isues etal nonk funeti,, Causegq
Y elow Cenrositlion Of 2iromty- on the Oxide Surfage,
. 27' (‘I\':" d ter »'nf" Y'Jloﬁ.k313
Jlsen and Landg € angd p Mpke have.made
TTenei v Ccaleulations on S la, Olzep hag
Worked on P~type silicon, whereas 1 latiep 8Uthopg have
3 sudies on n-type silieon, Olsen considered the
Dade gy
LPansmission coefficient for tuin
L a

eling of electrons

given by Card gng
- 15,)0

But Ldzdober‘:‘{ and Kllmpke

‘ b

A0~ o

(o 9% - 29

the interfacial layer, as JUOderlck :
aden the t
although they toox inte

icipation of surface States 35 o
the particip

have

"alls‘m-s .
=) L I - ! ‘1 Slon

acCoyunt
Raros transfer

the next chapter, the theory
In ©:
1 Loxide
tudy on gold-silicon dQioxy
bresent g

It is Xnown thav th
sented.

by dccrea-

I.. The inelusign of gy interfanidl

sing the dar 1 and semiconductor, decreases the A2 pp
etal ! '

layer between I the thickness of the lnterfaciqj

However,

)
' 4

current.

a indefinitely, therefore, ;. the
. rease

be inc

cannot

f the interfanfny layer ha.
thickness 0
- the
study,

aximum efficiency, hy takise int, 0o ny
ve o

to 71

otimised

optiri
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the trangmission coefficient for tumeling of @¢lectrons,
Ihe transmission coefficient is found to help in reducs ne
the dark current., Further, the band to bang recombination
of the carrie rs and recombinstion due to the interface
states, have also been taken into account, Thege factors
also reduce the dark current component. The effects of
metal work function and donor density too on the conversion

of ficiency of the solar cell, have been studied and presenteq

in the follcwing chapter,
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Yhe detailed investigations op SCROLtky bapmy
WoRarriop
o - I . ) <
201lar cells ( .33 ) have been eNcoursged Yecause of thejp
Low cozev 2né esse of Tabrication, The 30hot+ky barps
v o & z‘ er

ice sed as solar cel De Favoy
devices to be use s ls, coulg De <2vricateg to
give eii.cizacles approaching that of the p-jy dunciioy 1
: 4 B0l A
" 2 . =
cz11st,  roiash s laver, siressed the 1Zporianee of sups
Surface

s N, .

states in the efficiency determination of Susa, The 3
with an inverfacial 1-yer is commonyy known ag UIS { metai.
insulator-gemiconductor } solar zalj 9Ty 1f oxige is the
insulating layer, kG solar cell. pompoy ... Stiffortd
observed thav “uF a0lar cells could give gpy, Cireuit voyg, -
upto U.20 Vol aizinst 0.5 volg for Metal-semicondye oy i
selir cells, dince then a large aumbep Of worlkepg~~18 Nave
analysed v .aious =zspects of these cells, About 14-15 7

L -3 beeu exverimental] ' A
efficiency hizs bee i3 Y achieveqa for Gass 55522135

1 - 3,20 »
nd about 7-87 for silicon ST ,56,41‘

. nt chapter, y . ,
In vhe prese B v %€ Present 4 tﬂeoretical

study oa the dupendence of efficiency of gnga on the

thislaesa of interfacial layer between metal ang semicg
I-'- - L : n_

2 bexry anma s
Fonash® and Landsberg ang limplke '4415 have

ly2tLor.
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studied the eifect of surface states on the IEPREEFLLLEP
Pt ded ce

of 2RsC with en interfacial loyer, Lue drawback wity
o ] 3 o |
their mudels was thot bthese authors<? '™ tcok %
v e tmneliﬂéj
probability for elecirons across the interfaeial 1mve v
( cormonly ¥nown as transmission coefficient } to he unity
i Ty h inmelin robabili - ,
In reality, the tui § probatility {r a furction of the

tujickuoscz of Interfacial layer. The transmiscion Coeffi~
cient is, therefore, an important facior, which influences
the efficiency of the cell. Ihe present work takes into
account this factor; snd in addition %o this, the effecte
of surface states, doping density of the semiconduc tor and
the metal work function, on the efficiency of gag have aise

heen computed.

nirect tunneling of charze carriers

In this gection we assume that +1: surface states

ticipating a3 charge transfer centres. Strijpnac

are not par

justified this assumption under conditions in whicp the

y surface states are immobiljzed by 4ne electroy
v

1ow energ
with the metal, while the high enerzy surface

E: h Lp!a.allc—,e
S E' J.-PS-C '-i\., J'v’ q.]‘ '”

stave
- influence 1S small
because 1nfl 88 & result of Jpw foncen~

£100,
- we consider the char . ‘
tratiOHSD L’Iere’ ge tr:._bgo}_.t dlrect]‘}r

g the metal and the semiconductor,
ee ’

bhe tw
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o.1(a) theory

The enzsrgy band diagram

Tacial laycr is shown in Pig, 5.1 -

. D9y

CCll ¢y

241

: J.'.;."“ua cion
Voltage v o, ... .
parily scross the semiconductor de ; -
Pletion regi
on (vy )
S

\ Vi), Such that

vhen it develops a voltage Ve Thie

and partly across She Intopfaniat s

-d - vd 2 o ) 2o
* el

(6.1)
Thus, whel‘l the 0811 18 il]uﬂ]inated
?

the pef
; poten-
tial drop across the depletion regjon 0f width
“ is

Vo .=V

where V, . ig the built~in~Potential due t b1

bi ° bending of the
conduction and valence bands at the SWTTace; gng th

€ net

potential drop across the interfaciaq layer of wi gt

h o,
is - Yy, where & 15 the equilibriug potential apgy,
aCI'OS
the interfacial layer. s
The voltage V developegqd 8CTOSS the o),
. 2 = undep illuo
mination, is given by
o L 2 \F 1/2
Vo= Ve (—— ) Leee 0y 3 (v, ) V2
f s ( c. bi ( bi VS’ / }
i
’eDSS(EFSS_sg*%)J, (6.2
€.2)

v and 2 are the permlttivlg_e .
where € W g legz cf interse

c“-al l':l ve
— . ayer
and gemicounductor respectively, “D 18 the Agng, -

2

“nsi t}"
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Dss is the density of surface States, - . the )
-g . wis (s gan
of the gemiconductor, #; 1 the har Triep helght casy
Tt en,. is
the quasi Fermi level at the =ur Tes

f&c- 3 'D{Ilr-ur,n

|“ fI‘O,’U the V.’—""
hand adee,

» ‘ﬂ\ p—
he ouantity ( - fg ¥ “n) rangeg betuween
- Y i vhet ©
and - V., depending on vhether the intersge States £6170y
the I'exmi level of the se€miconductor sp *hat of g, meta)
- ._‘0-3'

If the tunneling of elsctrons between these gt,

tes ang the
metal were easily accomplis hed, E

the metal Termi level, Aad

. : would follow the o ~ 2
difficult, EF g W Seulconduct LOr Term; T
when the communication between the mggan and 1,

states is extremely dlfflcult

y
¢ Dpg 9 . . 1/2
Vo=( 14— ) V5 +C [(V,, ) /‘(Vbi w2,
°y

and in the case of effici

C 1 /5
[(Vk‘) € (v v +1/2
= k) =5 SIS | A6
V——Vs + 4 e 0D Y C,‘/ J, (6.4)
+
s
: " 6
altr- c = 28 s c‘ \1/(-
where the constant (  “s 4 5~ ) B

2
: that f opr difria
It is fourd i Ticulg communlcatlon

tal and interface stateg ( eq. 6 .3)
b

be tween me

iae “Tlasegs

Noe
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~1th iNCreasing T » “Riress 14
- . - — r 3 » ¢

e 2T flod,
between them ( eq e

6.4,

! 2
= Sy
i
e 6 D
where N = 1 , S8 + -‘L
e 27D -
I =~ 'Ll

the inta-
is obtained using the followzng houn dn v A
OTY aond
‘O “ ?0 N . , - - ',vl

where EC nd =7 are the electric fieqg, 0

; : - “~ -
of the boundary betwzen the Semlconductor - nd

r 3 to 7
ci{21 layer. The field ES 18 obtaineg by =

equation

V. J = %up

which gives

e b (73 4 n
o 4+ A l_r = QSO
~e o g g
) 3

where ie charge per unit 2Tea in t‘ht—.‘ i 1
] '23)e

2 the

the j.:.

Q] v«." 2
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Tige (6.1a) shows that the eguilibrium potential drop

across the interfacial layer 18

. .« the electron affinity of the '
where XS jg the € 7 semiconductor and
D ig the metal wWOTK function.

gubstituting €9 (6,10 and (6.11) in eq. {%.3)
-y o nd ’

the potential drop Vi is obtained as

O .
Vy =5 s = 4 B Sgc T (6.12)
ei 5
Having shtained Vg 27 vy, the current flowing through the
gevice MY now b€ determined,

The current density through the device consists of

These are® the electron current deagity from

four componentss

netal 10 S

1 © the el
aniconauctor dpg ? e electron current density
tor 1O metal ¢ 1 the net hole curren ¥ density

emicondu®
tion region w ne 3
depletion TeBICT, towards tue junction

e O.f the
ope 1180t gemerated hole exrrent density in the

from S

.t tne 29

« I 4 a4
It ¥ ,.2 1
¢ _pinn Le o s .
s R rda the junction,

e e
nents Jng and J__ may b obtained in the

ssion approxmatlon or in the diffusion asnrs

. c emi
gnermiont ,
0 ne decidlng factor for these to be written in o
* matio a ne
pi 8 ao?reximations’ ig the electric field E° in the
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“-.lition region of the semicondue tonld Inth
oo © Present

=y thz fipld is of the order of J
: < 10 Volts/om
* A? sueh

field~, the thermionic emission approYimati
2 on holge

-4 1ot the diffusion approximation, Theref
) ore. in @yn*uoﬁ

. A O
11¢ approximation, J-  and r° ATE  pravd
2L - mea J'-’_‘P‘ AN '-4."‘;:‘:'2" as f
O .

Ims ™ TTA IV i (- ow, P Ko SR ) -
- : ."'ll
e ——— " - - .
.Tsm = > A A 3 ' =5 J =50 | r )
y ’

e
and Tr jis the transmission Coeffictent f
=EAt fop

~a: of electrons, grven by22

oY

|
Lo |

being the mass of electron.

~”
ad

™e hole current densities‘JL ang
h V:l( w‘) ma:rr be

and (5.30), rospectively.
the net curvent density throueh the dev;

. _ f i+~ components sape as in 4+
rections © in the
the di tast Ohapter)

iz riven by
_ I
- .C- - ‘r ( £ / "\.I -
_ - Jp= h S, 9 )



i v tia
S Sheid
:‘."r.‘°.,£'n_ , Y i 93,
TOER U mR (e L e TH,
ST 5 N .
- [ gL | e{p k «-a“ } D - V
- “na’
! da e AR
- | P
s 2 G SR
(6.17)
Tris . -
L1318 enyation may be rewritten as
"_‘Jno.?""c-_o"-, Py
- 7T Vapo
ere J = '8 '.' e . ( -18)
o #\ ’ J/ SEp A~} Y",.
e 2, ) 6 y
Jy i 9 , (6. 13)
-3
Wb,
- -QAw /
- e & @
l+a71 5
{ﬂjol"T’
‘“iuT Into account the diod ; .
& € qualjgy factop - £s°
the current den: ity J becomes ?.‘?ﬂ.
B ik i
] = p o ’ ' e o ] - »
v ‘vn-f'uh/\ / d;'h’
This eq. (0.22) gives the Currens e
~Volt
r . a'ge QI’I
teristics of Si85C. The Light genergyiy, Cury =4
ent )
engj
i3 grcatsr than t he reverse saturation — ity Jph
ent density

( T+ dy J» wideh makes the curpent denc-it}
“n Sty g pas
} N ’Jat,!"g
vice has the potentia] ;s Ve .
Thus the de 7 °f a poner

- ST |
device. ng
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he pover developed by the deviee -

'output = V- (5.2:;

and its conversion efficiency can be obtained as already

defined in the last chapter,

6.1(%} Results and discussions

Tow we present the results of the efficiency eal-

culations done for the $235C consisting of gold-silicon dioxi dew

n silicon system., In this case, the surface states are not

supposed to be participating as charge transfer centres ang
only the tunzeling of charge carriers through the in‘effacial

Jlayer is considered. The data used in the calculations are

giVen?Table 6.1,

The conversion efficiency of the device is given by

Coutgut_ ~2p Ty .

= . o, 4

1= , (6.74)
input Tinput

The maximum power output is obtained by differentiating the
expresaion P = VI with respect to V and eouating it to zero

( I being the product of the current density J and the area
of the device ;. This gives VHP, the voltage corresponding
to maximum power point in the V-I characteristic.

for Vv in t he expression

The current

is obtained by substiituting Vmp

I
mp
The results of these calculatlons are presented in

for 1.

Tigs. 6.2 and 6...
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Lable-6, 1

Data uted in efficiency'calculations, When Turfsoe
- ~wdil T 3La ?'\-'5.'

2Te Nnov zupgosad to e participati
j¢ 2 B4 *VINZ as recombing i
veOBblnation cent
= res.

2a e SRS e i
mo= 9,108x1077" g,

€ = 1.602_‘:10-1") Joul

- D%
1,560:107%7 Joule/% T = 300%

=
h = 6,625%x1C7°" Joule-sec. g, = 3.854x10" 14 ﬁ&ad/cm
2 = 11.8 80 5i = 4.0 30
q = 121017 cg™ T o= 5x1012 op™2 =1
= 4.7 eV Pn = 0.8 ev
= 1.12 eV X, = 4405 c¥
A% =120 Amg.cm"g =2 ¢ = 10° em !
fp = 10 7 sec. ;p = 10 cm?/sec
N, = c.8x10"? en™ i, = 1,02x1077 op™?
= 1.6x10"" en™?
Pno= J;/“g = 2550 03-5 I.-p = Y(41 Tp) = 10~¢ cn
= 4 X 1017 f::m-2 secm1

2 ( Air Mass zero )
pinout( Ao ) = 135 millivatts/en”,

Fig.5.2 shows the variation of the device efficiency
with thickness of the interfacial layer for (i) difficult

communication between metal and interface states and (ii)
The \ransmission coe~

efficient communication between them.
fficient Tr for tunneling of elecirons through the inlerfacial
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12y€r is taken, in the present case, to be Unity. Inspite of

the fact that ¢ appears in the equation for Voltage developeg

across the device, Eonasna did not consider its effect on t pe

efficiency of the cell, It is obvious from the figure that for

cCase (i), the efficiency increases Wit the increase in thick-

the efri_

ness of the interfacial layer, whereas for cage (i1),
clency decreases with the increase in the interfacial layep thick-

ness.

The effect of ¢ on efficiency of the cell in the ea ~~

Of diffijcult communication between metal and interface Statey

( case (i) of Fig. 6.2) is shown in Fig. 6.3. Calculations

were done only for this case ana not for the other ( case (ii)

of ¥ig, 6.2), because in this case, the efficiency is higher
and our interest is to obtain maxi-

and it increases with 6 3
In these calculations, the non-

mum efficiency of the device.

unity value of the transmission coefficient Tr, as given
Tr was taken to

by eq. (6.15), has been taken into account,
: 1 oY
be unity by Fonash2 and Landsberg and Klimpke ', but as rig, 6.2

( and also Fig. 6.8 for x = 0 ) whows, the efficiency increages
This, however, can not be unlimited, since

when 6 is increased.
it would mean that one could increase the efficiency to any high

Value by merely increasing the interfacial layer thickness.
Moreover, f or higher values of 6, the light generated current

would also decrease and therefore, the efficiency can not just
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Fig. 6.3 shows that by Properly
s the effj-

80 On increasing with 6.
taking into account the transmission coefficient

ciency iirst increases witin increase in 6 and afier reaching

& certain maximum value, it starts decreasingé4. I'ne varigtion

of 7 with o0 seems quite logical and it is concluded that there

€xists an optimum thickness of the interfacial layer, which

Zives the maximum efficiency of the device,

6.2 Surface states as recombination centres

The surface states act as centres of recombination of

charge carriers, as mentioned earlier. The charges wiaich get

accomodated in these states, modify the potential and the fielg

at the semiconductor surface. The effect of surface states,

acting as recombination centres, on the efficiency of SBSC hve

been investigated in the present section.

6.2(a) Theory

charges per unit area, in the
Let AT and Q0o be the £€S P ’
surface states and the depletion region, respectively. The

electric field E;(x) at a position X in the interfacial layer,

is obtained, using Gguss's theorem, a8
1
By(x) = — L px = ( Qg ¢ Q. ) 2§
i
where o is the charge ae.sity ( charge per unit volume),

(6.25)

assumed
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to be present in the interfacial layer. Integrating €g. (6.25)

tae povential drup ( w - V;) across the interfacial layer is

obtained as

o
-~ ¥V, == 5 (x) dx
i _#®g i
24 1
or = ( - - ‘/i) = v Y * Yo - (6.26)

- 2

Under equilibrium condition this equation reduces to

O 6K *

1
o 4;- Ysso * Hsco * (6.27)

£ 3 Ssso and Qsco are the corresponding quantities; wien the cell

1s not illuminsted.

V. is obtained from eqs. (6.26) and (6.27), walcn give

i

. V4 1
=T o(p-p) + (4 = Qgg0) * ( Gy = e (6.23)

Thus, knowing p , £ , o Ssc and Qgpqr “hE

Uss? Yss
potential drop Vy may be calculated and this gives also the

potential drop V_ from eg. (6.1), i.e.y, V = v, + Vg

Phe charge density Qsc in t he depletion region is given

by
Q

. 1/2 6.2
co = € Hy w= {2e SS 1 Vi — Vs) J ( 2)

whiech gives the charge density Qg.,, aS

0
= { 202 N, Vyy 220 (6.30)

QS(?-() s
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(b)ELECTRON EMISSION ( ¢) HOLE EMISSION
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since in equilibrium condition V= Vi =V_=20
S »

m ] - - . K3 I]
S de l 3
! u-ml-'

nation and non-illumination conditions, Q .
Ss “ss0

are obtained by assuming @ continuous distribution of surf
ace

per unit area per electron volt ) The

detailead evaluation of QSS
] a 1 ined t ] i &
Phus, having obtaln he poteatials V, and V_ irom

1) respectivelJ, the current flowing tthe

eqs. (6.28) and (o.
through the device can now be calculated .
The recombination of charge carriers takes place
Another cause of recombination is

througn the gurface states.

of electrons from ¢oul
get trapped tNETEe This is wmown a8 un
This takes place by three processes, namely,

action band to valence band, which

jumping
avoidable band to band

recombinatione
ecombination,

are explained in Appendi
Phese are shown in

glectron emission and hole emission,

radiative T
x-4 for the electroas

( thege processes
ped in tne surfa

By and B2 ar
The unavoidable recombination

ce states).

being trap
e the respective reaction cons-

-8
Fig. 6.4, where By »

tants for the 4,.ree DProcesses.

rate, as gerived bY gvans and
(6.31)

Landsberg ", 18

= J - n. )
Uanav F (P it
in which F = Bf‘ ¢ By o+ By B (6.32)
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where 2 i
n,op and n, are respectively, the electron concentrati
Sration

in the conducition band, hole concentration in the valence b
and

and the intrinsic carrier concentration. If F is the ge
géneration

rate of electron-hole pairs, then the net recombination rat
e is

(U~-F), where U is the toval rzcom-inuilo ;
). 220 - z n rate aue

| ( to both,
the unaveoidavle recombination and the suriace stites)

rig, 6.5 shows the electron and hole current densities
»

¥l s 33 {ti 5 .

_e(x) ad Jh(x) at position X and Je(x + 0X ) &nd‘jh(x + 6%)

7he conventional current density has been

at position X ¢ 0X.
itive Ifrom semiconductor to metal. the different

taken to be pos
current aensities at t he two PO

in the region vI.
on in this region, 1is

sitions show that the recombination
The number of eleetrons lgst

is taking place
due to recombinatbi

per secC.
! 1w (%)
o : o ) I ‘.
(U~F) 6x = - { Je(.\oux, Je(I) ] = _.._....dx — (6.33)
ale(x)
or e (U-F ) == — — °
dx
gimilarly, jor hole current density.fh(z), we have
aJ (f\)
e(U"F): ’_"-h = (6.34)
dx
Adding egs- (6.33) and (6.34) and integrating, one gets
(6.35)

- 5 = constant.
Je(X)'?Jh(x>
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ITois equation (6,35) gives the totsl current density

J through the Junction, under illumination, which at x = 0, is
y
J = J.(0) 4 Iy, (0 ), (©.36)

T N\ - . . . )
"e( G ) is the elec.rom current density across the barrier

v Fal L - .3 C . ]
and conslsts of two componentis gl and Jﬂs’ which are due %o the
flow of electrons from semiconductor to metal and from metal to

semiconductor, respectively. Therefore, the net electron curren-

density from semiconductor to metal is

_ €& e
Jo( 0) =9 -J° (6.37)
in which Jim and Jﬁs are the same as those given by egs. (6,13

and (6,14), ‘iherefore,

J.(0)= - A" % Ir exp - (-ppg) exp (-pV;) ( ¥ - 1), (6.38)

In tais equation, (6.38), Tr is the transmission coeificient
for tunneling of electrons across the interfacial layer, which

2 . 14
was taken to be unity by Fonash® and Landscerg and Klimpke
Tr, as given by eq. (6.15), is dependent on o. However, eg.(6,15

is found to reduce to a simpler form,
Tr = exp { - V Xge5 ¢4 » (6.39)

is the effective

6
as given by Card and Rhoderick ~. Here, X,rf

barrier height in eV and o 18 the thiclmess of the interfacial

layer in Angstroms.
7he net current density J can also be written as

“ 6.40
I =3,00) + Iyl w ) +Of‘ ( F=U ) dx, ( )
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because the. h :
ole current den31tY'Jh(O), from semiconductor to
metal, at x = 0, consists oftwo components: (i) The net hol
- ole
current density at x = u, i.e., at the edge of the depleti
ion

rezion in the semiconductor bulk e
, represented by Jh(ug; and

(ii) the contribution due % ati f
) jon due to generation of holes, under illumi-

nation, in tae depletion region. If I{x) is the generation rat
ate
of charge carriers due ©O illumination and U(x) is the net recomb
ccombi-

h)

nation rate, at a position X in the depletion region, this
component of Jh(O) is J% ( F-U ) dx. UThus, the total hole current

J
at x = 0, is given as
.“ .
J,.(0) = o, w) o+ }O ( ¥-U) dx. (6.41)

7Phe net hole current density at x = « is given by

dp
(6.42)

- ’

J. ( = = e D
h ) pl‘i‘\( |l & &

s the diffusion coeifiofent and p is the hole concen~

ctor valence band. at a posltion x.
g the continuity equation

vshere D_ 1
wne p
tration in the semicondu

Jh( w ) may be obtained by integratin

for holes:

2 .
- ¥
f&fl_ . fL_EBQ o s 2005 (6.43)
- n
dx Dp Tp b

is the hole conceniration in the semiconductor oulk

e n
where D,

and Tp is the life time for holéSe
. o
fhe generation rate F(X), according to Gartner ', 18

given by



}'(X)=a§exp(_ax)’
(6.44)

.nere both, the absorption coefficient of the material (silic
in the present case )} © and the light flux density incident o:n
the semiconductor, $ ( number of photons of a particular wave-
¢ area per second ), are dependent on the

length falling on uni

wavelength of the photonsSa
44) has to be integrated between the

Therefore, %o obtain the total

generation rate, €q. (“e
onding to 1.1 eV ( energy gap of silicon )

wavelensth 1limits corresp

These two 1imi?s define the cut off wavelengths A
1

and 2.4 eVa
The 1ne

and Ao‘ t generation rate is, thus, given by

L

PAXd = @ e dA

W i 2 (6.45)

Wow, solving £4q- (6.43}» after substituting eq. (6.45)
b

le currend density as

one gets the ho

el :E e-a“
) 3
- M ¥ — d Iy
S e 3 o \ -y (6.46
ol A $ + ol )
ep B e;J_ 1)
fo) pl’lo ) ——— ~
where Jh it L
p
e generation of holes

rm in ea. (b.aé) represents~th

n Q.nd the second rEpresents the

The first te
v
due %o illuminatlo term.H1

recombination in the bu
e current density

evaluate the contribution to th
for F(x) from eq-(6.45).

Now wWe
ﬂunutiLuting

e depletion region, MY

fromth
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A -
J,:. e § ( 1 - € a) d) - e J.“ i‘f dx
o)
5. 2

JDL 5 Jl‘ec (Oo‘r'?)

¢ J7(F-U) ax
y)

is the current due to light being absorbegd in the

depletion region and er
whnich is due to band t0 band rec i i : i
ombination (Junav) and interfacial

Here, J
g 18 the net recombination current density

recomtination ( Jifr )
Tree © Yunav * Jifr (6.48)

Lhus, the net current density tarough the device is

I =3,(0) # 3,000 =d,(0) + L Iy(w) e dp, -J
4 eal f e =
=Je(o) +[{. | = d)"Jb-prL "Jrec-‘
+ ! )
= 0) - Jy - J
'Jph’FLJe( ) = Jp = Trec '
1 L ; Rl t 478
=1 € ; = _ .
where J = j'x' P d) + J&A'; P (1~ a“) d )
ph Ao 1 ¢ QL
% Pe—aw
=fed [ 1~ d - (6.49)
A
. 1+ aLp
The net current density may be written as
(6.50)

J == (JIp= )
t of the device and

where J, reprecents the dark curren

Jph is the total light generated current. ‘The negative sign
is coming because the current density J 1# taken to be
(6.49) shows that the

positive in the reverse direction. eqe
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-
. - » -

.l :
- > - oA

i el ] ~ . . ~ N +
“1v 1s 1nfenendent of x, Jdovever, -
[ 4 %9
being i B wi |
ing a Iunction of the widih « of the depletion region, ge d
y pends

“pon the voltage geveloped oy the cell. The voltage dependenc
e

of wis given by

v . 1 3 f
< vs ( J'-bi - (S} . 1/
(6.51)

el
The determination of the recombination current gensity g is
v "reg W=

explained in Appendix-B.
The power developed by the device is obtained by P= VI,

where the curreat I is equal to t he area of the device times the

current deansity J given by eq. (6.50). The conversion efficiency,

once again, is calculated in tae way explained in the previous

chiapier.

Results and discussions

6.2(c)
The efiiciency calculations, in this case also, were

done for $BSC consisting of the gold - silicon dioxide - n silico;

Here, the surface states are taken to De participating

system.
The data used

as recombination centres for the ¢harge carriers.
in these calculations are given in Table 6.2, Ihe conversion
efficiency 7 is finally obtained, using the relation, (2q. 6.24),

VmD ILT:D :

Pinput oy
i ] = ined from
and the maximum powexr point, Boax™ Vﬁp Imp’ is determi

the current-voltage plot for the cell,



1.2 —

B 20 ,’, ‘/.
.-/‘
l‘ R ”/’
."'j

-~ KON /
> /
A ¥
® Y 4
<

0.9} &

0.8

0.7 l‘ | 1 | i

o 1'% 0" 10'4 10

Dgg ! per eme per ev)
FIG. 6.6 EFFECT OF DENSITY OF SURFACE STATES
ON THE BARRIER HEIGHT

—— e —




:.?—8- ble""6 © 2

Data 4sead in efficiency ealculations, when the surface gtaies

jdered to be participa®ing as recomtination centres,

are cons

—————— —
—_ _,——J'.,'—)—.

——

e siey -14 . .
= 1.6O2x10'19 Coul. g, * 3,854x10 Farad/cem
-23 0, = o
- 1.380x30° %7 goule/ "k T = 300%
4, = 4.0¢
o= 11.8 2, i o)
= - = 4.7 eV
y = 3x10'17 e “m Te
= 4,05 eV
= 1,12 e¥ | rs 5
- -2 0, —¢ N,o= 1.6x1010 cm‘3
i = 120 smp cl i€ i 5 ’
1g =3 iy = 1.02x10 ERP
I\!C = 2.8x10 col
- p. = 11 cm
7 = 3.33%10 7 sec p 3
P -2 L= V(0.7 )=1, -
o = 1, 2/ip=853 ® p = V(D7) 329x12 Cm1
no = = -—1 = - n -
8 _ 1x10‘11 cm’ sec B1 32 1.,2x10 oem. sec
5y T 5 3 1
.5 - 10 @ om”sec
13 = I3 =1.12X 05 6 -1
g, =3 66x10 cm See
T = T i = g -2
1 : 1r5MaSS 1) = 106 millivats cm
“inpu L Lt forer ,
¢ o and P B3 peen taken from refexeaces 25 and 28,
vaiues of ¢
has beel evaluated by numerical inie £3
respectlvely, z
//
snows ¥he effect of deasity of surface states
h 0:’. J o N
pe barrie¥ peight wy of the SBX, ag ootalned by
on U
( DSS eq (6.27) in eqgoe (6911) for a fixed value of o.
jguting ©%° _ . .
substl e sarriel neight first increases and thnen becomes
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constant, i1 rcs is kept increasing.

The results of the efficiency calculations, for a more

rezlistic case of the surface states actively oparticipating in

nsfer mechanisi, aI% presented in ¥Figs. 6.7 to 6,10

fficient Ir ( given by eq. ©.39) has properly

cunarge tra

The traasmission CO®
account in this study. The effect of density of

been taken invo
surface states ( Dss y on the efficiency of SBX is shown in
riciency oI the

and then decxreasing with further

Fig. 6.7. The el cell is found to be first incre-

n the increase 1t Dss

asing wit
increase in D_g+ 1€ increase in efticiency is attributed to the
= 5 _ increases wi -~
er neight ( ¥y ’:fh Dgg uPto D__ 1014/

5

Lecomes greater than 107, ¢, becomes constant)

increase 1n barri

sz per &v; wner Tss
For further i ncrease in D g0
njch pulls down the eificiency. The

the recombination tarough surface

states also inclentEs

nstant o are shown in Figse 6.6 and 6.7.

resu1t529 for €O
1nterfacial layer thickness 0 on the

The eilect of
in Lige 5.8, for the average barrier heights

phe curve for x = 0.0 ( i.ea, Tr unity)

= 0.0, 0.05 244 0.1
_ 4itn increase in 8. The mVs. o curves

. '.“. 3(:.7
shows that n incTeH

x = 0005 an

) 0 sho¥ +hat the thiclmess of the i -
for a 0.1 nsulating
4 %o rive the maximum efficiency., Const

¥

op timize

so reduce

- lncrddﬁin; she poweT generating current density

layer should b€

of Tr 2l

s the dark current densit . )
dera[;j_on y! W thh 1s
necesgsary 19

because smaller the valuye of

T —
J (= dgark



daric current density (J ark)’ greater will bpe the power gen-

erating current.

The results oI cigs. 6.8 and 6.3 are in agreement with

2l observation of Lillington and Townsend® that an

the experiment
spnterfacial layer gives the maximum convers

optimum thickness of 2

ion efficiency29 oi the celle

cffects of donor density and metal work funection

6,9 and O-
ferent doping densities also passes

The
10, respectively. The efficiency

are shown in 1128

gevice for aif
The WO factors which vary with the doping

resistivity, are the diffusion length

curve of the

h a maximuile
density or the substrate
In QOlJ;lL'} and whé minori®
cell 18 soung to decrease for the values of
ge the mlnorlt

doplng (T (ND) 790/'\. 1+(AJU/.;: o)) .

throug
carrie ifeti
R y carrier lifetime. The effi-

ciency of the

Ny 2 10" " /em, peoe

y carrier lifetime becomes

very very small £ OF high o o
where T, and by are canstants). S ewcau; et al” ' have found
) density around 10 /cm y whereas Fig. 6.9
an op timud acceptor
! y to be around 10 /Cm .

denSit
chows the optimul donoT
unetion ¥ is not found to have much:

7he metal work

version gificiency 7 for hizgh vslues of 3__,
eftect on U con _ S8

' incrﬁases as ¥, increases. This may be
whepeas for 1oV - sS .4 i

to ©0€ fact that »g 20°° not increase much with the
attributed € °
. ues of D_., but for low .
i se in ¥ sor high val o8 Pesr *n
necrea 0 .
renla bly wltn Vm

increases Y
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Appendix-A

Lava Ue CoaqGis I. PHE SURFACE STAv &8

Ak e bt -

Assuming a continuous distribution of surface stateg

of densi ty DSS ( per unit area per eV ), the number of occupieq
in t he forbidden energy gap, at the interface, x = 0,

states n,
is given by

Lo
Ay = 4 Dgg fy 9By o (4.1)

“l
where f, is the probability for a state of energy Et to be

1t follows from eq. (4.1) that the number of occupiea

charged.
n by

states under equilibrium conditions, is give
1 = J c §P f dB . (’-’\02)
to . as "~ to to
v

The function f., =1/[ 1+ expip (By~#)d 1s (ie3)

e/(kT) =2nd p denotes the equilibrium Fermi level,

where g =

! i in the
To calculate the charge per unit area sto i h
a level ¢0 is introduced such

surface states in equilibriud ,
nose above it are acceptc

that states below it are donors and t
sured from the top of the valence band

The value of ¥s is mea
T
are donors ( done

at the surface. As the states below .
nd positively

states are neutral when occupied by electrons a

jl1ity for tnem to be neutral

charged when empty ), the probab

or roccupied is ( 1= fi4 )



Therefore,
v E
/ - a A O/ AN N 3 - g
Vssp = T4 (1= Ty Dgs 98¢5 — © S Tto Dt (A.4)
0 "o
™ (1‘5
: to
- e D ~ - e D = fG
ss "2 S5, S :
‘ [ T4 exp( P vy ) } :
oo @] D~ kTLln S i= PE, A.5
s80 ISS "5 ¥ “ss 1+ exp{ﬁ( ';"-i}"‘l e ( )

surface states wi
A.6
@5 Qg = © Y55 70 7 ehy (4.6)
E -
c . . (A.7
where ng = J Do Tt “ )
| .
I'h tion function fy ( reference 25 of chapter VI ) is
e occupa
given by
e Q
H( 0 ) P4 ( ) A

G(o0 )y n( 0) +

(0) J

LB
|

n(0) and p(0) are

sion band and the valence band, respectively,
o) 2 5

in 8!‘!- (.%.8) ’

r . Conduc
trations in the (0) are the respective concen-

(0) and D,

. - i on and n .
under illuminati 1 e trap energy in thermo-

; is at th
trations when the Ferml 1avel A o
dynamic¢ equilibrium iPhe function G(0) an
following. %)

G(0) = 25 4 2, n(0) + Tp p(0)
(4.10)

H(O) = T; + I n(0) + Ty p(0)
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(¢}

FIG.A.1 DIAGRAM SHOW NG RECOMBINATION OF
CHARGE CARRIERS DUE TO SURFACE
STATES .

{a) ELECTRON CAPTURE

(b} HOLE CAPTURE

t§) RADIATIVE RECOMBINATION (1) ELECTRON
EMISSION (111 ) KOLE eMISSION




s n
/ T and I, are s v :
—EeaT foncstant described

fhe functions G and H correspond; to the el
ectron

capture and hole capture, respectivel
R Yo Ihe electpro ;
R and hole

capture processes due to the presence of surface Stat
€8 in the
forbidden energy gap, are shown in Fig, 4,1
* Asld and 4,1b, re
. Spect-

ively. Fig. A.la(i) shoss that an electron from the copgues
Uetion

band is captured by the suriace state acting as a trap apg
an

tie energy lost by the eleciron goes out as a photon, pp;
. S is

rradiative recombination'. Fig, A.1a (ii) shows th
e

Lnown as
i an electron by Augeér process. ¢h
emission of ¢ energy releaseq

d electron is taken 2way by an electron in ¢y
e

by the capture
n goes to & Oigher energy level, fhe -
C ergy

conduction band whic
he captured electron canalso be taken away by noj

e
jeh would 21so g0 %o a uigher energy

releaned PY F
f6
shows the 6qU1V&18n06 0f this with the

in t he valenceé e
Fign A.1a(ill)
here the motion of nole in tue downward

w

state.
+ he motion of electron in the upwargd

electron energys
directlion is egui?alsnt to
i stants for t
S . .nd T, are the reaction con he
girection. Ty Iy = 2
processes, respectively.

above three electrod capture

rhe noleée capture process is suown in Fig. A.1b, which

The A

in three wayse Figs. a.10(i), (11) and (111)
electron emi-

also takes place
radiative recomoination,

le capture by
gion processes, respectively.

Pphe third one

show the ho
ssion nad hole emis
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snows the equlve i i
qui ,lent electron motion, 1n oplzce of the hole
motion. 1“5 . and T, =T 2%
01 £ and Ly .re the rzzction conztente lor these
three hole capture proCesSsed, respectively.

, waen integrated snd substituted in

e charge per unit area in the interface states

(1.6) gives

vss under illumination condrtions.
D KT i
= - ' s&8 . ..
Q5s™ ¢ Vss Yo T 2 H N,
G(0)n(0) - »(0) p(0) P
JE e T Ty, (Ao 11)
{(A-B) (0) no(u; N,
Mg = i(Q) P (0) exp( - 49«,3) +exp(P¥5 )LU(O)D(O) + H(C)p(0)
+6(C) 16(0) (A.12)
Lo * £ (0)o,(9) a;pt:;,\gu-,J)J # exp{ﬁ(E%—yB) H6(0)n(0)
L(0)e(0) 1+ 3(0) 84(9? (A.13)
A
i - ( exp{p¥p )-A JL E3P p(¥g™ .4')} - B) (4.14)
.15
N, = L exp{ P¥ -BlL explp (rg --:- )= Al )
A {5(0) n{0) + 1(0) o(9) }
- 2(0) Do(9)
B} 2G6(0) By o i
1(0) 2(9) e e 1 (4.16)

(0):(0) e
&(O)DO(O)

/
+ [[ 26 (O) n (U)



aApoendix-B

ot e Lo biol OF rul QMBLHALION CUansnts

fhere zar t
e two types of recombination currents, as
?

e..plzi i 0 i
plzined in chapter VvI. One is the recombination current du
| e
ctrons jumping I1IToM conduction mnd to valence band and
an

to ele
Phig constitutes the unavoidable

recombining there with holes.,
recombination cu t 4 iy
rrent densivy Junav“ The other type of recombi-
rough the sur
g face states and'Jifr denotes

nation tzkes place th
ination in the interface states

the current density due %0 reconb

Determination of J
unav

avoidabvle recombination rate Uuruv’ ziven bv

The un

€Q. (6.31), 18
= (37 + By R ¥ 5; p)( mp - 8, ) (B.1)

U
jon current gensity J .
unsv

unav
Therefore, e unavoidable recombinat

can be written as
Jupav © © Ef Upnav ax (4.2)
The electron and hole concentrations in the conductic..
and valence bands,respectlvely, are
~ ol 5 B.
n = i, exp [ B ("‘E'u”:‘c)) (B.3)
> ' B.4
andp:?!vexpl;i(:av-:»r1p)1' ( )
y of states in the conduction

where No and ey are the densit
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wnd &, 2re tue quasi

.nd valence bands, respectively, ond & T
cermi levels for electrons and holes, respectively, cucii that
v, where 0 < x £ and IZp. < S-"P when x >> w

=2 -—
h ==

By~ “ep
( i.e.’ in uhe bulk ).

Solvins, the Poissontg equat
Matty,
- ] j

charge {y 'lﬁ'pl

VS e e e “% oy
‘N
8

the otential function

»

as : deny,, ¢
all, LA bene
) = constant - C® - a
#5 (%) 22 P
-
\
i . (B.6) is obtained frou yy. )
the conatant 11 °as (58 “oe 6y
. cond.j.tj.on that at X = w, B - Rl 'y
applying e e R
. . value of the congtant in eg. (bL.6) ..
This gives t he TV ang
therefore, o
‘ x - W
exVD( ) } .
(L e

S gt ' S :
{7 2

te the po’cential gifrerence ( hv"bpp) the boundary

yen is that @b x =i Byp = By = By V-Vpe

(B.6) for this case as

- B

5Fn
To evalua
condition to D€ ta

in eqge
Phis gives the constant *

E. -V, -V, Therefote,
& n
¥ fi’i.(x-u)z. (B.8)
-8 =(8 - Yn~ & 2¢
EFp 5, g n 8



Substituting egs. (B.7) and (B.8) in egs. (B.3) and (Bo4),

respectively, the electron and hole concentrations in the

depletion region are found to be

e I, 2
xp L = (Vg * 5 (z=« ) )] (3.9)

¥ -
-

a (%, V)=1H,e

e it 2
p( x, V )=NV exp L ¥ 12_: (x-(&') +Vn+1f -ﬁg = (B.10)

Ld

s
um concentrations of

Eqs. (B.9) and (3.10) give the equilibri
region, when the ¥ = w«wand

electrons and holes in vhe depletion

V = 0 are put in them.
(B.11)

no = NC exp ( — Vn )
) ) ] (B.12)

Pro = N, &xp {p(V, - bg )
Thus, ny is given by

2 {R.13)
ni = n\no pno = Nc Nv gm ( - v .,_‘g )'

(B.9), (3.10) and (3.13) fu

: t den-

Substitution ol €(QSe

] A en
unaVoidaole rpcomblnatlon curr

ecuation (B.2), gives the

density as

n . _=vm
. . -~ S . B, N, _¢© 1,
T gnav = ¢ e Tyl et 1) e LwBy * BT
_ (B.14)
+ By I, ity exp (wy * 1~ Tg) 4
- T = i :p‘V,
where ¥, ~ ¥ Ve g "“g'q'
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-.' = y < 5 'A\;:-.- “ ) ’
o
, (B.16)
12 - 2 A\- o mwmy /
0
2y
e ia
e A - . (d-17)
exIc

g the integrals in eq. (B.16) and

Thus by evaluatin
one gets the current density

substituting them in €4q- (5.14)'

J N
unav

Determination of J ¢«

ke ( rof. 14 of chapter VI ) genera-
an dsberg( rels

nping level,
the forbidden energy £ap

Landsberg and K1limp

X . 25 of cnapter VI)

lized the resuits of ZveRe 31% % ’
to a conti-

ine discrete e

waich were given IOT

jon oI guriface atates 10

d that the recombis

nuous distribut
- 0 ) and foun

at the surface ( 1ocated 2% * .
., g given y
(8.12)
) y 0) Do * ?
R = { 0n{0) p(0) -nf }. 6(0) H4(0) Dss -3
(0)).1. 9Bg
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inztio

where I =
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_"v
on of Iy &

Eq. (B.18), after the gvalua®

S
rate due to interfac® states &
(B.19)

~ H(Q) Ygs < 1n
a=| n(C) P(O)'"I J a (0) e(A-B)
o
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vhere

Ky = { exp(pog) ~4 } v oexp { ﬁ(ﬁB—Eé)} - Al (B.20)
K, = { exp (pyy) -BJ b+ &P B PpEg) 4 =B 1 - (.21

A and B are defined by eq. (A-16) °f Appendix-i.

thus, eq. (B 19) gives the interiace state recombj-
? e ¢

nation current density 9
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