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ABSTRACT

DETERMINATION OF TRAP LEVELS OF MOS STRUCTURE
SEMICONDUCTOR DEVICES AT CRYOGENIC
TEMPERATURES

DOGRU, Nuran
M.S. in Electrical and Electronics Eng.
Supervisor: Prof. Dr. Sadettin OZYAZICI
July 1997, 105 pages

in this thesis, trap levels which effect the characteristics and
efficiency of the semiconductor devices in MOS (metal-oxide-
semiconductor) structure solar cells must have beenh determined at
cryogenic temperatures. For this reason MOS solar cells are designed
and fabricated in the form of Al- oxide- p type silicon crystals.

in laboratory work, solar cells are produced by creating natural
oxide layer and then depositing Aluminum metal contacts by vacuum
evaporation technique. Since trap levels in semiconductors can quickly
charge and discharge at room temperatures, all measurements must be
carried out in a cryostat which uses liquid nitrogen gas (77 K). Using
Photocapacitance technique these levels in cells can be determined. Trap
levels, |-V, di/dV,and Capacitance of each solar cell must have been
measured by using Monochromator, Capacitance meter and |-V
characteristics measurement. But during experimental study, -V, C-V and
C-A characteristics were not obtained, because cryostat was not run.
Therefore, some physical parameters such as quantum efficiency,
absorption coefficient, I, (photocurrent)-A and V, (photovoltage)- A were
measured.



To maximize the efficiency of the MOS solar cell open-circuit voltage
(Voo), short-circuit photocurrent (lsc), and the fill factor (FF) must be as
high as possible.

To determine the effect of insulating layer thickness on cells, solar
cells are produced with different oxide thickness. It is known that a thin
oxide layer increases the open-circuit voltage without any appreciable
decrease in short-circuit current.

Front surface of the silicon is coated with different aluminum
thickness to observe the effects of aluminum layer on cell.

The information obtained from trap levels can be used not only for
the fabrication of more efficient solar cells, but also for increasing the
efficiency of devices which use semiconductor materials.

Key words: MOS solar cells, trap levels, photocurrent, efficiency,
cryogenic temperature.
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OZET

MOS YAPILI YARI ILETKEN DEVRE ELEMANLARININ
TUZAK SEVIYELERININ DUSUK SICAKLIKLARDA TESBITI

DOGRU, Nuran
Y(iksek Lisans Tezi, Elk. Elektr. M(h. Bol.
Tez Yoneticisi; Prof. Dr. Sadettin OZYAZICI
Temmuz 1997, 105 sayfa

Bu tezde, MOS vyapili gines pillerindeki yar iletken devre
elemanlarinin karakteristigini ve verimini etkileyen tuzak seviyelerinin ¢ok
disik sicaklikta tesbitinin yapiimasi gerekiyordu. Bu nedenle Al-oksit-p-
tipi silicon kristaller seklinde MOS yapili giines pilleri tasaranmis ve
Uretilmisgtir.

Laboratuvar cahgmasinda, giines pilleri dogal yoéntemie oksit
tabakas! yaratilarak ve vakuum buharlagtirma ydntemi ile AllGminyum
metal kontaklar yaparak elde edilmigtir. Yar: iletken devre elemanlarindaki
tuzak seviyelerinin oda sicakhifinda gabucak dolup ve bogalmalarindan
dolayi bitin olglimler sivi azot (77 K) gazi kullanan kriyostat iginde
yapiimahdir. Fotokapasitans tekni§i kullandarak bu tuzak seviyeleri
belirlenebilir. Gines pillerinin, tuzak seviyeleri , 1-V, di/dV ve kapasitansi
Isik ayrigtirici, Kapasitans metre ve |-V karakteristik 6lcim dizenedi ile
oicllmesi gerekiyordu. Fakat deney siresince, IV, C-V ve C-\
karakteristikleri elde edilememigtir, ¢linkii kriyostat ¢aligtirnlamamigtir. Bu
nedenle, kuantum verimi, emme Kkatsayisi, |, (fotoakim)-A ve V,
(fotovoltaj)- A gibi bazi fiziksel parametreler SlcUimugtiir.



MOS giines pillerinin veriminin maximum olabilmesi icin agik-devre
voltaji (Voo), kisa-devre akimi (ls;) ve diizeltme faktdrinin (FF) mimkin
oldudunca yiiksek olmasi gerekir.

Oksit kalinh@inin piller (zerindeki etkisini belirleyebilmek igin, oksit
kalinh@: farkh piller Gretiimigtir. Ince bir oksit tabakasinin kisa-devre
akimint etkilemeden agik-devre voltajini artirdis bilinmektedir.

Aliminyum kalinhgmin pil Ozerindeki etkisini gbézlemlemek igin,
siliconun 6n y(zi farkl kalinliklarda Aliiminyum ile kaplanmigtir.

Tuzak seviyeleriyle ilgili elde edilen bilgiler sadece glineg pillerinin
verimini artirabilmek icin degil yan iletken malzeme kullanan diger devre
elemaniarinin veriminin artiriimasina da yardimei olabilecektir.

Anahtar Kelimeler: MOS giines pilleri, tuzak seviyeleri, fotoakim, verim,
cok duglk sicaklik.
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CHAPTER 1

INTRODUCTION

Many societies across the world in which we live have developed a
large appetite for electrical energy. This appetite has been stimulated by the
relative ease with which electricity can be generated, distributed, and utilized,
and by the great variety of its applications. It is arguable whether the
consumption of electricity should be allowed to grow unchecked, but the fact
that there is an ever-increasing demand for this synthetic energy form.
Clearly, if this demand is to be met then the world’s electricity generating
capacity will have to continue to grow. The prospects for meeting this demand
would be improved if alternative energy sources were to be developed. The
sun is one such source and conversion of sunlight directly into electricity via
the photovoltaic effect is one method of generating solar electricity. The heart
of any photovoltaic power system is the solar cell. It is the transducer that
converts the sun’s radiant energy directly into electricity, and basically a
semiconductor diode capable of developing a voltage of 0.5-1 V and a current
density of 20-40mA cm? depending on the material used and the sunlight
coriditions. The connection of solar cells in series and parallel and
incorporation into module provides a higher rated until which can be
interconnected with similar modules to comprise an array. The maximum
efficiency for the conversion of sunlight to electricity via the photovoltaic
effect around 25% for unconcentrated sunlight conditions on earth the
maximum solar power intensity is close to 1kWm?2. Under these conditions
the maximum possible electrical output is 250W for every square meter of
transducer. Thus an appropriate positioned residential rooftop of area 80m?
could in principle, realize a peak electrical power of 20kW whilst, at the
central power station level, e.g., a peak rating of 250MW, a transducer area
of at least 10km? would be required.



Metal oxide semiconductor (MOS) solar cell have been studied by
many workers as a low cost alternative to the p-n junction solar cells and they
are significantly simpler to fabricate. They are also formed at low temperature
without any appreciable degradation in the bulk properties of the
semiconductor.

MOS solar cell has properties which are in general intermediate
between those of Schottky barrier (metal-semiconductor contact) and p-n
junction. The dark current in the MOS device may be dominated either by
majority carriers (as in Schottky barrier) or by minority carriers (as in p-n
junction). This creates two classes of MOS cells the so called Majority Carrier
and Mincrity Carrier Cells. The photocurrent of course, is in both cases due to
minority carriers.

The insertion of a very thin insulating layer between the metal and
semiconductor of a Schottky contact can make a dramatic difference to its
operation. The range of the insulator thickness which has been considered
for the Al-SiO, -(p- type) Si device is 10-28 A°. If the insulator was thin

enough, then

a) the dominant carrier flow for a given semiconductor type can be
controlled by selection of the metal work function, and

b) if the contact metal work function and substrate dopant type (p or n)
are chosen so that minority-carrier current flow is dominant, the MIS diode so
formed is electronicaily equivalent to a conventional p-n junction diode. For Si
substrates, minority-carrier operation can be obtained if the insulating layer is
kept <16 A°, and low work function metals (Al, Ti, Be, Mg) are used with p-
type substrates and high work function metals with n-type.

In contrast therefore to Schottky devices, such minority carrier Metal-
Insulator-Semiconductor (min MIS) devices possess the same photovoltaic

abilities as p-n junction solar cells [38].

If the insulator thickness is further decreased, the tunnel currents
increase to the point where they are sufficiently large enough to disturb the



semiconductor from thermal equilibrium. This occurs around 28 A° for Al-SiO;
-(p-type) Si. Thus in general below some critical value of insulator thickness, ”
nonequilibrium” tunnel MIS diodes are formed. Over a certain bias range, the
MIS tunnel diode operates in this nonequilibrium mode where the diode
current is semiconductor limited (due to generation-recombination in the bulk)
and the tunnel current merely acts an OHMIC contact. Such nonequilibrium
diodes can be further classified as majority carrier, surface state or minority
carrier devices depending on whether the dominant tunnel-current flow near
zero bias is between the metal and majority-carrier band, the surface states,
or the minority carrier band. Which diode is formed depends on whether the
semiconductor-insulator interface at zero bias is accumulated, depleted or
strong inversion. The contact-metal work function is the most important
parameter in determihing which of these states exist. For example, minority
carrier diodes can be formed on p-type silicon substrates by selecting metals,
such as aluminum, have a low value work function ¢m.Conversely, a high
work value of ¢ , such as gold, is needed to form a minority carrier diode on
n-type silicon majority-carrier dodes, the converse of the above description
applies. Minority-carrier devices, on the other hand, can show IV
characteristics which obey the ideal Shockly diode equation and one suitable
for photovoltaic conversion.

If the thickness of the insulator is further decreased to about 10 A’ the
concept of a tunnel MIS diode apparently becomes invalid (primarily based on
experimental evidence). Below 10 A’ it appears to be more appropriate to
describe such sctructures as Schottky barriers.

Briefly above 28 A’ the devices becomes an equilibium Tunnel
Diode and below 10 A’ it exhibits Schottky behaviour.

The thin insulating layer allows control over not only the magnitude of
the dark current flowing through the diode but also the dominant type
(majority or minority carrier) of current.



A theoretical analysis [39] has provided the motivation for introducing a
thin oxyide interfacial layer between the metal and silicon in a Schottky barrier
(MIS) for increasing the open circuit voltage.

Recent experimental work [40-47] has shown that the presence of thin
interfacial insulating layer of oxide between the metal and semiconductor of a
Schottky barrier can considerably increase the photovoltaic conversion

efficiency.

The various parameters that influence the performance of MiS-
type solar cell are the following; insulator thickness, resistivity of substrate,
insulator charge surface, state density, minority carrier lifetime, and crystal

orientation.

In the construction of a solar cell it is important to maintain the lifetime
at as high a value as possible in order to preserve the optically generated
hole and electron pairs. In a solar cell the fundamental conversion of light
energy to electrical energy is performed when photons are converted to
electron-hole pairs with the semiconductor. Absorption of photons by
semiconductor as a function of the frequency of the photons, the nature of the
semiconductor and the thickness of the semiconductor. Beyond the cut-off
wavelengths which no electron-hole pairs will be produced (the
semiconductor is nonabsorbing).

The first aim of this thesis is to design and fabricate MOS structure
solar cell. The second aim is to improve the performance and the stability of
MOS solar cell and also investigate the deep levels. Parameters which are
related to the device efficiency is analyzed by using the |-V and C-V
characteristics of MOS solar cell. Effects of the oxide charges and interface
states in the Si-SiO, interface are investigated. Barrier height modification
caused by interfacial layer containing positive charge is demostrated and this
effect is seen as possible explanation for the heght barriers recorded.

This study has been arranged as follow ; Chapter 2 gives review about
the metal-semiconductor contacts. Chapter 3 includes mechanism of



recombination processes. As an introduction to MOS solar cell theory, some
of the basic semiconductor and MOS structure properties and its some
important characteristics are explained in Chapter 4. Chapter 5 deals with
design and construction of minority carrier MOS solar cell. The theory of
experimental sets are explained in this chapter. The experimental results are
obtained from fabricated MOS structure solar cells and design criterias are
also discussed in this chapter. Finally, overall conclusion and remarks are

given last chapter.



CHAPTER 2
METAL-SEMICONDUCTOR JUNCTIONS

2.1 Introduction

When a metal is making intimate contact with a semiconductor, the
Fermi levels in the two materials must be coincident at thermal equilibrium. At
far left, the metal and semiconductor are not in contact, and the system is not
in thermal equilibrium. If a wire is connected between the semiconductor to
the metal and thermal equilibrium is established, the Fermi levels on both
sides line up. Relative to the Fermi level in the metal the Fermi level in the
semiconductor is lowered by an amount equal to the difference between the
two work fuctions.

The work function is the energy difference between the vacuum level
and the Fermi level. For a semiconductor, it is useful to work with the electron
affinity, which is defined as the energy needed to take an electron from the
bottom of the conduction band E. to the vacuum level. Work function of a
semiconductor varies with the position of the Fermi energy relative to the
band edges and hence with the doping level, and is therefore less useful than

electron affinity.

Electrical junctions between metals and semiconductors fall into one of
two groups, namely ohmic contact, and rectifying contacts. The non-rectifying
junction has a low ohmic drop regardless of the polarity of the externally applied
voltage and is called the OHMIC CONTACT. All semiconductor devices ohmic
contacts to make connection to other devices or circuit elements. The rectifying
junction is commonly known as the SCHOTTKY - BARRIER diode.



2.2 Rectifying n-type Semiconductor Contacts

A rectifying barrier may exist at an n-type semiconductor contact, if the
termionic work function ¢, of the metal is greater than the semiconductor
work function ¢s shown in figure 2.1(a). As before electrons flow from the
lower work function material, that is, from the semiconductor, until the Fermi
levels align. The resulting energy-band structure after contact is shown in
figure 2.1(b). Under equilibrium conditions a potential barrier known as the
DIFFUSION POTENTIAL, of #,-x exists between the two materials, where x
is the depth of the conduction band of the semiconductor. There is a region,
known as the DEPLETION LAYER, between the two materials in which there
is no free charge carrier since electrons in that region have transferred to the
metal. The resistivity of this region is therefore much greater than that of the
semiconductor itself. Thus current flow can only takes place if the voltage
applied to the junction is in the correct direction to overcome the diffusion
potential. That is, a rectifying junction is formed which permits current to flow
easily in one direction, but not in the reverse direction. A practical application
of the metal to n-type rectifying contact is to the so called HOT CARRIER
DIODE or SCHOTTKY BARRIER DIODE.

. Depletion layer
semiconductor [

) semicondutor

(@) (b)
Figure 2.1 Energy-band diagrams for a metal-to-semiconductor rectifying contact (a) before
contact and (b) after contact.

Like pn junction, a rectifying contact cannot usually be formed by
merely pressing together ordinary specimens of material, an ohmic contact
being the usual result of such endeavor. At the very least, a good rectifying
contact requires that the surface of the semiconductor specimen be polished

Diffusion potential



or etched in order to remove imperfections produced in cutting the specimen
from the original ingot. Otherwise, the very short minority-carrier lifetime in the
surface region of the semiconductor precludes rectifying action. When a
rectifying n-type contact exists the polarities of the applied voltages for
forward and reverse bias, and the actions occuring at the contact are similar
to those for a pn junction, the metal of the contact acting somewhat as a
junction p-region. That is, the contact is forward biased when the metal is
positive and reverse biased when it is negative, and the current-voltage
characteristic is defined by the diode equation.

2.3 Rectifying p-type Semiconductor Contacts

Figure 2.2 shows an energy-level diagram for a p-type semiconductor
contacts under equilibrium conditions. As in the energy diagram for the n-type
contact, 4, is the work function of the metal and ¢ is that of the
semiconductor, ¢s being approximately the vertical distance between the
reference level (E=0) and the top of the valance band. With the Fermi levels
aligned for zero applied voltage, deep in the p-region the top of the valance
band is just below the Fermi level, but at the contact, it is ¢s below the
reference level (E=0). As a result, a barrier (contact potential) of (¢ -dm)
exists to electron flow from the metal to the p-region and to hole flow from the
p-region to the metal. Unlike the n-type contact, no barrier exists to the flow
across the contact of metal-region holes and p-region electrons. As in the
junction, the current 4 of the metal-region electrons able to surmount the
barrier is equal to the current L of p-region electrons “falling down” the
barrier, and the net electron current is zero. Similarly, current I3 of metal-
region holes falling down the barrier is equal and opposite current I of holes
climbing the barrier, and the net contact current is zero.

The effect of making the p-type semiconductor negative with respect to
the metal is shown by the energy-level diagram of Figure 2.3. Unlike the
effect on the n-type contact, this polarity of applied voltage increases the
barrier to the flow of majority carriers across the contact, and the contact is
reverse biased. Figure 2.4 shows the reduction of the barrier to majority -



carrier flow when the p-region is positive with respect to the metal, forward-
biasing the contact.

+————— Metal ———»l«——Pp-type semiconductor —

Figure 2.2 Energy-level diagram for a metal-to-p-type semiconductor contact under
equilibrium conditions (zero bias). A barrier of (¢4, exists at the coniact for metal-region
electrons and p-region holes. Majority and minority electron currents /; and 7, are equal and

opposite as are minority and majority hole currents /; and 7,.

We see that a rectifying barrier may exist at a p-type semiconductor
contact if the thermionic work function ¢ of the semiconductor is greater than
the metal work function ¢,. It is of interest to note that the polarity of the
applied voltage for forward operation of the p-type contact is just the opposite
to that of the n-type contact. This difference was the first indication of the
existence of two semiconductor types , and the distinguishing designations,
n and p, as originally used referred to the polarity of the semiconductor for
easy flow of current . This serves as a method for determining the type of a
semiconductor, but it is not a particularly good one, owing to the difficulty
in obtaining a rectifying contact.



«— Valance band

Figure 2.3 Energy-level diagram for a reverse-biased metal-to-p-type semiconductor contact.
The p-region is negative by the voltage ¥, increasing the barrier to metal-region electrons and
to p-region holes and reducing majority-electron current 7; and majority-hole current Z below
the equilibrium values. Minority-electron current /, and minority-hole current % are
unaffected by bias.

L, — 5L
=0
Energy £
Y Conduction band
g
Ey U A

Fermi level Ef
~— l

4+—— Valence band

Dt :

«——— Metal p-type semiconductor .

Figure 2.4 Energy-level diagram for a forward-biased metal-to-p-type semiconductor
contact. The p-region is positive by the voltage V, decreasing the barrier to metal-region
electrons and to p-region holes and increasing majority-electron current /; and majority-hole
current I; above the equilibrium values. Minority-electron current £, and minority-hole
current 4 are unaffected by bias.
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2.4 Ohmic Contacts

An chmic contact is one at which rectification or some other non-linear
effect does not occur. This definition attributes a certain characteristic to the
contact. In practical semiconductor-diode or transistor device fabrication, the
term ohmic confact may be used to describe any contact which allows charge
carriers to move freely into and out of the device and does not interfere with
the operation of the device. Such requirements as low resistance, not
injecting minority carriers, and electrical and mechanical stability may be
considered. Electrical stability implies mechanical stability. If the ohmic
properties of both the semiconductor and contact material remain unchanged
up to the contact surface, and if no barriers exist at the contact, the
resistance of the material-contact structure will be that of the materials
themselves. It is difficult to make a contact which is completely free of
barriers at the contact interface. It is, however, readily possible to make
contacts which are suitably ohmic in nature so as not to interfere with the
operation of the semiconductor device.

The most obvious approach to making a low-resistance contact would
be to make the contact area large. This is indeed done when such a
technique is applicable. it has been shown that simple barrier-layer theory
would indicate that it is possible to make an ohmic contact if one chooses the
correct rélationship between the contact-material work function ahd that of
the semiconductor. This relationship requires the choice of a contact material
of work function smaller than that of the semiconductor for n-type
semiconductors and one of work function larger than that of the
semiconductor for p-type. This relationship does not seem to work in practice
in all cases. It is found that most metals make reétifying contacts to
semiconductors when' the semiconductor surfaces are in good condition,
while most metals make ohmic contacts if the semiconductor surfaces are
damaged. In other words, it is the condition of the surface rather than the
choice of materials which largely governs the properties of the contact.
Certain useful techniques of polishing, etching, sotdering, etc., are known to
give the desired results. Some of these techniques will be described briefly,
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and a theoretical picture presented which may give an approximately correct
idea of the reason that ohmic contacts can be made.

Semiconductor Metal

/// e
-

Figure 2.5 A possible picture of an ohmic contact in which the ohmicity is attributed to the
high recombination near the contact. The extra allowed states near the contact are due to
surface damage to the semiconductor before contact is made.

Most ohmic contacts which are made by damaging the semiconductor
surface or disrupting the band structure depend on the resulting very high
recombination rate of electrons and holes near such a region to overcome the
effects of any barrier which may be present. The band structure at a
sandblasted or mechanically ground and polished surface may Ilook
something like that in Fig.2.5. We see that both holes and electrons are free
to move across the contact region and recombine readily in the damaged
layer.

It is found that soldering to a semiconductor surface with a material of
the same type as the impurity type of the semiconductor results in a good
ohmic contact. It is possible that the soldering process diffuses the impurity
into the surface, giving a very highly doped region such as is shown in
Fig.2.6. The effect at the contact is to reduce the barrier to electrons greatly
by making it so narrow that electrons may tunnel through it.



Semiconductor Metal

Tunnelable barrier
Heavily doped region

Figure 2.6 An ohmic contact due to very heavy doping of the semiconductor near the
contact. This doping may be due to diffusion of solder into the surface of the semiconductor
in the case of soldered contacts to the semiconductor surface. The barrier which remains at
the contact interface is so thin that the electron can tunnel through it.

Bonding techniques which make use of wires of appropriate types
pressed or spot-soldered to the various device layers are numerous. There
are also many details, too numerous to go into here, associated with
preparation of surfaces and contact areas, choice of contact materials,
chemical treatments, etc. Many problems arise in any fabrication process,
and many of these problems have been ingeniously solved.

2.5 Ohmic Contacts for p and n-type Semiconductor

Since the presentation of the last two sections was based on the
conditions that ¢,>¢s for the n-type contact and ¢> 4, for the p-type contact,
let us now consider contacts in which these conditions are not met. Figure 2.7
shows an energy-level diagram for the contact between a metal and an n-
type semiconductor for which ¢s>¢,. The diagram is for zero applied voltage
and depicts the situation the instant after contact is established. We obéerve
that, near the metal, the lower edge of the semiconductor conduction band
lies below the Fermi level, producing the depression A. Electrons immediately
flow into this depression, just as a liquid would flow into a depression in its
surface, and the depression is obliterated. Thereafter, electrons may flow

13



unimpeded in either direction in the semiconductor conduction band, and we
have a nonrectifying or chmic contact. Similar reasoning shows the absence
of a rectifying barrier at a contact between a metal and a p-type
semiconductor for which ¢s<g,..

Energy I I I
4 Conduction band

Fermi level £

—— Metal T n-type semiconductor

Figure 2.7 Energy-level diagram for a contact between a metal and an n-type semiconductor
for which ¢ > @, Conditions are depicted immediately after contact. Depression 4
subsequently fills up with electrons and the contact becomes resistanceless.

Such contacts are ideally resistanceless, the only resistance present
being that of the metal and semiconductor specimens and their connections.
Thus, we see that an ohmic contact to a semiconductor can be obtained by
choosing metals such that ¢n,<¢s for n-type material and ¢,>¢s for p-type
material. Ohmic contacts may also exist as a result of semiconductor surface
imperfections that reduce the minority-carrier lifetime and, for this reason, the
crystalline structure at the surface of a semiconductor may be deliberately
damaged, say by sandblasting, when an ohmic contact is to be made.
Soldering or welding leads to a semiconductor usually results in a chmic
contact, owing to surface damege. When the minority-carrier diffusion length
is short compared to the width of the transition region, almost all carrier
recombination takes place in the transition region, and no change occurs in
the carrier density on either the p-side or the n-side of the contact. (That is,
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no minerity-carrier injection occurs upon the application of a voltage of the
polarity that would forward-bias a rectifying contact.) The currents in the metal
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Figure 2.8 Hole and electron currents in the metal-and p-region near a forward-biased metal-p-
type contact. (a) A rectifying contact for which diffusion length >> width of transition region. (b)
Ohmic contact for which diffusion length << width of transition region.

and semiconductor regions near a forward-biased contact are shown in Fig.
2.8 (a) for a rectifying contact, in which some recombination occurs in the
transition region, and in Fig. 2.8 (b) for an ohmic contact. Because of the high

I5



conductivity of the metal, the hole current in the metal region is represented
as being negligible. As pointed out earlier, an ohmic contact is the
usualresuit of pressing a metal against a semiconductor specimen, or of
pressing together specimens of p-type and n-type material, owing to
imperfections in the semiconductor surface.

An ohmic contact can also be thought of as a contact having a very
large reverse-saturation current, owing to short minority-carrier difusion length
in the semiconductor region. According to the diode eguationthere are
negligible differences in the magnitudes of the forward and reverse voltages
for forward and reverse currents of equal magnitude, providing the magnitude
is small compared to the reverse-saturation current. Therefore, rectifying
contacts and pn junctions appear to be ohmic for very small currents and
conversely contacts that appear to be ohmic for small currents may show
nonohmic characteristics for large current. Therefore rectifying contacts and
pn junctions appear to be ohmic for very small currents and conversly
contacts that appear to be ohmic for small currents may show nonchmic

characteristics for large currents.

2.6 Current Transport Processes

The current transport in metal-semiconductor contacts is mainly due to
majority carriers, in contrast to pn junctions, where the minority carriers are
responsible. Figure 2.9 shows four basic transpert processes under forward
bias (the inverse processes occur under reverse bias).

The four processes are

1. Transport of electrons from the semiconductor over the potential barrier
into the metal (the dominant processes for Schottky diodes with moderately
doped semiconductors (e.g., Si with Np < 10" cm™ operated at moderate

temperatures (e.g., 300°K)).

2. Quantum-mechanical tunneling of electrons through the barrier ( important
for heavily doped semiconductors and responsibte for most ohmic contacts).
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3. Recombination in the space-charge region ( identical to the recombination
processes in a pn junction.

4. Hole injection from the metal to the semiconductor ( equivalent to
recombination in the neutral region).

In addition, we may have edge leakage current due to the high electric
field at the contact periphery or interface current due to traps at the metal
semiconductor interface. Various method have been used to improve the
interface quality, and many device structures have been proposed to reduce
or eliminate the edge leakage currents.

4———-:\¢:—. 1
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Figure 2.9 Four basic transport process under forward-bias.

The application of an external bias to a metal-semiconductor junction
will after the relative position of the Fermi levels, and hence the energy bands
in the semiconductor. This is similar to the effect in a pn junction but with one
important exception; we saw that in a pn system current transport is
dominated by minority carriers, but in a metal- semiconductor system
thermionic emission of majority carriers over the potential barrier is the major
source of current flow. Consider Figure 2.10. In equilibrium, with no applied
bias, there are two drift currents, of equal magnitude but opposite directions,
which flow across the junction because of the built-in électric field-this again
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is similar to a pn junction. The current densities will be proportional to the
electron concentration n in the junction region, i.e.

Jsm= Jms= Cn (2.1

where C is a constant. Note that the arrows represent current flow,
because we are dealing with electrons, the charge flow is in the opposite
direction. At the surface of the semiconductor becomes

n=N, exp(-— %%‘-) (2.2)

For V>0, i.e. the application of a forward bias to the junction, the built
in potential V,; is lowered by V. However, the barrier height ¢, (the difference
between the metal work fuction and the electron affinityt of the
semiconductor) is unaltered (Fig. 2.10(b)). This has the effect of increasing
the electron density at the semiconductor surface, thereby increasing Jsm, but
Jms remains as before. There is a net current flow across the barrier given by,

J=J, ~J,

=CN, exp(— M} ~CN, exp( - fﬁ“—)

kT &7

=CN, exp(— %) [ex %) - I] (2.3)

This can be simplified to

- Js[ex %)-.1] (2.4)

where

J,=CN, exp(— eg) (2.5)
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CN. is found to be equal to R~ T?, where R is the effective Richardson
constant, and depends on the effective mass m’ of the carriers. It is given by

; * .2
. _ {mm ek 2.6)

R PE

For reverse bias, i.e. V<0, again Jus is unaltered, but Js, is smaller than in
the equilibrium case. The net effect is that (2.4) becomes

J= Js[exp(%) - 1] @2.7)

Equations (2.4) and (2.7) are similar to the |-V characteristics obtained for a
pn junction. They can similarly be simplified for large magnitudes of V, and
similarly have an ideality factor (usually between 1.0 ahd 1.3 for a metal-
semiconductor junction) introduced into the denominator of the exponential
term. The current carrying mechanisms are very different, however, and the
constant Js is derived from totally different physical parameters in either case.
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Figure 2.10 Band diagrams for a metal-semiconductor junction with an applied bias
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CHAPTER 3
CARRIER RECOMBINATION

3.1 Introduction

Under thermal equilibrium carriers in semiconductors possess an
average thermal energy corresponding to the ambient temperature. This
thermal energy enables some valance electrons to reach the conduction
band. The upward transition of an electron leaves a hole behind so that an
electron-hole pair is produced. This process is called CARRIER
GENERATION and is represented by Gy in Fig 3.1a, When an electron
makes a transition from the conduction band to the valance band, an
electron-hole pair is annihilated. This reverse process, called
RECOMBINATION, is represented by Ry in Fig 3.1a. Under thermal
equilibrium, the generation rate the recombination rate must be equal so that
carrier concentrations remain constant. Thus, the condition pn=n? is

maintained.
Conduction band
E. E,
hv>E,
G R Eg /\/\_9 Gy G Ra U
O E Cae] E
(@) . ()

Figure 3.1 Band-to-band generation and recombination of electron-hole pairs. (a) at thermal
equilibrium and (b) under optical illustration.

The equilibrium condition may be disturbed by the introduction of free
carriers exceeding their thermal equilibrium values. This process, called
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CARIER INJECTION, can be accomplished by either optical or electrical
means. Optical injection involves an incident light having photon energy equal
to or greater than the band-gap energy E,. The photon energy is given by the
product hv, where v is the frequency of the light and h is Planck’s constant.
When the optical energy is absorbed by an electron in the valance band, the
electron is excited to the conduction band and a hole is created in the
valance band. The generation rate of electron-hole pairs by light is shown in
Fig 3.1b. The injection of carriers increases the electron and hole densities
such that pn>n?. The additional carriers are called EXCESS CARRIERS. The
excess electrons and holes are always in equal number so that space charge
neutrality is preserved.

Excess electrons in the conduction band may recombine with holes in
the valance band, as represented by U in Fig 3.1b. Thus, the optically
generated electron-hole pairs may be annihilated and the thermal equilibrium
density may be reestablished. The energy released by the recombination is
emitted as a photon or phonons depending on the nature of the
recombination mechanism. When a photon is emitted the process is called
RADIATIVE RECOMBINATION. On the other hand, the lack of photon
emission indicates a NONRADIATIVE RECOMBINATION process, which
emits phonons to the lattice in the form of heat dissipation.

3.2 Band-to-Band Recombination

Band to band recombination, also referred to as DIRECT THERMAL
RECOMBINATION, is conceptually the simplest of all recombination process
under this condition, an electron in the conduction band can simply give up its
energy to move down and occupy the empty state (hole) in the valance band
without a change in momentum. This is the most efficient way to annihilate an
electron hole pair in a direct-band semiconductor. When it happens, the
energy given up by the electron will be emitted as a photon, the quantum of
light. All available information about the band-to-band radiative recombination
has been obtained from the optical absorption coefficient « of the



semiconductor. The rate G; at which electron-hole pairs generated radiatively
under thermal equilibrium can be determined by

G, =a,pn,=an @.1)

Then, the excess carrier recombination rate is given as

G N G
Up =—{on=ri | = (00 + 2o+ o) (3.2)
i %

The radiative lifetime ¢, is now obtained as

2
i

- Gr(”q'*‘l”o"'l’e)

Ty

(3-3)

For a strongly n-type semiconductor having a donor concentration

Np,n, = Np,p, =0 and neglectin p, low-level injection lifetime is defined as

2

i
T, = 3.4
" G,Np 34)

At high-level injection, p, is large and

n

(3.5)
G, pe

Ty =

3.3 Auger Recombination

The energy released by the direct recombination is absorbed by a
second electron in the conduction band. This second electron after being
kicked upward loses its energy to the lattice by scattering events. This is
known as AUGER RECOMBINATION. There are different possibilities when
traps are involved, and the one shown in the simplest example. Usually Auger
recombination is important when the carrier concentration is very high as a
result of either high doping or high injection level.
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Figure 3.2 (a) Direct and radiative recombination, (b) Auger recombination.

Impurity atoms other than donors and acceptors and some types of
crystal defects in semiconductor, introduce localized energy levels deep in the
band gap away from the band edges. These levels act as stepping stones for
electrons between conduction band and valance band, making a substantial
enhancement in the recombination process. Depending on its location in the
band gap, a deep level may act as an electron or a hole trap or a
recombination center. An electron trap has a high probability of capturing a
conduction electron and setting it free after sometime. Same process
happens in a hole trap interacting with a hole. At a recombination center the
probability of electron and hole captures are nearly equal.

3.4 Intermediate-Level Recombination (Indirect Transitions)

Indirect transitions process is characterized by the transition of an
electron from conduction to valance band in steps. For an electron to reach
the valance band, it must experience a change of momentum as well as
energy to satisfy the conservation principles. The transitions takes place
either by means of a single level or of several levels.

3.4.1 Single Level Recombination

There are electronic states deep in the otherwise forbidden gap that
are created by defects or impurities. Here, the word DEEP indicates that the
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states are away from the band edges and near the center of the forbidden

gap. These states are known as RECOMBINATION CENTERS or TRAPS.
Single-level recombination consists of four steps:

1. An electron is captured by an empty center

2. An electron is emitted from an occupied center.
3. An unoccupied center captures a hole, and
4. An empty center emits a hole.

Consider a semiconductor with a density of recombination centers WV,
located at an energy E,. The probability that the center is occupied by an
electron is given by

1

j; = 1 + e(E‘-Ef)/kT

(3.6)

The number of occupied centers is therefore N, f°, and the number of
empty centers is N,(l— f,"). The superscript ‘0" specifies the equilibrium

condition.

By following the argument used in driving the direct-recombination
rate, we find the capture rate of an electron by an empty center to be

R =N (1- 1) .7

where » is the electron density in the conduction band and C, is the capture
coefficient, which has a typical value of 10'%cm¥s. The electron-capture
coefficient is the product of the thermal velocity 7, and the electron-capture
cross sectiono.,, whereo,,is a measure of the closeness of an electron to
an empty center and has a typical value of 10"%m? A hole-capture cross
section is defined in the same manner. The rate of emitting an electron to the
conduction band from an occupied center is given by



R, =eN.,f, (3.8)

where ¢, is the emission coefficient. By analogy, the capture and emission

rates of holes by the centers may be written as
R,=c,PN.f, (3.9)
R,=e¢,N(1-1) (3.10)
where c,and e, are hole capture and emission coefficient, respectively.

Under thermal equilibrium, the number of electrons emitted from the
centers must be the same as that of the captured electrons, that is, R =R,.

Equating Egs. (3.7) and (3.8) and using n = n,e(E"E‘)/"T we obtain

eneEVN (- £)= e N, f, (3.11)

Furthermore, since

-/ _ (eg)e (3.12)
/i
we have p= n,e(E"E’ Vi
e, =cnelE B (3.13)

Using the same procedure and p=n,e(E"E’)/", we find the hole

emission rate
e,= cpn,e(E"E‘)/” (3.14)

Since the capture and emission probabilities are independent of equilibrium
and nonequilibrium conditions. Egs. (3.13) and (3.14) are valid at
nonequilibrium although they have been derived under the thermal-
equilibrium condition. However, the probability of occupancy expressed by
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Eqg. (3.6) is not applicable at nonequilibrium because the Fermi level £, is

meaningful only at equilibrium.

Let us now consider the nonequilibrium case by applying an external
source of energy e.g., a light source so that a generation rate G, exists

uniformly throughout the semiconductor. Under steady-state conditions, the
electrons entering the leaving the conduction band in Fig 3.3 must be equal.
This is called the principle of defailed balance, and it yields

G, =R -R, (3.15)
Similarly, the detailed balance of holes in the valence band leads to
G, =R -R, (3.16)

Equating Eqgs. (3.15) and (3.16), we have

R -R,=R;-R, (3.17)
Conduction Band
) E.
R, | Ry
ST mmmmemmmmpmm E;
Gy
i ity i R "Ef
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Figure 3.3.Generation and recombination processes under illumination.

We can now substitute Egs. (3.7) to (3.10) into the foregoing expression to

obtain
c,aN,(1- £,)-e,N.f, =c,pN.f, —e,N,(1- £.) (3.18)

By assuming ¢, =c¢, =c and using Egs. (3.13) and (3.14), we can derive f,

from Eq. (3.18), yielding
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f = - 3.19

n+ p+2n, coshl(E, - £,)/4T] (319
Therefore, the net recombination rate is
cNpn-n?

U=R - Aen—ri) (3.20)

" n+ p+2n,coshl(E, - E,) k]

From Eq. (3.20), we find that at equilibrium, that is at pn=n’, the net
recombination rate is zero. It is also interesting to note that the maximum
recombination rate occurs when E, =E,. In other words, the most efficient
recombination centers are located at or near the center of the forbidden gap.
Away from the level E;, the centers would be less effective because it is more
probable to capture one type of carrier but less probable to capture the other

type.
3.4.2 Multiple-Level Recombination

As shown in Figure 3.4 the basic mechanism is similar to that of single-
level recombination differences are observed mainly at high injection level
condition (i.e. where An= Ap =majority-carrier concentration), where the
asymptotic lifetime is an average of the lifetimes associated with all the
positively charged, negatively charged, and neutral trapping levels.

At high-level injection,

1 1
T

= 3.21
p a;th,,N, * o..ValN, ( )

LLLLIL IS LfL 2L 2L Y g,

Ey
E,;

E,

Figure 3.4 Multi -level recombination.
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CHAPTER 4
MOS SOLAR CELLS

4.1 Introduction

Optical energy can be absorbed in a semiconductor if the photon energy
is greater than the band-gap energy. The absorbed photons generate electron-
hole pairs, which produce a photo current in a semiconductor or a pn junction. in
the case of a junction, a potential difference is established across the space-
charge layer. This process of converting optical energy into electric energy is
known as the photovoitaic effect. The converter is known as the SOLAR CELL.

4.2 The Photovoltaic Effect

The photovolatic effect is a process by a which a voltage is produced at
the junction of two different materials (e.g., a metal-semiconductor or a pn
junction), through an incident photon fiux. In a pn junction photons of sufficient
energy incident upon the semiconductor produce hole-electron pairs. Some of
these holes and electrons diffuse toward the junction and if they are created
sufficiently close to it, have a high probability of reaching it before they
recombine. At the junction they are separated by the barier. If they are created
at the p-side of the junction and diffuse toward the junction, the electrons will be
swept across the junction into the n-side whereas the holes will be blocked by
the barrier if the hole-electron pairs diffuse in from the n-side of the junctions, the
holes are swept into the p-side by the barrier while the electrons are blocked.

The carriers which are swept across the barrier are the minority carriers in
the region in which they are generated and their flow through the barrier
constitutes reverse current. If there are no exterior connections to the device (
open circuit condition) the charge which accumulates on either side of the
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junction reduced the barrier height. This reduction causes the forward current to
increase. The forward current results from the passage of thermally produced
majority camriers across the barrier. An equilibium condition is quickly
established which results in an open circuit voitage intermediate between zero
and full barrier voltage.

If the illumination is sufficiently intense to annihilate the barrier, the
photovoltage has reached its saturation value.

In order to obtain a high photovoltaic efficiency the following requirements
have to be met:

e The energy per photon has to be slightly greater than the band gap energy.
« The impurity concentration has to be high and temperature low.
e The surface reflectivity has to be small.

The product of photovoitage and photocurrent represents the net flow of
energy from the solar cell to the external load, energy coming from the sun and
converted from photon-energy to the electrical energy with in the solar cell.

4.3 Optical Absorption in a Semiconductor

The unit energy of light, called a photon is Av, wherev is the light
frequency and % is Planck’s constant. The wavelength of light 4 is related to the

frequency by

A=—=— = pm (4.1)

where £, is the photon énergy hv in electron volts and ¢ is speed of light, that

is, 3x10'® cm/s. When a semiconductor is illuminated, photons may or may not
be absorbed, depending on the photon energy and the band-gap energy E, .

Photons with energy smaller than E_are not readily absorbed by the
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semiconductor because there is no energy state available in the forbidden gap to
accommodate on electron (Figure 4.1a). Thus light is transmitted through and
the material appears transparent. If £, = E_, photons are absorbed to create

electron-hole pairs, as shown in Figure 4.1b. When the photon energy is greater
than E_, an electron-hole pair is generated and, in addition, the excess energy

E, = E, is dissipated as heat (Figure 4.1c).

Let us consider the nature of absorption for a semiconductor shown in
Figure 4.2. The optical source provides monochromatic light with ~v> £, and a

flux F,or F in photons per square centimeter per second. As the light beam

penetrates the crystal, the fraction of the photons absorbed is proportional to the
intensity of the flux /(x). Therefore, the absorbed photons within A x are

- 4
65
@ ® (o

Figud4.1 Optically generated electron-hole pairs in a semiconductor.
a F(x) Ax

where a is a proportional constant called the absorption coefficient. From the
continuity of light in Figure 4.2, we find

Fx+Ax) - F(x) = dfg‘? Ax = —aF (x)Ax
or
dF(x)
- == aF (%) (4.2)
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The negative sign indicates decreasing intensity of the flux along x due to
absorption. With the boundary condition £ = F,, at x=0, we obtain the solution of

Equation (4.2) as

le d N
IF
F(x+Ax)= F(x)+—+
( ) = F(x) 5
»s higher terms
F /
&—puha—n-n-a*’ F(X) > — F t
o et
x=0 x+Ax  x=d
Figure 4.2 Optical absorption in a semiconductor.
F(x)=F,e™ (4.3)

Therefore, the fraction of light transmitted through the semiconductor is
F,=F(d)=F,e™ (4.4)

where d is the thickness of the semiconductor. Since the absorption is
determined by the photon energy, it is conceivable thata is a function ofav.
Silicon absorbs photons with A< 1.1 .

4.4 The MOS Diode

The MOS consists of a parallel plate capacitor with one electrode a
metallic plate, called the gate and the other electrode the silicon. The two
electrodes are separated by a thin insulating layer of SiO,. Such a structure is
shown in Figure 4.3.



MOS diode is also known as the MOS capacitor.

G
e Metal
SiO,
Silicon
substrate

Ohmic contact
Figure 4.3 Structure of MOS Capacitor.

Consider the depletion condition in Figure 4.4. We have applied a smalll
negative potential to the top metal contact which will put a small negative charge
on this contact. The oxide layer prevents current flow but the effect of the
negative charge is felt by the electrons in the n-type silicon. The negative charge
tends to repel the free electrons from a region undemneath the top contact, as
shown, forming a depletion region. This is exactly the same sort of depletion
region as in the pn junction. It is a region depleted of free charge carriers. Look
at the MOS structure again. The top metal contact and the oxide layer together
look like half of a capacitor structure. The semiconductor with its free charge
carriers forms the ‘other plate’ of the capacitor. That's why the device is called an
MOS capacitor.

Using the MOS capacitor for measuring properties of the MOS system
the following properties can be obtained.

1. Surface band bending and depletion layer width in the silicon as a function of
gate bias.

Voltage and field at avalanche breakdown in the silicon.

Doping profile in the silicon.

Interface trap level density as a function of energy in the band gap.

Interface trap capture probability for both electrons and holes as a function of

R WN

energy in the band gap.
Lifetime in the bulk silicon.

a

7. Surface recombination velocity.
8. Oxide thickness.
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9. Oxide breakdown field.

10.Charge configurations in the oxide such as oxide fixed charge and the
charge at the interface between SiO, and another insulator deposited on top
of it.

11.Nonuniformities in the oxide charge distribution and nonuniformities of
surface potential caused by the discrete nature of charge in the oxide.

12. Work function differences between silicon and gate.

13.lonic drift and polarization effects in SiOx.

14. Band-to-band tunneling in the silicon and tunneling into SiO..

15. Diffusion of water into SiOx.

16. Quantum effects in the inversion layer at low temperatures.

17.Results of thermally activated chemical reactions and electrochemical
reactions in SiO,.

18. Conductivity type of the silicon.

19. Dielectric constant of silicon.

20. Dielectric constant of SiO,.

21. Properties of electron and holes types in SiOx.

small -V volts

TLL LT 7T
N

Figure 4.4 The ideal MOS diode for depletion condition.

The MOS capacitor also has been used in determining ways of controlling
oxide fixed charge and interface trap level densities, effects of light on interface
traps and surface charges, and in studying the effects of ionizing radiation on
SiO,. Internal photo emission measurements using the MOS capacitor have
yielded information about the barrier height between the conduction bands of
silicon and SiO; and about trapping centers distributed in the SiO; layer.
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4.5 The Effect of Insulating Layer

Silicon has become the principal semiconductor material primarily
because SiO; is film which be grown on it. Band gap of SiO; is 8.2 eV. These
oxide films are dense, uniform and stable over wide range of temperatures. This
allows to use of this oxide as a barrier to selectively mask against the diffusion or
ion implantation of dopants. Furthermore, this oxide film and the Si-SiO;
interface determine the electrical characteristics of devices built in the silicon
substrate.

The insulating layer {Si0,) has two effects.

1. Because of potential drop in the layer, the zero bias barrier height is higher
than it would be in Schottky dicde.

2. When a bias is applied, part of the bias dropped across the insulting layer so
that the barrier height is a function of bias voltage. The effect of this bias
dependence of the barier height is to change the shape of current-voltage
characteristics.

The oxide layer protects the surface from environmental contamination,
and acts as a barrier against the diffusion of impurities into the semiconductor
undemeath, thus improves device performance.

The various charges that may be present in insulating layer are illustrated
in Figure 4.5.

1.Fixed Oxide Charge Qris fixed and cannot be charged or discharged over a
wide variation of y; it is located within the order of 30A° of the Si-SiO; interface;
its density is not greatly affected by the oxide thickness or by the type or
concentration of impurities in the silicon; it is general positive and depends on
oxidation and annealing conditions, and on silicon orientation. They are immobile
under applied electric field. This charge cannot be altered by the application of
the bias to the gate and so has come to be known as the OXIDE FIXED
CHARGE.
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The magnitude of Qr depends on the crystallographic orientation of the
silicon and on the silicon and on the ambient (oxidizing or inert) in which the
wafer is placed during last high temperature treatment used in processing.

Metal
4—-—®———-—Mobﬂe ionic charge (Oy) T
Oxide-trapped charge (Qp) Si
\ Fixed oxide

+ o+ charge (09

........................................................................... e
H H H H SiO,

ﬁ X X

Interface trapped Si

charge (Qw)

Figure 4.5 Charges associated with thermally oxidized silicon.

Qr can be minimized by annealing in an inert ambient such as argon at a
temperature in excess of 900°C

Even if the work functions of the metal and semiconductor are equal
presence of Q; will give a nonzero flatband voltage, as shown in Figure 4.6. The
(+) charge in the SiO, attracts electrons to the silicon surface, causing the bands
in the silicon to bend. To eliminate this band bending, it is necessary to apply a
negative voltage to the gate in order to place a charge equal to Qrin magnitude
but opposite sign on this electrode. In consequence

9

V patsana =V = — Con 4.5)
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Figure 4.6b shows how to band diagram changes under flatband conditions. It is
important to note that the terms “fatband” refers to the bands in the silicon; when
charge is present in the oxide, flatband conditions in the silicon can be achieved
only when there is a potential drop and hence band bending across the oxide.

PN Joe
qfn Q
\ I—

o
S R A -+ c
Efn ...... -H .......................... Ef 'qu -+ ¢ Ef
*f-'/' E, B hbbbtd bbb Ev

@ (b)

Figure 4.6 Computing Vy when oxide fixed charge Oy is present: (a) V5 =0; (b) V5 =V

~ 2.The Mob_:_le_ Charge Qn is primelary due to the presence of alkali ions like Na’,

* K’ and Li". These ions are present in the cleaning solutions and other reagents

as well as in the quartz tube used in oxidation process. These charge can mave
through the oxide at elevated temperature causing change in the flatband

voltage with time.

Extremely low concentrations of Na* ions in the oxide were found to give
significant instability in Vr (threshold voltage).

Na' ions are small and can move freely through the relatively open
structure of SiO- in response to an applied gate bias. If gate bias positively the
ions move toward the Si-SiO, interface, where they shift the flat band voltage in
the same manner as Q- Application of a negative bias to the gate attracts the
Na' ions toward the gate, reducing their influence on Vis and Vr.

3.The Oxide-Trapped Charge Q.+ may be either (-) or (+) due to electrans or
holes trapped in the bulk of the oxide. The traps may result from ionizing
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radiation from avalanche injection produced by hot electrons or from other
similar process.

The band gap of SiO; is roughly 8eV. If a photon with energy greater
than this is incident on an SiO; layer, electron-hole pairs are photogenerated in
the layer. Electrons are quite mobile in SiOz, but holes are relatively immobile
and are easily trapped. During etching and thin-film deposition steps required in
processing silicon wafers are frequently exposed to “soft” (i.e. low energy) x
rays. As a result large quantities of electrons and holes are photogenerated in
oxide layers and many of these holes are trapped. The trapped holes constitute
a positive charge Q(x), which shifts Vr..

The Qi can be completely removed by annealing the wafers at
temperatures in the range 300 to 400°C after exposure to radiation. Qg is
therefore relatively little importance in complete devices.

4.Interface Trapped Charge Q; is mainly due to the breaking of covalent band at
the Si-SiO, interface. The probable origin of this charge lies in oxidation-induced
structural defects; metallic diffusing to the interface, and other defects caused by
radiation or similar band breaking process. The charge is in electrical
communication with the underlying silicon and has often been referred to as fast

surface states or interface states charge.
4.6 The MOS Capacitor with Applied Bias and Band Diagrams
4.6.1 Metal and Semiconductor Work Functions

(a) Work function of a metal:

Conduction electrons can escape from a metal into free space only If they
can overcome the thermionic work function of the metal (4,) which is defined as
the energy required to remove an electron from the Fermi level of the metal to
the vacuum energy level. The metal work functions is sensitive to surface

contamination (shown in Figure 4.7).
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Figure 4.7 Energy levels in three separated components that form an MOS system; aluminum,
thermally grown silicon, and p-type silicon containing N, ~ 2x10"* em?,

(Although recent measurements indicate £, in SiO, to be ~9 eV, many experimental data appear
1o be consistent with the 8 eV value that we will use)

(b) Work function of a semiconductor:

The escape of electrons from a semiconductor into free space requires a
thermionic work function (¢s) which is defined as the energy required to remove
an electron from the Fermi level of the semiconductor to the vacuum energy
level (shown in Figure 4.7).

b=x,+E, [2q9+¢ (4.6)

where x; electron affinity of the semiconductor, i.e., the energy required to
remove an electron from the bottom of the conduction band to the vacuum
energy level.

¢r= Fermi Potential

@7 ="(EF_Ei)/q;
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for a n-type semiconductor g= <0
for a p-type semiconductor ¢ > 0

The dependence of ¢#s upon the impurity concentration of the

semiconductor is a result of the concentration dependence of gr.
(c) Metai-semiconductor work function

The barrier height of a metal-semiconductor system (g4ns) can be
predicted by two models, depending upon the magnitude of the surface state
density.

s Surface state model: In this model it is assumed that the surface state
density of the semiconductor surface is large. in this case the barrier height is
independent of the properties of the metal and of the impurity concentration of
the semiconductor. It is;

for an n-type semiconductor gns ~ (2/3)E,
for a p-type semiconductor gns ~ (1/3)E,

The temperature dependence of gy is similar to that of the energy gap E;..

¢ Work function difference model: In this model it is assumed that the
surface state density is negligible and that the barrier height is determined by
the difference in the work functions of metal (4,) and semiconductor ().

Pins = Om — ¢s (4.7)

In this case the barrier height depends upon the nature of the metal and
the impurity concentration of the semiconductor.

This model holds only qualitatively. Deviations of observed values of gy
from this ideal model are due to various effects, as surface states, image forces,
contamination, etc. The work function model holds better, on a relative basis, for
covalent semiconductors (e.g., Si) than for other semiconductors (e.g., GaAs).
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4.6.2 Ideal MOS Diode

The metal-oxide-semiconductor (MOS) structure is shown in Figure 4.8.
We have assumed that the energy bands are flat and the work functions are the
same for all three parts. As defined in 4.6.1, the work function specifies the work
required to bring an electron from the Fermi level to the vacuum level. It should
be noted that the band gap is 8 eV for SiO; and 1.1 eV for Si so that the vertical
dimensions of the figure are not in proportion. But the diagram is correct
qualitatively. As three components are brought into contact, the Fermi levels
align.

> l VACUUM LEVEL

99 e =0

/f Be
l r 4 V’BT;”"
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METAL  |[INSU- SEMICONDUCTOR
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Figure 4.8 Energy-band diagrams of ideal MIS diodes at I’=0 for p-#ype semiconductor.

This is an idealized situation, where the energy bands remain flat
because the work functions are assumed to be the same so that there is no
charge transfer upon contact. We are also assuming that there is no charge
located inside the oxide or at the interface between the oxide and the
semiconductor. The bands in the semiconductor thermal equilibrium conditions
are flat and horizontal. This is known as the flat-band condition. Physically there
are no electric fields (or charge distributions) which will bend the bands in this
thermal equilibrium case. In reality there may be charges in the oxide which will
cause band bending in the semiconductor, even under thermal equilibrium

conditions.
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The energy-band diagram of an ideal MOS structure for V=0 shown in
Figure 4.8. An ideal MOS diode is defined as follow:

(1) At zero applied bias, energy difference between the metal work function ¢,
and the semiconductor work function is zero, or the work-function difference s

is zero
Eg
Pms =¢,,,-(x+-27—‘f’3)=0 for n-type (4.8a)
Eq
bms = b =(x+5 1 +¥g)=0  for ptype (4.80)

where ¢, is the metal work function, x the semiconductor electron affinity, x; the
insulator electron affinity, £, the bandgap #s the potential barrier between metal
and the silicon oxide and y the potential difference between the Fermi level E;
and the intrinsic Fermi level E; In other words, the band is flat (flat-band
condition) when fhere is no applied voltage (2) The only charges that can exist in
the structure under any biasing conditions are those in semiconductor and these
with the equal but opposite sign on the metal surface adjacent to the SiO; .(3)
There is no carrier transport through the insulator under dc biasing conditions, or
the resistivity of the insulator is infinity.

It is useful to introduce two parameters related to the doping level in the
substrate. The first of these is the energy difference q#, between the conduction
band edge and the Fermi level measured deep in the “bulk” substrate well away

from the influence of the gate electrode. From n, = N, exp(E P Ec) kT ;

g, = -Igln ]:‘ ‘ (4.9)

where n, is the equilibrium electron concentration in the substrate.

A second useful parameter is the energy difference qys between the
actual Fermi level Erand the intrinsic Fermi level E.. For a p-type substrate with
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Wy =—In—_i (4.10)

similarly, for an n-type substrate with donor doping Np,

kT
Wy =-;ln£‘; (4.11)

in this case y; has been defined as a negative quantity.

When a positive bias applied to the gate, holes are repelled from the
semiconductor surface, so the bands bend as showrt in Fig. 4.9.

As the hole leave the surface, ionized acceptor ions are left behind,
forming a surface depletion region. The applied bias Vi can be viewed as
splitting up into two parts: a potential drop ys across the semiconductor and a
potential drop o, across the insulator. These quantities are defined to be
positive when the direction of band bending is that shown in Fig. 4.9.
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Figure 4.9 MOS capacitor band diagram for positive applied bias V5.
Vo=w,+W¥, (4.12)

The surface potential is the voltage across the semiconductor, using the
semiconductor as the reference, ys corresponds to the potential at the silicon
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surface, i.e., the silicon-silicon oxide interface. Therefore, It is called the
SURFACE POTENTIAL.

The carrier densities under thermal equilibrium are given

n=n,e"r eV (4.13a)

p=nd=E (4.13b)

From these equations we find that n>p for E,>E; and the semiconductor is
n type. Similarly, we have n<p for E;< E; in a p-type semiconductor.

It should be noted that the oxide being a good insulator, does not allow
current conduction between the metal and semiconductor even under bias. The
conduction of zero current corresponds to a constant Fermi level inside bulk
semiconductor. Physically, a flat Fermi level is equivalent to the state of thermal
equilibrium where we have np=n[". This condition prevails even under extemal
bias in the MOS structure.

4.6.3 Accumulation, Depletion and Inversion

Depending on the polarity of the applied volttage and its magnitude, it is
possible to realize three different surface conditions:

~ 1. Carrier accumulation
2. Carrier depletion
3. Carrier inversion

The case of a MOS capacitor fabricated on a p-type substrate is treated
here. The characteristics of a similar device fabricated on a n-type substrate can
be treated in an analogous manner.



Carrier Accumulation:

When the hole density just below the silicon surface is greater than the
equilibrium hole density in the bulk, we have the condition of carrier
accumulation. This condition is realized by applying a negative voltage at the
metal electrode. The resulting negative surface potential y, produces an upward

bending of the energy-band diagram, as shown in Figure 4.10(b). The bands
near the interface in the semiconductor, now bend upward. There is no current
flow through the oxide so the Fermi level in the semiconductor remains constant.
Since Er remains constant, the band bending leads to a larger E-Er near the
surface. According to equation (4.13), we have a higher hole density and a lower
electron density at the surface compared with that of the bulk consequently,
holes are accumulated at the surface, and the surface conductivity is increased.
The negative charge on the metal Qu is balanced by the positive hole charge Qs
(the total charge per Unit area stored in the semiconductor) (Figure 4.10 (c)) in
this instance.

The high concentration of holes near the accumulated silicon surface can
be through of as forming the second electrode of a parallel-plate capacitor with
the gate electrode as shown in Fig. (4.10d). Since the accumulation layer is in
direct ohmic contact with the p-type substrate, the capacitance of the structure
under accumulation conditions must be approximately equal to g, A/Toy, where A
is the area of the gate electrode, T, is the oxide thickness.

_—:;V(;< 0

Figure 4.10 (a) Accumulation

45



& E : p-type
@ : semiconductor
@ i '
c k..
g Er et S R
2 Ve< 0 .
i‘ﬁ ---------- B T basmesemmed  pesasea bemNminamcun b asan e [ R, f
s O O O O
(b) Energy band diagram
E 3
S
& : > X
o s
! Semiconductor

(c | Charge distribution

(d) Surface accumulation layer

Figure 4.10 Ideal MOS diode in accumulation.
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Carrier Depletion

When a small positive V; is applied the surface potential is positive and
the energy bands bend downward, and a depletion of the majority carrier holes
at the oxide-semiconductor interface. This is shown in Fig. 4.11a together with
the relevant band diagram in Fig .4.11b.

With an applied positive potential the Fermi level in the metal moves
downwards from its thermal equilibium position, as shown. The voltage drop
across the oxide is reflected by the slope in the oxide band energy, and the
semiconductor bands now bend near the oxide-semiconductor interface.
Remembering that holes ‘float’ and electrons ‘sink’ under drnift conditions it is
clear that with the band bending shown, holes will move away from the interface
resulting in a depletion region. The charge conditiohs are shown in Fig. 4.11¢.
The uncovered (negative) donor charge (per unit area) is -qNaW and this just
balances the positive charge per unit area Qy on the metal electrode (assuming
no other charge source are present). Note that the Fermi level in the
semiconductor is flat and horizontal, as expected, since no cument can pass
through the oxide layer.

The total charge per unit area Qs is given by

Os=0p=—qNyw (4.14)

N
ws = —‘In—nf* =yp (4.15)

where w is the width of the depletion layer. The symbol Qs (ionized acceptor
ions in the depletion region) is defined as the bulk charge in the semiconductor,
and negative sign specifies the polarity of charge. The relationship between g

and w can be obtained by solving Poisson’s equation using the depletion
approximation. The result is
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N w?
ws =f’—2é— (4.16)
s

where & is the permittivity of the semiconductor.

Since the magnitude of the charge density per unit area in the surface
depletion region will. be equal to the acceptor doping concentration times the
electronic charge times the width of the surface depletion region, increasingly
positive gate-to-substrate voltage will tend to increase both Q s and w. As the
width of the surface depletion region increases the capacitance from gate to
substrate associated with the MOS capacitor structure will decrease, because
the capacitance associated with the surface depletion region will add in series to
the capacitance across the gate insulator as shown in Fig.4.11d. Thus total
capacitance per unit area from gate to substrate under depletion conditions is
given by

-1
1 1
v, =( L ) 4.1

V) ={C, " Cale) @1
where C,, is the oxide capacitance per unit area, & x / To, and Csp is the
capacitance per unit area associated with the surface depletion region. Then Csp
can easily be shown to be

83
Cop =~ (4.18)
where g5 s the dielectric constant of silicon and w is the width of the surface
depletion region, which will be a function of the applied gate voltage. It should be
noted that Eqn. (4.16) will be valid only when the amount of charge that might be
trapped in surface states at the silicon-silicon dioxide interface is independent at

the surface potential.
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(d) Surface depletion layer

Figure 4.11 . Ideal MOS diode in depletion.

Carrier Inversion

If now increase the positive potential on the metal electrode to a value
above the threshold voltage Vr, the semiconductor surface will invert and an
(electron) inversion layer will reside at the interface. Fig. 4.12 illustrates the MOS
diode in the inversion condition. With the increased positive potential the Fermi
level in the metal is depressed even further. The greater voltage drop across the
oxide is reflected in the greater slope in the oxide energy band, and there is even
greater band bending in the semiconductor. In fact, the band bending in the
semiconductor is so great that the intrinsic Fermi level has crossed the Fermi
level. The electron concentration as a function of E;-E; is given by equation
4.13a.

n=nexp(E, - E;)/ kT

and since

E,~E; >0 (4.19)
then

n>n, (4.20)
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p<n, (4.21)

and the surface of the semiconductor is inverted (there are more electrons than
holes, but we're in p-type material). The thickness of the inversion layer is very
small, typically 1-10nm. ’

The depletion-layer width wy, in this inversion case, w, standing for
maximum depletion-layer width. The reason for this is once the inversion layer
has formed the depletion-layer width reaches a maximum. Any further charge
increase appears in the inversion -layer charge only.

Fig.4.12c shows the positive top metal electrode charge Qu being
balanced by the negative inversion-layer and depletion-layer charges, i.e.

Op =—gN4W + Oy (4.22)
Os =0 +0, =—gN W +0, (4.23)
where Q, is the charge density per unit area in the inversion layer.

The value of Vs that must be applied to just create a condition of strong
inversion at the silicon surface is known as the threshold voltage V1, and is one
of the most important parameters describing any MOS capacitor. To obtain
strong inversion, we need ns=N, so

2T N,

Yy = —([_ln-;,-— =2y, (4.24)

The depletion region width at threshold is therefore given by

2g (2 7 )
- |28\ 8 4.25
o gy, . @.29)

So the ionized acceptor charge per unit area Qg stored in the depletion

region is given by
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O =—gN W o= "'\I zgsqNA(?-WB) (4.26)

Although at threshold the electron concentration at the silicon surface is
equal to the acceptor ion concentration, through most of the depletion region n is
negligible compared to Na. At threshold it is therefore reasonable to assume

Qs=Qs, sO

zgsqN 4 (‘7‘ WB)
— (4.27)

ox

Ve=y, +¥,=2pg+

At this point it is worth summarizing the surface condition,

ws<0 the surface is accumulation
ws=0 flat-band condition.
O<ys <ys the surface is depleted.
Ws=ys midgap with ns=ps=n; (intrinsic concentration).
Ws> s the surface becomes inverted
wa <ys <2ys the surface only in weak inversion.
ws >2ys the surface becomes strongly inverted.

As shown in Fig. 4.12d, the width of the surface debletion region for a
MOS structure in equilibrium will remain virtually constant after the formation of a
surface inversion layer, even if the gate voltage is made more positive. Small
variations in the width of the surface depletion region around its maximum value
can occur, however, if a nonequilibrium situation exists where the charge density
in the inversion layer is unable to follow a high-frequency small-signal ac voltage
applied to gate electrode, superimposed on the dc bias. Since the charge
density in the inversion layer may or may not be able to follow the ac variation of
the applied gate voltage it follows thét the capacitance under inversion
conditions will be a function of frequency. In general when a surface inversion
layer is present, the gate-to-substrate capacitance of the MOS capacitor
structure, for low-frequency ac signals, will be equal to the dielectric capacitance
C.A. For high-frequency signals, the observed capacitance will be equal to the
series combination of the dielectric capacitance and the capacitance associated
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with the surface depletion region at its maximum width. Fig.4.12e shows typical
capacitance versus voltage relationships for MOS capacitors fabricated on p-

type silicon substrate.
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(e) Capacitance- Voltage relationship for a MOS capacitor fabricated on p-type
silicon substrate

Figure 4.12 1deal MOS diode in inversion.

4.7 Solar Cell Equivalent Circuit

By connecting a load across the terminals of a solar cell a current /. can
flow through the load and develop a voltage V; across it. The values of V; and
I, besides depending on the nature of the load, will be related to the
photogenerated current £ and properties of MOS diode. These relationships and
properties can be established by reference to the simple equivalent circuit shown
in Fig. 4.13, where imperfections in the diode leading the current leakage are
represented by shunt resistance Ry and parasitic resistance effects are
represented by Rs. From Fig. 4.13, it is seen that
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Figure 4,13 Simple equivalent circuit of solar cell.
1L(1 N Rs) —1-1,- T (4.28)
Ry, Ry,

which shows that both diode current and voltage are effected by the presence of
Rs and Rg.

It is important for R to be small and for Ry, to be large. Typical desired
values for silicon cells are Rs<0.5 Q2 Rs;>500(2

The actual operating point of a given solar cell £V characteristics is
determined by the value of the load resistance R; such that biasing occurs at
the maximum power (I, V) shown in Fig.4.14. The energy conversion efficiency
can be described by

| e— LIGHT
CHARACTERISTIC

.

L —

3 W _ MAXIMUM POWER POINT
C

Figure 4.14 Solar cell I-V characteristics.

n= IV m (4.29)
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where p; is the incident solar power density and A is the active area of solar cell.
Defining the ratio of I, Vi, 10 Is:, Vo as the fill factor “FF”, a further expression
for n can be written as where I is the short circuit current, V.  is the open
circuit voltage.

=LY, (4.30)

n
pA

4.8 Important Material Parameters for Solar Cell Design

To relate the terminal properties of solar cell, designer should examine
some parameters for getting high efficiency.

4.8.1 Energy Gap

The energy gap of pure silicon is accurately known. At room temperature,
300 K it is 1.120 eV. In the range near and somewhat above room temperature
where solar cells are usually operated the energy gap decreases linearly with
temperature as described by

E. =1120~28%10"(T -300 (4.31)
B

4.8.2 Intrinsic Carrier Concentration

The intrinsic carrier concentration is instrumental in determining the dark
saturation current and hence open circuit voltage of a solar cell. its variation with
absolute temperature is given by

n =387 *10'° 1% exp(~E JiT) (4.32)

where E;~1.120eV and k is Boltzmann’s constant. A room temperature this
expression gives n=1.37*10". It increases by a factor of 2.23 in the next 10K.
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4.8.3 Mobilities and Diffusion Coefficients

At low electric field the drift velocity V4 is proportional to the electric field
strength €, and the proportionality constant is defined as the mobility in cm?/ V-

s or
Vy=wue (4.33)

For nonpolar semiconductors, such as Ge and Si, the presence of
acoustic phonons and ionized impurities results in carrier scattering which
significantly effects the mobility.

The electrons and hole mobilities in pure silicon are given by

T -2.42
iy = 1360(3%) (4.34)
T -2.29
M, =49 355) (4.35)

in doped silicon these parameters are described by impurity scattering, falling
roughly a factor of 10 as the impurity concentration increases from 10' to
10"%cm®. At higher donor or acceptor concentrations, the semiconductor
behaves “metallic” and mobilities assume nearly constant values, 1,=90cm?/V-s

and, y=48cn* /V-s.

The carrier diffusion coefficient (D, for electrons and D, for holes) is
another important parameter associated with mobility. The diffusion cefficient D
depends on temperature and impurity concentration. Under low-concentration
conditions, D becomes independent of impurity concentrations. (In low
concentration conditions, the impurity concentration is less than the intrinsic
carrier concentration at the diffusion temperature for example, at 1100 °c,
n=10" cm® . In a limited temperature range and under low-concentration
conditions, the diffusion coefficient can be described by
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IT) = D, exp\~AE / kT) (4.36)

where D, is the diffusion coefficient extrapolated to infinite temperature, and AE
is the activation energy of diffusion.

The output of a solar cell is derived from the diffusive flow of minority
carriers to some form of collecting junction so the diffusion coefficient D is more
direct concemn than the mobility. They are connected by Einstein relation
D=ukTA.

4.8.4 Minority Carrier Lifetime

The minority carrier lifetime, the mean time interval between generation
and recombination of change carrier, is a major property that is fundamental in
determining the effectiveness of a semiconductor as a photovoltaic candidate.
By a recombination process excess electrons and holes in a semiconductor
recombine and tend to restore the system to the thermal equilibrium condition
given by

pn=n (4.37)

The lifetime (7) also depends upon the quality of the starting material and
upon many details of the cell fabrication.

The photogenerated carriers in the absorbed semiconductor must be able
to move across that region of the junction. Camiers that recombine before
arriving at the junction are lost the photovoltaic effect and cannot take part in the
generation of photocurrent. Diffusion is mechanism with which the minority
carriers move to the depletion region. Therefore, minority carrier diffusion length
is a most important material parameter. Electrons and holes have characteristic
diffusion lengths (L, and L,,) respectively that are material dependent.

The diffusion lengths can be expresses in terms of basic material
parameters and they depend on the impurity concentration, crystallinity, crystal
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orientation, defect concentration and stoichiometry. The decrease of minority
carrier diffusion length with doping density in silicon is shown Fig. 4.15.
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Figure 4.15 Variation of diffusion length with mpurity concentration in silisyum. Curves
correspond to ranges typical high, average and low lifetime.

The decrease of minority carrier diffusion length with doping density in
silicon is shown Fig. 4.15 [3]. Two regions of Fig. 4.15 are of particular interest.
The substrate, or base region, typically has a thickness of 100-200 micrometers
and doping level in the range 10"°-10"/cm® .

Efficient current collection from the base region requires a diffusion length
that is greater than the cell thickness.

4.9 Electrical Characteristics of MOS Solar Cell

4.9.1 Current-Voltage Characteristics

The total potential difference V; between the metal and the
semiconductor may be divided into two parts: yo and ys , where y is the
voltage drops across the insulating (oxide) layer and ;s is the voltage drops in
the space charge layer of semiconductor. This can be written as
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Vo =Wox +¥s (4.38)

when external voltage V, is applied across the junction {or when it is developed
by the photovoltaic effect) we have

Va=Apox + Ay (4.39)

Communicatioh between the surface states, metal, valance and
conduction bands of semiconductor may follow six ways:

1. Direct transition of electrons from valance band of semiconductor to the
conduction band of semiconductors. The reverse process is radiative
recombination that is negligibly small. |

2. Holes tunnel through from the valance band of semiconductor to the filled
state of metal. In thermal equilibrium, equal current flows from the metal to
semiconductor. When light is incident on the semiconductor under the influence
of space charge layer photogenerated holes reach the semiconductor oxide
interface.

3. An electron current flows the conduction band of the semiconductor {o the
metal.

4. Current due to tunnelling of electrons flows from the surface states to vacant
states in metal. The current is balanced by thermal equilibrium by an equal
tunnelling current from metai to surface states.

5. Electrons are captured from conduction band by the surface states. At the
same time to maintain an equilibrium, there is reemission of electrons from the
filled surface states to the conduction band. At thermal equilibrium both
processes balance each other. When external voltage is applied, an electron
capture rate exists. '

8. In similar process holes in valance band are captured by surface states and
reemmitted.



The current through the cell is equal to the algebraic sum of hole and
electron cumrent and current by tunnelling at the surface states. A typical energy-
band diagram for MOS. solar cell (p-type substrate) is given in Fig. 4.16 in which
p-type semiconductor is biased positively with respect to top metal contact by a
voltage V..

The band gaps of the insulator and semiconductor are represented by Eg;
and Eg, respectively. The energy difference between oxide and semiconductor
conduction band edges is represented by gy. The metal insulator barrier height is
represented by g

Under the bias conditions shown in Fig.4.16, there are net current flows
Jet and Ji,, from conduction and valance band edges of semiconductor to the
metal contact due to electron tunnelling transitions between the métal and these
bands. Similarly a net current Ji flows to metal from the surface states
considered localized at the semiconductor oxide interface. The effective current
flows due to interchange of the charge between the conduction and valance
bands of semiconductor and these states by recombination-generation
processes are represented by J; and Jy;, respectively.

When appreciable tunnel starts to flow, if insulator thickness is below
about 60 A°, the current is initially of such small magnitude that semiconductor is
in thermal equilibrdum. If insulator thickness is further decreased, the tunnel
current increases to point where they are sufficiently large enough to disturb the
semiconductor from thermal equilibrium. This occurs around the 28 A° for Al-
SiOz (p-type) Si. Thus, in general below some critical value of the oxide
thickness nanequilbrium tunnel MOS diode formed.

If oxide thickness is between (15-20 A°) dark I-V characteristic can be

taken as
I, = 1,[exp(qV, /nkT) - 1] (4.40)

where L dark saturation current,
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1, = AR**T* exp(q,, /kT) (4.41)

Figure 4,16 Encrgy band diagram of metal-oxide-p-type silicon solar cell.

The case of tunnel conduction has been treated theoretically by Card and
Rhoderick [31] and more recently Green [32]. This theory assumes that, in thin
insulator is in tunnel conduction mode with negligible voltage drop across it and
that the thermionic emission diffusion theory of Crowell and Sze describes
current like in Egn. (4.40) and (4.41).

4.9.2 Short Circuit Photocurrent

When lights shines on a solar cell the incoming photons generate
electron-hole pairs that are collected and become a photocurrent, . The
process of collecting the holes and electrons gives rise the photovoltage that is
biased as to generate a diode current, b, that is in opposing direction to the
photocurrent and whose properties given in Eqn. (4.42). The absolute value of
photocurrent density generated by incoming light may be written as

J, =gX,G (4.42)
where G is the generation rate that can be written as
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a

G = [ A A)T(A) M(A) exp|- e A)x]dA (4.43)

where T(4) is transmittance into the surface layer, M(4) is the incident photon
flux and A4 is the wavelength of photons with the incident energy equal to the
band gap energy E; This photon or photocurrent, depends strongly on the
factor, X, that is the collection distance for photogenerated charge carriers.

In MOS solar cells the semiconductor side of the cell is the controlling
factor and the metal or oxide portions affect the interface recombination of holes
and electrons in the sclar cell.

I-V characteristics of MOS solar cell under illumination, is given as
1=1,[[explqv, /nkr) - 1]- 1, (4.44)

where J, is the photocurrent. The short circuit photocurrent of an ideal solar cell
is dependent primarily on the intensity of illumination and material parameters. It

is given by
I 7 (4.45)
sc=7T R7T .
I+ qR;I,,

4.9.3 Open Circuit Photovoltage
If the solar cell is illuminated but the load is disconnected, no net current
can flow and to balance the photocurrent component there must be an increase

in dark current which flows in the direction opposite to that of photocurrent.

Under open circuit conditions £0, V.=V
0= L[explgr, /rkr)] - Isc (4.46)
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By neglecting the effects of Rs and Ry, and assuming largest value of the
photocurrent =L It follows that

,r [1
v, = ”—q—h{;"-+ 1] (4.47)

a

since L, is always very small as compared to [, V. can be written as
V_=——In—= (4.48)

It is clear from Eqn. (4.48) to obtain high value of open circuit photovoltage for a
given photocurrent, the saturation values of dark current components must be
rendered small.

The higher V. values at higher base layer doping densities are a direct
consequence of layer dark current. However, this capability of developing high
V.c must be weighted against the reduced carrier lifetimes in the base which will
reduce L. Thus, overall cell conversion efficiency will not increase indefinitely
with an increase in base layer doping density. Furthermore voltage reducing
effects also serve to reduce V. at high base layer doping levels. The high short-
circuit current are thus seen to be conflicting. However, high open circuit
photovoltage are possible in solar cell with high resistively base layers.

4.9.4 Fill Factor and Efficiency

The fill factor, FF, of a solar cell is a measure of the “sharpness of knee”
in output current-voltage curve of Fig. 4.17. I-V characteristics of a solar cell
under illumination indicating the effects of series and shunt fesistances is shown
in Fig. 4.17. It is clear that FF will be adversely affected by R and Ry, but
dependence are other properties of the cell may not be obvious.

Consider the I-V characteristics of MOS solar cell under illumination as
shown in Fig. 4.13. ltis



I, = L[explgV, /nkT) - 1] - 1, (4.49)
and therefore the output power P,.~1.V;. Its maximum value
Prae = Im Vi (4.50)

when dP,/dV, and equating V,=V,, we get

quJ p(qu) Ip
I+1-= A Y '
( k) TP mkr) T 1, * (#:51)
Eqn. 4.51 can be solved numerically to find V/,, and
qVm )
[,=\1 T At | .
" [ "exp( nkT 1’] (4.52)

AN

Maximum power can obtained as

RO

The fill factor becomes

(4.55)

1 Lo )
FF = -1 N (4.56)

! SCVOC

the efficiency of a solar cell is the ratio of electric power which can be abstracted
at the maximum power point and input power density.
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Do

"= (4.57)
Prax can be written as
P =1V (FF) (4.58)
— V

Figure 4.17 J-V characteristics of solar cell indicating the effects of series and shunt resistances.
4.9.5 Capacitance of the MOS System

As with the Schottky barrier and the pn junction, analysis of the behavior
of the small-signal capacitance measured between the two output electrodes
provides very valuable insight into the electrical behavior of the MOS system. In
the case of the MOS system, this analysis has been central to research that has
resulted in the present well-developed state of understanding of the oxide-silicon
system and its technology. |

Consider first that the MOS system is biased with steady voltage that
causes the silicon surface to be accumulated. For a p-type silicon sample such
as that of Fig. 410a, this corresponds to a negative applied voltage and would
result in a charge configuration like that sketched in Fig.4.10c. The excess holes
at the surface are pulled very close to the oxide. If a small ac voltage is
superposed on the dc bias, it causes small variations in the charges stored on
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the metal gate and at the silicon surface. If the system is now connected to an
instrument that measures the capacitance associated with these variations, the
capacitance measured will be very close to that of the oxide itself because the
spatial extent of the modulated charge in the silicon is small compared to the
oxide thickness. The more the surface is accumulated, the thinner will be the
accumulated layer (effectively, the Debye length at the surface will be reduced
by the added carriers); hence, the capacitance will approach asymptotically the
capacitance associated with the pure oxide. Thus, the capacitance per unit area*
C’ in accumulation approaches

o

C.= —i— (4.59)
where T is the oxide thickness. When the gate voltage is changed in the
direction of its flat-band value, the surface accumulation decreases to zero and
the capacitance decreases as Debye length at the surface increases. To obtain
an exact formulation for capacitance in this bias range, it is necessary to solve
Poisson’s equation under the condition that free electrons, free holes, and
dopant atoms all contribute to the total space charge at the surface. This
analysis was first caried out by Kingston and Neustadler [33] and their results
have been widely applied to obtain various electrical properties of MOS systems.
A particular result that is readily calculated from the Kingston and Neustadler
theory is the capacitance Per unit area when Ve=Veg. If this quantity is called
C'rs, it can be expressed [1] by

! 1
2 V2" 1/c +In/e
zg,x/gox+[kr/q asNa] D’ €s

L

Crp=

(4.60)

where Lp, the extrinsic Debye length. The characteristic decay length Lp
appearing in the exponential is known as the DEBYE LENGTH.

When the gate voltage becomes more positive than the flat-band voltage,
holes are repelled from the surface of the silicon and the system is in the
depletion-bias condition. Under this condition, relatively straightforward
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electrostatic analysis shows that the overall capacitance comresponds to the
capacitance that is obtained by a series connection of the oxide capacitance and
the capacitance across the surface depletion region

1

'= =
¢ IC' +wig,

(4.61)
where w is the width of the surface depletion layer, which depends upon gate
bias as well as the doping and oxide properties. From Eqn. (4.61) we see that
the capacitance of the system decreases as the depletion region widens.

When the gate bias is increased sufficiently to invert the surface, a new
feature must be considered to describe the MOS capacitance behavior. We
recall that the inversion layer at the MOS surface results from the generation of
minority carriers. Hence, the population of the inversion layer can change only as
fast as carriers can be generated within the depletion zone near the surface.
This limitation causes the measured capacitance to be function of the frequency
of the ac signal that is used to measure the small-signal capacitance of the
system.

The simplest case arises when both the dc gate-bias voltage and small-
signal measuring voltage are changed very slowly so that the silicon can always
approach equilibrium. In this case, the signal frequency is low enough so that the
inversion-layer population can “follow” it. The capacitance of the MOS system is
just that asscciated with charge storage on either side of the oxide; its value is
therefore approximately Cox. Under this circumstance, a plot of measured
capacitance versus gate bias follows the dashed curve marked “low frequency”
in Fig.4.18 going from C'x in the accumulation region of bias through a
decreasing region as the surface traverses the depletion region and moving
back up to C'’,x when the surface becomes inverted.

A characteristic time to form an inversion layer at the surface of an MOS
system biased to inversion is of the order of (2N,7/n) where 7, is the minority-

carrier lifetime at the surface.™
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For typical values of lifetime (1 us) and dopant concentrations (10" em™),
this time is roughly 0.2 s. Therefore, the small-signal measuring voltage must be
changed very slowly to observe the low-frequency C-V curve (dashed curve of
Fig. 4.18).

I\ /" Inversion Low frequency
Accurulation i
Ry e High frequency
Depletion  "=r=-— | —~=" Deep depletion
1 (@
Ve

Figure 4.18 Small-signal capacitance of an MOS system with p-type silicon.

Low frequency behavior: both the bias voltage and the ac measuring signal vary slowly (less than
~10 Hz.) " High frequency behavior: bias voltage varies slowly, but the ac measuring signal varies
rapidly (typical circuits use 1| MHz); deep depletion variation: both the gate bias voltage and the
ac measuring signal vary rapidly. The behavior at point (a) is described in the text.

The presence of some means, such as surface illumination, that can
stimulate the surface generation and recombination rates will increase the range
of the low-frequency behavior. If the inversion layer extends to contact a source
for electrons, the low-frequency curve can be cbserved at frequencies extending
into the MHz range. This is the case because the electrons in the inversion layer
can then be supplied and withdraw rapidly through the ohmic connection.

When the ac measuring signal is changed rapidly while the dc bias
voltage is varied slowly, the inversion layer cannot respond to the measuring
signal. The number of charges in the silicon space-charge layer is modulated
instead by the movement of holes at the far edge of the depletion region. The
capacitance then corresponds to the series combinaiion of the oxide
capacitance and the depletion-region capacitance, as was true in depletion-
mode bias. Since the depletion region reaches a maximum width wpa when the
system goes into strong inversion, the measured capacitance approaches a

* Generation from surface states is considered negligible. Note that % can vary considerably in practice
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value corresponding to the series connection of the oxide capacitance and to
that associated with the maximum depletion-region width. It remains constant at
this value as the bias voltage is increased further. This high-frequency C-V curve
is shown by the solid line of Fig. 4.18.

A final capacitance behavior is sketched in Fig.4.18. This is the curve
shown dot-dashed and marked deep depletion. It corresponds to the
experimental situation in which both the gate bias voltage Vs and the small-
signal measuring voltage vary at a faster rate than can be accommodated by
' generation-recombination in the surface depletion region. Since the inversion
layer cannot form, the depletion region becomes wider than wpya and the name
deep depletion is properly descriptive. The capacitance in this mode is given by
Eqn. (4.61) as was true in the normal depletion mode; here, however, w exceeds
the inversion value wnex and C’ does not reach a minimum. One means of
generating a “deep depletion” capacitance curve is to sweep the gate bias Vs
with a low-frequency triangular wave upon which is superposed the sinusoidal ac
measuring frequency. The generation of carriers increases as the depietion layer
is widened, however, and the deep-depletion curve is frequently observed to
relax to the high-frequency curve at higher biases. The relaxation is indicated
schematically at point (a) on the deep-depletion curve of Fig. 4.18.
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CHAPTER 5
EXPERIMENTAL PROCEDURE AND RESULTS

5.1 Introduction

There are several important processes which contribute to the eventual
production of the monolithic integrated circuit. They include:

(a) Purification and preparation of the silicon wafers.
(b) Epitaxial growth.

(c) Oxidation

(d) Photomasking and etching.

(e) Diffusion

(H Metal deposition (interconnections)

Semiconductor material prepared for a specific device applications
requires careful evaluation to see if its parameters lie within the specification for
a particular device structure. There are available today a wide range of material
and device evaluation techniques, with which to characterize both the base
material and in some cases to evaluate the actual layers within device
structures.

For device grade semiconductor layers, the following information is

usually required:

(a) Inspection of layer quality, morphology, uniformity, and thickness;
(b) Evaluation of layer resistivity (or conductivity) and mobility;

(c) Measurement of doping profiles.
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This chapter explains the laboratory techniques for measuring some basic
electrical parameters. The methods used in fabricating MOS solar cells (using p-
type silicon crystal) and the results of experiments their physical characteristics
are given.

5.2 Determination of Conductivity Type

The carriers present in a semiconductor move by one of two processes,
drift or diffusion. DRIFT is the motion caused by the presence of an electric field.
With no applied field, carriers move about randomly in a semiconductor Fig.
5.1a. Under the influence of an applied field, the carmiers acquired a direct
component of motion Fig. 5.1b. The sum of the directed components of drift
procedure current flow in the sample. DIFFUSION is the migration of particles
from regions of high concentration to region of low concentration caused by
random motion. The resultant magnitude and direction of both types of carrier
motion determines the total current flow in a material.

Random thermal
motion of
electron
1
Drift component
Electric Field due to e;:cp;ic
_— field
ot

®)
Figure 5.1 Carrier drift under the influence of an electric field.

The diffusion of the mobile carrier (either holes in p-type silicon or
conduction electrons in n-type silicon) from temperature regions to lower
temperature regions is used to determine whether a sample of silicon is n-type or
p-type. If an area of silicon wafer is heated locally, as shown in Fig. 5.2, the
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majority carriers diffuse away from the heated region. A voltage resuits which is
measured to determine the conductivity of the sample. If the sample is n-type,
the voltage on the hot probe is positive with respect to a second probe. Similarly,
if the sample is p-type, the voltage on the hot probe is negative with respect to a
second probe. This testing technigue is useful on samples unless there is just a
thin layer of oppositely doped material on the surface of the wafer.

n on p-type semiconductor
sample (3Q2 - cm)

A~3 mm’

Figure 5.2 Determination of conductivity type using the hot-probe technique.
5.3 Fabrication of Solar Cells

At laboratory MOS solar cells fabricated were from silicon available as
400-560 micron thick, 76.2 diameter slices. The slices were cut from single
crystal silicon <111> metallurgical plane. They are slightly p-type and according
to manufacturers specification, resistivity of wafer is 2-20Q-cm.

The process involved in the fabricating of the MOS solar cells can be
grouped under five headings,

1. Determination of the resistivity
2. Preparation of crystals

3. Oxidation of silicon

4. Preparation of mask
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5. Application of ohmic contacts

5.3.1 Determination of the Resistivity

The amount of dopant in a wafer, bar or sample of doped silicon is
determined by first measuring the sheet resistance R; of the wafer, bar, or
sample in ohms per square (€/7). The probe is a practical and simple way of
determining the sheet resistance. Here four equally spaced collinear probes are
placed onto the layer surface Fig. (5.3a). A current of 7 (amperes) is passed
through the outer probes and a voltage V (volts) is measured using the two inner
probes. Note that these two inner probes do not draw a current and there is,
therefore no need to worry about any contact resistances. A valve of current 7
is chosen such that V and 7are linearly interrelated.

Semiconductor wafer
Figure 5.3 (a) The geometry of a four point probe.

For situations where the layer is: p on n or n on p or p(or n) on semi-
insulating layer all the current drown passes in the layer being measured. Now
for the outer two probes drawing a current /the potential at some arbitrary point
Pis:

v, = —I-Rsln(rl] +4 (5.1)

where A is a constant of integration.
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Apply this equation to the central electrodes of the four-point probe:

IR,
=5 In2+.4 (5.2)

IR,
V,= ——'-i;;ln2 + 4

fo obtain the potential V between the inner probes

IR
V=V, -V, =—*In2)

Rearranging,
xr \V {VJ
R, "(m(z)) = 45324 5 (5.3)

5 —

T

Cr
3
2 I t

1 10 10° 1
—

(Wafer diameter / probe spacing)
Figure 5.3b The correction factor C; plotted as a function of the ratio of wafer diameter to
probe spacing,
The equation for Ry presented above assumes an infinite wafer. In
practice, the use of finite wafers requires a correction factors of where C is
defined

R =C, @—) (54)
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For the simple case of circular wafers with central probes the relationship
between the correction factor C¢ and the wafer diameters/probe spacing is
shown in Fig. (5.3b).

5.3.2 Preparation of Crystals

Numerous methods of cleaning are popular in semiconductor industry,
but they all have certain common characteristics. The first step in dealing with
wafers with an unknown history is to thoroughly degrease them. A common
method is used of a degreasing chemical such as 1,1, 1-trichloroethone followed
by rinses in acetone and alcohol. This cleaning procedure guarantees that only
greases or waxes that might be insoluble in subsequent cleaning steps are
removed. (If the history of the wafer is known, this degreasing operation may
often be safely omitted.) Wafers are then sent through a series of solutions
designed to remove any trace of metals or other potentially harmful materials. A

common series of cleaning step is:

STEP REASONS
Heat in H.SO4 Removes any photoresist or other organic
material.
Heat in aquareqia Dissolves gold as well as other metals.

DIP briefly in dilute HF Top layer of SiO, containing any potential
contamination is etched away.
Rinse in water Remove any residual acid.

Dry Get wafers ready for the next process step.
Cleaning process in our laboratory:

All silicon substrates used in this experimental work have been prepared

as follows.

Step 1: Firstly,the silicon substrate is immersed into the trichloroethone and left
there for 5 minutes to clean the oily substances on the surface on the substrate

using the ultrasonic cleaner (Bransonic 221).
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Step 2: The taken substrate in cup is immersed into the asetone and procedure
of step 1 is applied.

Trichloroethan  Acetone Isopropanol De-ionized water HF asit  De-ionized water
(Step 1) (Step 2) (Step 3) (Step 4) (8tep 5) (Step 6)

Figure.5.4 Cleaning process of the silicon substrates.

Step 3: The substrate is immersed into the isopropanol and procedure of step 1
is applied.

Step 4: After these steps, sustrate is immersed into the dionized water and
rinsed.

Step 5: The cleaned substrate is immersed into the Hydrofiuoric acid (40 %
pure) for 2 minutes.

Step 6: This step, the substrate is rinsed again and dryed by the vacuum system
(solitec).

5.3.3 Oxidation of Silicon
The ability to grow a chemically stable protective layer of silicon dioxide
(SiOz) on a silicon wafer makes silicon the most widely used semiconductor

substrate. The silicon dioxide layer is both an insulating layer on the silicon
surface and preferential masking layer during the fabrication sequence.
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The presence of a very thin layer of SiO, does not interfere with the
diffusion of oxidizing atoms to the Si- SiO; interface. These atoms diffuse to the
interface until an excess of them is present. The SiO, growth rate is limited by
the speed with which the silicon can react with the oxidizing atoms. This case
called the reaction-rate-limited case, is shown in Fig. (5.5a). When the oxide
layer is sufficiently thick, the oxidizing species cannot diffuse through this layer
rapidly enough to keep the reaction going at peak speed. This case the
“transport-limited” or “diffusion-limited” case, is shown in Fig. (5.5b).

4 Conceniration of

e g . . Oxide
0x1cizing species reaction silicon ' Gas Oxide silicon
. e J
| *
¢ . | c «— Transport |
Distance into |
wafer ; )
L X ! \

a) Thin oxide layer b) Thick oxide layer
Figure 5.5 Distribution of the oxidizing species in the oxide layer for the two limiting cases of
oxidation.

In our experimental work optimum oxide thickness is 10-25 A° [35]. For
such thin oxide growth on the polished surface of the wafer, the naturat oxide
technique that forms at room temperature was used. Fig. (5.6) shows oxidation
time versus film thickness for cleaned silicon crystal with a <111> oriented
surface as for an etched silicon surface, in air at room temperature [36]. To get
optimum oxide thickness silicon slices are hold in air for 24-30 hours at room

temperature.

The range of the insulator thickness which has been considered for the
AL SiO-(p-type) Si device is 10-28 A°. Above 28 A° the device becomes on
equilibrium tunnel diode and below 10 A° it exhibits schottky-diode behaviour

[37].
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Figure 5.6 Oxidation time versus film thick”n(ess) graph in air at room temperature.

5.3.4 Preparation of Mask

A mask must be used to determine the active area of the cell and to have
electrical connection between the contacts and terminals.

Mask is prepared from copper board whose other face is fiber. Mask is
cut into 15x15 mm? dimension as in silicon wafers. A circle which has a diameter
of 10 mm was drilled from the center of square wafer. The dimension of the
circle is also the dimension of the active area. After then, masks are cut like an
inclined plane from the end of the circle to get electrical connection between
contact and terminals as shown in Fig. (5.7).

Siticon slices which are cleaned were placed between two masks and
adhered by Bally. The nail polished was coated on the inclined plane and copper
side of the mask to support electrical connection. After this process, they are
waited in air at room temperature, for different time durations (10-48 hours) to

get thin oxide layer.
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Figure 5.7 Perspective and three dimensional view of MOS solar cell .
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«+——— Front contact stripe
and fingers
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Figure 5.8 Top view of MOS solar cell.

In the other method there is no need copper board. A front chmic contact
stripe and fingers, a back ohmic contact that covers the entire back surface, and
an antireflection coating on the front surface. Active region of silicon is coated
very thin aluminum layer making a appropriate mask as shown in Fig.5.8 to
absorb more light.if we want to take electrical connection, this contact area is
coated very thick aluminum layer.Copper wire is bond this area by silver paste (it
is a liquid and it has conductance characteristics.).
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5.3.5 Application of Ohmic Contact

Ohmic contacts to silicon are made by evaporating aluminum to silicon
using Edwards AUTO 306 Vacuum Coater with Diffusion Pumping System. The
successful etching of the aluminum on the front side of the wafer to form the
device interconnection does not guarantee that a good electrical contact has
been formed. A subsequent alloying step is usually used to produce a low
resistance contact between the aluminum and the silicon. Alloying is performed
in a diffusion fumace set at a relatively low temperature.

The aluminum-silicon EUTECTIC TEMPERATURE is 577°C. If an
aluminum-silicon mixture is heated to above 557°C, melting will occur, ruining
any devices that are present. The upper limit in the alloy temperature is thus
577°C. The lower temperature is set by process concentrations like cleanliness
and the aluminum deposition temperature. Most alloying steps are performed at
temperature between 450 and 550°C for times of between 10 and 30 minutes.

During alloying or directly following it the wafer are often heated in a gas
mixture containing hydrogen (or occasionally another gas). This step is usually
called ANNEALING. Annealing is designed to optimize and stabilize device
characteristics.

The resistance R of the result aluminum-silicon contact depends upon:

1. Contact area

2. Surface doping concentrations
3. Surface cleanness

4. Alloy or sintering conditions

The goal of the aluminum alloy or sintering is to minimize the contact resistance.
If alloying is performed at the correct temperature and the surface is property
cleaned the dependence of contact resistance can be reduces to; 1. Contact
opening size 2. Doping concentration
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Figure 5.9 Contact resistancg of aluminum on p-type silicon.

Fig. (5.9) indicate the dependence of contact resistance R, in Q-cm® upon
doping concentration for aluminum on p-type.

Once the contact dimensions are known, it is a simple matter to calculate
the actual resistance R from equation (5.5) for a rectangular contact

R,
R= (contact — lenght) * (contact — width) (.9)

At our labaratory, before oxidation, a thick aluminum layer (~1000 A°) was
evaporated on the back. side of cleaned silicon silice providing ohmic contact.
Aluminum is evaporated by the resistance heating method in which a tungsten
wire wound in the form of a basket (or spiral) is used as heating element.
Evaporation temperature of aluminum is 900°C at 10° Torr and the vapor
pressure of Tungsten is very low (1 o't Torr). Purity of aluminum is not degraded
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by any fungsten vapour. After oxidation, silicon slice is annealed in furnace
containing dry N, for 1 minutes at 620°C. The top aluminum (70-100 A°) is
deposited on the active area through a solid mask using deposition rate of 1-10
A’sec at 4x10” torr.

3.4 Vacuum Deposition

A metal layer on a wafer is not often obtained using a vacuum deposition
system. There are many types of vacuum depositions systems, but they have
the same characteristics in common.

In our experimental work, metal coating was made by Edward's (model
AUTO 306) Vacuum Coater with Diffusion Pumping System which is shown Fig.
(5.10a) and (5.10b). The Auto 306 is micro processor controlled vacuum coater
that can be configured to perform a variety of coating tasks. It has the following
main elements:

1. Vacuum pumping system (vapor diffusion pump and rotary pump)

2. A microprocessor control system and control panel.

3. Chamber that may be evacuated to provide a sufficient vacuum for the
deposition to take place.

4. Water cooled crystal holder to measure the thickness of the coating layer
using (model FTMS5). Film Thickness Monitor.

5. A baseplate

6. Cabinet

The baseplate of the coater provides an interface between the process
chamber and the system. It is manufactured from stainless steel and is
machined with a number of holes to enable the mounting of optional vacuum
electrodes.

The rotary pump uses a rotor that is sealed against the leakage by a
vacuum system, vapor that enters the pump through the inlet port, is
compressed, and is ejected to the atmosphere through the exhaust or discharge

part.
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In the diffusion pump, vapor from a boiler passes through a series of
nozzles in a downward direction carrying residual atoms in the chambers with it.
Atmospheric pressure can be reduced up to 1.107 by diffusion pump.

The instrumentation of a vacuum deposition system provide a method of
1. Determining the vacuum level in the chamber.
2. Measuring the status of all valves, etc., in the system.
3. Determining the thickness of any deposited layer.

For vacuum deposition filament evaporation technique is used. In this
technique, current flows through a filament. Filament evaporation is the simplest
and least expensive deposition method. Evaporation takes place from filament o
boat heated by thermal resistance heating. Evaporation is accomplished by
gradually increasing the current flowing through the filament (care must be taken
to choose a filament compatible with material to be evaporated). Filament
evaporation systems are easy to set up and any materials can be evaporated
using them. Haowever, the contamination level of the deposited materials is often
sufficiently high to interfere with the functioning of the device. Contamination
may come from the filament or from pcor handling techniques. For this reason
filament evaporation of aluminum is not common.

The metal which is used for deposition must meet or exceed all of the

requirements:

1. The metal must make a low resistance electrical contact with the silicon.

2. The metal must have a limited reactivity with silicon in order to produce stable
contact

3. The metal must have a high electrical conductivity, so that high current is
easily carried without any voltage drops.

4. The metal must adhere well to the underlying silicon, silicon dioxide.

5. The metal coating must not exhibit electromigration (Electromigration is the
migration of atoms in the deposition of metal caused by flow of current).

6. The metal coating must not corrode under normal operating conditions.
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Figure S.10a Vacuum Evaporator
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Figure 5.10b Schematic diagram of a typical fast-cycling, high-through-put vacuum coating
system.
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No metal perfectly meets all of these requirements. However,
aluminum does meet all of them satisfactory.

5.5 Determination of Band Gap and Energy Level Values of
Trap Levels in the MOS Cells

The values of the band gaps of insulators and semiconductors are
measured by using different methods. The band gap energies depend on
the temperature, the variation of absorption, photoconductivity excitation,
and luminescence excitation as a function of wavelength, or the
wavelenght dependence of the emitted luminescence radiation of free
electrons and free holes.

Photoconductivity is the increase in electrical conductivity of an
insulating crystal caused by radiation incident on the crystal.

Variation of photoconductivity excitation with wavelenght method
through the current (or voitage ) caused by the free carriers created as the
result of absorption.

The values of energy levels of sensitizing centers in the forbidden
gap are determined by means of smaller peaks in the photoconductivity
excitation .

In this experimental work, we measured the value of the band gap
of MOS cell by using the variation of photoconductivity excitation with
wavelength method as shown in Figures.5.11,12, and 13.

We know that if the light impinges on the cell, the electrons in the
valance band are excited to the conduction band. But if the energy of the
light is smaller than the band gap of the cell, the electron can not be
excited to the conduction band. The excited electrons return to the
valance band see Fig.4.1a. Also, if the energy of the light is larger than
the band gap of the cell, in this case the excited electrons go above the
higher energy over the conduction band see Fig.4.1¢.
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The energy value of a light at a fixed wavelength is;

C
Ep = hv = h}: (5.6)
where E; is the energy value of light, h is the Planck constant, v is the
frequency, ¢ is the velocity of light. and A is the wavelength of light.

if the wavelength of incident light is changed, the energy value of
light is changed. And at a certain wavelength the electrons are excited
from the valence band to the conduction band. This energy value of light
is approximately equal to energy value of band gap (E, = E;). Thus at this
condition a small current or voltage pulse is generated on the cell.

The wavelength of light is changed by using a Spectrophotometer,
operating in a wavelength range 200-1100 nm.
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Figure.5.11 Photoresponse excitation as a function of wavelength for sample 14.
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The photoresponse at MOS. cell is obtained as a function of
wavelength as seen in Fig.5.11. As seen from this figure, the maximum
peak occurs at 350 nm. This means that the maximum response of this
cell to takes place at 350 nm. At this wavelength, the electrons get
excited from valence band to the conduction band. By using equation 5.6,
the band gap of cell is found 3.5 eV.

The value obtained from these by experimental study is the
expected value. The other three peaks which appear at 450 nm, 650 nm
and 800 nm are seen in the same figure. Following the same procedure,
the values of the photons corresponding to the these wavelenghts at the
same time which show the trap energy level in the forbidden energy
region are found 2.75 eV, 1.907 eV and 1.55 eV, respectively

Applying the same procedure all of the figures , we can say that,
energy gap of cell is changed between 3.5 eV and 4.13 eV.
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Figure 5.12 Photoresponse excitation as a function of wavelenght for sample 15.
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Figure 5.13 Photoresponse excitation as a function of wavelenght for sample 16
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5.6 Determination of Absorption Coefficient of Silicon

To determine the absorption coefficient, Spectrophotometer was
used for the transmission and absorption measurement. This procedure
is carried out as follows;

Firstly, the absorption values corresponding to different
wavelengths are found for silicon sample by using the Spectrophotometer.
Then, the absorption coefficients o of silicon as shown Fig.5.14
corresponding to different wavelengths are calculated by substituting to
thickness of silicon and absorption values, in the equation;

o = i’%'z’fzfz 5.7)
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Figure 5,14 Optical absorption coefficient for silicon with different wavelengths.



where d is the optical path length of the sample.

Note that , there is negligible absorption at long wavelengths see
Fig.5.15.

Absorption

200 300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 5.15 Absorption values of silicon for different wavelenghts.

Absorption coefficient o can be also found fom the transmission
values. For that reason,the transmission values (F/Fy, ) corresponding to
different wavelengths as shown Fig 5.16 are found for sample by using
the Spectrophotometer. Then the absorption coefficients o of sample
corresponding to different wavelengths are calculated by substituting the
thickness of sample and transmission values (F/ Fyp), in the equation
Fo,

lnP

2 (5.8)

o =

ST
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Figure 5.16 Transmission values of silicon for different wavelenghts,

From Fig.5.15 it is apperant that a photon with energy hv > E4
can be absorbed in a semiconductor. Since the valence band contains
many electrons and conduction band has many empty states into which
the electrans may be excited, the probability of the photon absorption is
high.

A photon with energy less than Eg is unable to excite an electron
from the valence band to the conduction band. Thus in a pure
semiconductor, there is negligible absorption of photons with hv < Eg. One
exception to this rule is that a small amount of absorption can occur within
a given band (free carrier absorption); for example, a low-energy photon
can excite a conduction band electron temporarily to higher state within
the conduction band. No excess carriers are created in this process. This



compenent of absorption is usually negligible compared with band-to-band
excitation (intrinsic absorption) by photons of higher energy and most
photons with hv < E; are transmitted through the material as seen
Fig.5.16. This explains why some materials are transparent in certain
wavelength ranges.

5.7 Determination of Quantum Efficiency of MOS Cells

The quantum efficiency ng of the samples depending on the
wavelength of the photons are determined from the measured values of
the photocurrent 1, To measure the potocurrents, an experimental set-up
is established as shown in Fig.5.17 .

Light

Figure 3,17 Measurement of photocurrent.

A DC power supply is connected in series with a standard resistor
R (more high). R was not connected because of the photocurrent and
photovoltage of cells are very small. Measurement procedure as
follows; power supply is adjusted zero and the sample is illuminated with
a Spectrophotometer with different wavelengths, at the same time the
photocurrents corresponding to these wavelengths are measured. Similar
rmeasurements are carried out for the different voltages. But we measured
only zero voltage. The quantum efficiency of the sample is determined
substituting the measured values of I, in the following equation;
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{, hv

q Lo

N, = (5.9)

where P, is the optical power at wavelength A (corresponding to a
photon energy hv) and q is the electron charge.

Quantum Efficiency (%)
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Figure 5,18 Quantum efficiency of MOS cell with different wavelenghts.

The quantum efficiency of sample according to wavelength as seen
Fig.5.18 was calculated by substituting the values of the light falling onto
sample (P, obtained from the equation 5.9. The curve reach a maximum
at 750 nm. This is the expected result because a semiconductor absorbs
photons with energies equal to the band gap, or larger. It is known that
silicon absorbs photons with wavelenght is less than or equal to 1.1um.
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5.8 Determination of Photocurrent and Photovoltage

Potocurrent of sample at the same time the resistarce is measured
using Fig.5.17 with corresponding wavelengths. Then using equation V =

,*R, photavoltage values are calculated.

Photoresistance as shown Fig.5.19 for longer and lower

wavelenghts increases and it is minimum at 650 nm.

Photocurrent and photovoltages are become maximum at the same
wavelength as shown Fig.5.20 and Fig.5.21 and also efficiency of the

sample is high at this point see Fig.5.18.

580

560

540 A

520 A

500 A

Photoresisiance (K—ohm)

480 A

460 T T T T T 1 T T
200 300 400 500 600 700 800 .900 1000 1100

Wavelenght (nm)

Figure 5.19 Photoresistance of MOS cell with different wavelenghts.
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Figure 5.20 Photocurrent of MOS cell with different wavelenghts.

700

750 800 850
Wavelength {nm)

300

350

1000

T

650

Figure 5.21 Photovoltage of MOS cell with different wavelenghts.
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CHAPTER 6

CONCLUSION

Solar cells were produced by creating naturel oxide layer on p-type
silicon and depositing Aluminum metal contacts by vacuum evaporation
technique.

Minority carrier (Al-SiO2 - p- Si) solar cell has a inversion or depletion
layer at the therma( equilibrium. This is a consequence of the fixed positive
charge in the oxide layer associated with the excess Si. These positive
charges repel majority carriers (holes) from the surface layer of the
semiconductor and attract electrons to the surface and the band center falls
below the Fermi level. This accumulation of electrons acts like an n- type
surface layer on the p-type substrate and number of minority carriers
(electrons) are more than majority carriers in p-type silicon. Briefly, the p-
type substrate in the absence of any applied gate voltage normally contains
an electron inversion layer. ‘

Positive charges in the oxide layer of Majority carrier (Au-SiO- n-Si)
attract the majority carriers (electrons) in the n-type silicon and
accumulation of electrons exists at the surface of the semiconductor. In this
case, depletion layer that forms depends only on the difference between the
work functions of the metal and the semiconductor and consequently the
barrier height of Majority carrier solar cells is less than the Minority carrier
solar cells. This situation reduces the open-circuit voltage of majority carrier
solar cells so that p—tybe silicon is used for MOS celis design.

In theorical analysis, positive charges and surface states enhance the
open-circuit voltage and reduce the dark saturation current at zero bias. In
addition surface states act as recombination-generation centers and provide
additional tunnelling paths between the metél and semiconductor. Thus,
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short- circuit current is affected by surface charges and it also depends on
the material parameters such as diffusion length, minority carrier life time
which are metnioned in section 4.8. These parameters vary with silicon
substrate resistivity. Capacitance of solar cell is also affected from surface
state charges.

Altough the physical origin of surface states and insulator charge is still
not completely understood, surface states occur due to lattice imperfections,
absorbed and adsarbed impurity atoms, and oxide layer. The surface states
(traps) can have acceptor-typg charges or donor-type charges. For Minority
carrier MOS solar cell, donor type surface states would be advantageous to
improve open-circuit voltage which indicates high barrier height.

Resistivity of the silicon substrate affects the efficiency. Silicon which
has low resistivity (high doping density) gives high short-circuit current with
increasing efficiency compared to silicon that has high resistivity (fabricated
with the same procedure), in this work.

Efficiency of solar cells is affected by many factors which decrease
conversion efficiency. These are;

1) Aluminum is well known for its high reflectivity in the optical
spectrum. Early works on this subject show that at 100 A’ thickness
Aluminum layer only 18-20 % transmittance can be expected. Thus for
efficient light conversion with these cells, antireflection (AR) coating is used
to maximize the transmittance. But in this work AR coating is not used. The
evaporated SiO not only acts as an antireflecting coating but also tends to
induce an inversion layer in the silicon undemeath. This inversion layer
improves the efficiency for generated of minority carriers, not only providing
a low resistance path for these carriers along the surface but also by
ensuring that surface states are heavily occupied by these carriers reducing
their effectiveness as recombination centers. Literature on AR coating is
extensive but no single technology has emerged as prefable data. |
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2) Determination o’/t‘ oxide thickness from the graph given in Figure 5.5
without using ellipsometry would not give an accurate thickness of oxide
layer. The oxide thickness would be greater than as it is assumed. During
oxidation of the silicon surface at room temperature in air, contaminations
would be also grow on silicon surface. This also lowers efficiency.

3) Ohmic losses due to preparation methods.
4) Using lamps with very low illumination.

In micro electronic device technology, the working enviroment must be
very clean to avoid contaminations that affect the stability of dsevice and
photovoltaic response.

we did not take measurement results (I-V, C-V and C-1) at cryogenic
temperatures, because cryostat was not run. Therefore, we tried to
measure some parameters explained in last chapter by Spectrophotometer.

Since Spectrophotometer has a low intensity (10 W), photocurrent and
photovoltage of cell showed low values as seen Fig.5.19 and Fig.5.20
during experimental work.

Using these experiment results, we do not find the fill factor (FF), Im
and Vn, at a constant wavelength.

t

Effects of Aluminum and oxide thickness on cells were not observed.

in these experimental works, photons of selected wavelengths are
directed at the sample and the relative transmission of the various photons
is observed. Photons with energies greater than the band igap energy are
absorbed while photons with energies less the than band gap are
transmitted.

Quantum efficiency of cells are found very low in these works.

The energy band gap of cell and energy levels of sensitizing centers in
the forbidden gap were determined by using spectrophotometer.
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