Abstract

Metal-semiconductor (M-S) junctions aregared in this study by

thermal evaporation technique, in which we usedumd(n), silver (Ag)
and gold (Au) films and aluminum (Al) films.
The Al/c-Si/In, Al/c-Si/Ag and Al/c-Si/Au diodes elat treated at
different annealing temperatures 303,373 and 473he. ohmic contact
was aluminum with thickness of about 0.2 pm andSbleottky contacts
were indium, silver and gold with thickness of (0(2) um under
vacuum conditions of about 2@nbar.

The effects of annealing temperaturesvamdk functions have been
studied by current-voltage and capacitance- volthgeacteristics. The I-
V characteristics showed that the rectificationpardies of all prepared
diodes were improved with increasing the anneamgperature and the
metal work functions (the ideality factor and thatusation current
density decreased). The ideality factor (n), sdtom current density
(J) and the barrier heightdbg) were calculated using I-V plots with
semilogarithmatic scale.

The current-voltage characteristic of Al/¢hgiAl/c-Si/Ag and Al/c-
Si/Au junctions showed that the current varies apionately
exponentially with applied voltage and the junctigas coinciding with
recombination—tunneling model, the dark currentrel@ees with increase
of the thickness. Under illumination, the photoeutr increases and
decreases with increase of annealing temperatures thickness,
respectively.

The C-V characteristics of Al/c-Si/ln and &lbi/Ag diodes have
been prepared at different thickness except Al/aibat thickness equal
to 0.2um and annealing temperatures. The reveesedaipacitance was

measured as a function of bias voltage fauency 1 MHz; the



capacitance decreases with increasing the rev@sevbltage, also with

increasing of thickness and annealing temperatures.

The built-in  voltage (V), barrier height ®g) and the carrier

concentration (y) were calculated using Mott-Schottky plot{@s. V).
The d.c. conductivity measurements using Antnen plot

(In6=f(10%T)) showed that there are two activation enerfigE.,

The electrical activation energies increase withreasing annealing

temperatures.
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Chapter One Generarbduction

Chapter One

General Introduction

1.1 Introduction

The rectifier effect in metal — semiconductor centdiscovered by
Braun in 1874, which forms the basis of one ofdltest semiconductor
devices [1]. The device was used for a long timéheut thoroughly
understanding. Wilson in 1931 , formulated the dpsot theory of
semiconductors which was based on the band thdasglls [2]. This
theory was applied to the metal — semiconductortamin In 1938,
Schottky suggested that the potential barrier catlsk from stable space
charge in the semiconductor alone without the preseof a chemical
layer. Mott thought that the difference between W@k function of
metal and semiconductors resulted in the existotgmgial barrier at M-S
interface, and the region of the barrier was deglivof charged
impurities. In addition to the theories of Schottland Mott, the
thermionic emission theory, which is the processmafssion of electron
into metal causing the current, was introduced lyhB[1]. Schottky
metal contacts show rectifying behaviors. Furtheendhe difference
between experimental and predicted value of baheghts, Bardeen
proposed that the discrepancy might be due to ffezte of surface
states, which can pin the Fermi level in the ceatéhe band gap. In the
late 1940, industry has utilized the propertiesetdctrical contact to
realize semiconductor components such as high sgekdttky diodes
[3].
Schottky rectifier has been used in the power supptiustry. The
primary advantages are very low forward voltagepdamd switching

speeds that approach zero time making them ideabdtput stage of



Chapter One Generarbduction

switching power supplied. This latter feature h&s sstimulated their
additional use in very low power involving signaldaswitching diode
requirements of less than 100 Picoseconds [4].

The Schottky diode is widely used in the electrondustry because
of the applications of these junctions in integdatecuit technology and
for light detection and solar energy conversiorppses. Schottky diode
IS a unipolar device in which the current transpertmainly due to
majority carrier compared to P- N diode althougéythave the similar I-
V characteristics. Schottky diodes where selectsthbse they are easy
to fabricate, growth and study [4].

1.2 Schottky Barrier Devices

These devices as in Figure (1-1) made from depwsithin film
from pure metal on semiconductor clear surfacet'shealled metal-
semiconductor contact, it's unipolar charge of migjocarrier that's
dominant on contact operation which has only omel kif charges, by it
we could get the rectifier character as a resulpatential barrier that
creates by finding stable space charges in semimbdod this simple
model built on this theory called Schottky barnssdel.

interconnect {meotal wiring)
current-in current-out
S 47 Schottky
iR contact A
ohmic [T~
contact |81 2
: .>§ 1 8
Y e g S R N
(n-type) semiconducto ohmic
’ ~ contact

Fig. (1-1) Picture of Schottky barrier sharn how the current
getting in and getting out [4].
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Figure (1-2a) shows semiconductor-metal teefontact explain the
imparity of Fermi level cause electrons inflow tarsconductor, while in
Figure (1-2b) Schottky barrier that created aftemigonductor-metal
contact. The disproportionate space results voigrgds which cause

slipping voltage in the interstitial surface.
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Fig. (1-2) Metal-semiconductor (a) Before creatingchottky barrier
(b) After creating Schottky barrier [5]
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1.3 Metals-Semiconductor Contacts
Figure (1-3a) shows the energy band diagram forype-t
semiconductor and metal, the Fermi level for semilcetor will be
upper the Fermi level for metal before contact.
Figure (1-3b) shows the n-type semiconductetaincontact at the
thermal equilibrium, where the used metal work tiorc must be greater

than the electron affinity for the semiconductor.

Vacuum level
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e ¢ : |
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-=—region ~+2

i
Xn= W

®)

Fig.(1-3) Energy band diagram of metal- n-type semobnductor

contact when &,> Xs. (a) Before contact (b) After contact [6].
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The barrier heightb,, is determined by the difference between the

metal work functiong ., and the semiconductor electron affinity,

o= Xs (1-1)

Where: -

Xs: is the electron affinity of the semiconductorfided as the

energy difference between the bottom of the condndband and the

vacuum level.

¢ . :is the metal work function, defined as the enetifference
between the Fermi level and vacuum level.

Figure (1-4a) shows the p-type semiconductor -inbetff@re contact
and Figure (1-4b) shows the p-type semiconduct@tahtontact at the
thermal equilibrium, where the used metal work fior must be less
than the electron affinity for the semiconductoefd@e contact the upper
end of valance band under Fermi level but at thramt it's will be under
the positive abouty ., so that the formed barrier for flowed electrons
from metal to semiconductor and the flowed holesmfr p-type

semiconductor to metal [6,7].
%,=E,~—x)
Where:

Eg . Is the band gap of the semiconductor.

The barrier height is independent of the semicotatudoping

concentration.
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Fig.(1-4)Energy band diagram of metal- P-type seimonductor
contact when ¢, < X,. (a) Before contact (b) After contact

6,7,8].

1.4 Effect Bias and Band Bending

When a negative voltage is applied on n-type semdagotor
according to the metal, the electrons static enefdlge conduction band
in the depth of depletion region will increase dadel will be move
upward an energy equal (1eV).

The potential barrier to movement of electronseamigonductor to

the metal inward of contact will decrease whichdleg to increase the
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passing current in the semiconductor to the melthat will be the
depletion region negative to a small voltage legdim formation high
current during contact, it's contact instate oiard bias [9].

When a positive voltage is applied on semiconduatmording to
the metal, so electrons passing barrier to the Inagtd semiconductor
holes to crossing contact remain constant with,boag metal holes
barrier and semiconductor electrons will changer@ase) because static
energy of electrons of conductor band in the depghon will decrease,
so Fermi level will move down with an energy eq{iaV).

The current of semiconductor and current of metale$ will
decrease, since contact barrier is inversely bmasmake the depletion
region positive.

In the case making p-type semiconductor positiveobng to the
metal (i.e. positive voltage is applied on the petysemiconductor), this
voltage will decrease barrier of majority carriansen region (p) positive
(forward bias), since electrons current in metdl erioss the barrier to
semiconductor and holes of semiconductor will haghe metal.

When a negative voltage is applied on p-type semdgotor
according to the metal, this voltage will incresarier of bass majority
carriers through contact and it's inversely bids [9

Band bending can occur just below free semicomlgirface, and
when metals or oxides come into contact with sendaators. The major
effect is caused by the presence of surface staté® gap, which pins
the Fermi level, and the Fermi level induces basntding.

As in Figure (1-5) for n-type semiconductor, th@ddends upward
towards the surface. This bending is associateth w&itdipole layer
beneath the surface corresponding to the depleégion. For a p-type
semiconductor, band bending is reversed and sudtates are charged

positively.
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The change in the energy band diagram for metalesgrmuctor

contacts for both type semiconductors due to dgffebiasing conditions
as in Figure (1-5a). The built-in potentisl, , due to the different biasing
condition for both n-type and p-type semiconduc{hfj.

n-Type Semiconductor p-Type Semiconductor

(b)

VR
VitV R

Mote Vr: Forward Bias

Vr: Reverse Bias

(<)

Fig.(1-5) Energy band diagram of metal n rad p-type
semiconductor under different biasing condition (a) Thermal

equilibrium, (b) Forward bias, (c) Reverse bias 10].
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The rectifying character of the contact is edetined by the
symmetry with respect tov . Using forward-bias voltage (positive V) is
applied to the Schottky barrier of Figure fb); there are many electrons
with enough thermal energy to cross the barrieemitd! into the metal.

As a result, the contact potential is reduced figmtoV,; —V-. When
the Schottky diode is reverse biased, the potebaalier for electrons
becomes large, hence there is a small probabhidy &n electron will
have sufficient thermal energy to cross the jumgtia reverse bias
increase the barrier t@; +Vy as in Figure (1-5¢) [5]. In the case of the
metal/p-type semiconductor as in Figure (1-5b)wérd current increase
as the voltage lowers the potential barrie¥{o—V: and holes flow from

the semiconductor to metal. Of course, reverseageltincreases the

barrier for hole flow and the current becomes rgigle [10].

1.5 Current Transport Mechanism in Schottky Contact

The current transport in metal-semiconductor cdngamainly due
to majority carriers. Figure (1-6) shows fouribasansport processes at
a metal/semiconductor interface under forward bidbe inverse
processes occur under reverse bias [11].

The processes are:

1.5.1 Thermionic Emission
Transport of electrons from the semiconductor awer potential
barrier into the metal, which is the dominant psscéor Schottky diode

with moderately doped semiconductors operated aenade temperature.
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1.5.2Tunneling (Field Emission and Thermionic FieldEmission)

The other important process in metal — semiconductarent
transport is tunneling. Just like metal — vacuumngling, in a metal-
semiconductor interface, electrons may tunnel thinothe Schottky
barrier without reaching the top of the barrier wtibe barrier width is
not thick. Tunneling of electron through the bargan contribute to the
current either by direct tunneling of electronsirthe Fermi level of the
semiconductor to the metal (field emission) or witle assistance of
thermal energy such that electrons will be excttedigher energy and

tunnel through less the triangular barrier (themmadield emission)[11].

1.5.3 Recombination in the Depletion Region

Yu and Snow studied the importance of injectiomajority carriers
in charge space region in semiconductor, and explet under forward
bias, and then the holes in metal will be injectiothe depletion region
of semiconductor, while the electrons will be itjen inside neutral
semiconductor.

This increment in couples (electron-hole) will lre@mbining in the
depletion region to give forward recombination eutr The
recombination current will be a famous reason ia teflection from
ideal behavior of Schottky diodes, and its importawill be concentrate
in diodes that have higher barrier heights, leswdod bias and lower

temperature [12].

1.5.4 Hole Injections

In some cases at forward bias, some holi#gsdi through neutral
region of semiconductor and will cause the holeahpn from metal to
the inside of semiconductor, this process will rapgpwhen Schottky

barrier height greater than half the hole band.

10
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Fig. (1-6) Current transport mechanism in Schottkyjunction
[11]

1.6 The Effects on Schottky Barrier
1.6.1 The Oxide Layer
In most metal-semiconductors, we can't reach to ideal case.

Because of a thin layer of oxide (1-2)nm which egswbe semiconductor
surface and called the interfacial layer as in Fegu-7) [3,11].

This layer cause an additional barrier which resulincrease the
barrier height@,, and this new barrier is very narrow whereas the
electrons can tunnel through it very easy [3,10].

The semiconductor surface contains surfaatestue to incomplete
covalent bonds, which can lead to charges at thal memiconductor
interface. Furthermore the contact is seldom amigly sharp
continuity between the semiconductor crystal ardntietal [3].

The contact potential which result from Sckytbarrier potential and

insulator layer potential called the effective tarheight@, .

11
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Fig. (17) Metal/ Semiconductor contact with interfacial layer [11]

1.6.2 The Surface States
The surface of semiconductors has a vegh fsensitivity to

reaction with environment because of the non stdrédonds which
obtainable in it. All these bonds act as acceptiks behaviors of
electrons, then a negative layer generated on thdace of
semiconductor, while a positive space charge gékranside the
semiconductor. Then the energy bands will curveargwn respect of
Fermi level [10].

The origin of the surface states comes fromdiseontinuity in the
lattice or foreign atoms, or the oxide layer on thaface of the
semiconductor. And the effect of the surface stasescreening the
semiconductor from the metal by generating an &gt barrier
between them. Also it absorbs the difference oéptoal contact between

the semiconductor and metal [10].

12
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1.6.3 Image Potential
The image potential is a fundamental phenoméhat can be

changed in magnitude of the barrier height butlimieated. It's the
result of the attractive force experienced by cba@grier in vicinity of a

metal surface due to an "Image force" of opposge mduced in the

metal. This attractive force is givéy:

Where
K. is the image force
&s :Is the permittivity of semiconductor
X :is the distance between the charge and'thienage
The image force increases with increasingraplevel and decreases

with increasing forward bias, as shown in Figur&)1

¥ g POTENTIAL
/ . ENERGY
O

Fig. (1-8) Image force lowering of baier [11]

13
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1.7 Measurement of Barrier Height
1.7.1 Current — Voltage Measurement

In Schottky barrier diode made on high mobility ssmnductor such
as Si and GaAs, the current is due to the thernmiemission of
electrons over the barrier. The current flow mecraa noted above
were first suggested by Beth and further definedCogwell and Sze
[11,13].
This current is written as follows

2\ 2\

(1_4$ (V): IsenkBT 1— eKeT

Where,
g: is the electron charge
kg : is Boatzman constant
T: is the absolute temperature is the applied bia
n. is the ideality factor.

|s .is the saturation current, is given by

B - b,
I, = AAexp{ KT } ........................... (1-5)

Where

A*: is the Richardson constant,

A: is the area of the diode
@ . Schottky barrier height (SBHY the junction.

This expression will be used to determine the SB#iideality factor for
the structures studied here. The measured forv@red/) curve is

plotted on semi - logarithmic plot. The linear @gis fit to obtain the

14
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slope and the Y-intercept. The ideality factor &RBH are found from the

slope of the linear region and the saturation cuyrespectively, i.e.

1 _kgT d(In1,)

o a AV e (1-6)
_keT | | A* AT?
% = q T IR (1-7)

1.7.2 Capacitance — Voltage Measurement

The barrier height can also be determingdthe capacitance
meurement. When a small ac voltage is superimpoget a dc bias,
charge of one sign are induced on the metal sudadecharges of the
opposite sign in the semiconductor [14]. In thimdimethod the diode
capacitance is measure as a function of applieegrsevbias. The
capacitance of Schottky diode in depletion regian be expressed as
1 _2(v, +V)
C? A’cgN,

Where

: is the built-in potential Vi
: is the dielectric constant of semiconductéts

. Is the doping concentration N,

The barrier height can be determined by by meéang,, as,
q e

@ =V, tV, +

15
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..................... 1-10
V. =kgTIn N& (49

a
Where:

Vyi: is the voltage intercept

V. the depth of the Fermi level below the conducti@and, which can

be compute if the doping concentration is known.

1.8 Ohmic Contact

This contact is also between metal and samector. If,Dg, iS zero
or negative and electron can flow freely the contAn ohmic contact is
non rectifying contact, the current-voltage chagastic of the contact
should be obey ohms law V=IR [15].

There are three mechanisms governing the transgjporiaf current a
across contacts. The first mechanism is known asrtionic emission
(TE), where by carriers surmount the potential ibarrThe dominant

current transport mechanism for semiconductor Wothi doping level,
N, <107cm®. As shown in Figure (1-9a). Second mechanisnmask
as Thermonic-Field Emission (TFE), which is appea for

semiconductors with intermediate doping levE <N, <10°cm®,

Thermionic Field Emission dominates Figure (1-Jgld Emission or
Tunneling (FE) is the third mechanism, which cotssief carrier

tunneling through the potential barrier. This methka is dominated
whenN, >10°. As shown in Figure (1-9c). For in ohmic contattte

potential drop a cross the contact is directly prapnal to the contact

resistanceR. , the specific contact resistance is defined byl[1p

16
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(A
R, = (devzo ........................... (1-11)

For metal-semiconductor contacts with low dopirfgg turrent is
governed by thermionic emission over the potefzatier.

S

{a) Thermionic Emission
Lowvw N D

P
e »

\

™
T

(b)) ThermiconicfField
Emission

Intermeadiate N o

T
\

e

Fig.(1-9) Ohmic contact mechanisms: (a) Thermonic
Emission(TE) (b) Thermonic Field Emission (TFE) and(c) Field
Emission (FE) [17].

17
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1.9 Literature Survey

The metal/Si device is a useful device for optaetetc devices
solar cells and light emitting diodes (LED). Beaawo$ that many studies
have been devoted to improve the performance sfdévice.

Seneschal and Basinski in 1968 [18] have made caplacitance
measurement on Au/Si Schottky barrier. This measent was done
below 235 Kand above room temperature with carriers concenitrat
2x10% - 4x10° cm®, they found that the capacitance is lower at lower
temperatures. The barrier height was between 0®G85-eV.

Sze et al. in 1971 [19] studied the I-V charactmssof MSM structure
that were based on the thermionic emission thééfiyen a uniformly
doped semiconductor is thin enough that it can dreptetely depleted
before avalanche breakdown occurs. In their sttligy prepared MSM
structures (PtSi—-Si—PtSi) of n-type silicon withpiay 4x16* cni® and
thickness of 12um.

Gutkin and Sedov in 1975 [20] have fabricated A8irSchottky
barrier with carriers concentrations of ‘@0 10’ cm?® in the base
illuminated with photons energy up to 5.2 eV. Thetydied the optical
properties of the barrier of silicon single crystaown by epitaxial
growth. The rectifying contacts were formed by thar evaporation in
vacuum.

In 1989, Fang and Yang [21] describe theeolmation of aluminum
diffusion into the silicon base of AI/W/Si ohmic macts during
aluminum annealing, and its effect on the ohmiqprty of the contact.
The contacts were examined by specific contacttaste measurement,
I/ characteristic measurement.

In 1995, Turuet al [22] presents an attempt related to the charging
behaviour of interface states to the nonideal fodwaas current-voltage

(I-V) and the reverse bias capacitance-voltage JG:Naracteristics of

18
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Al-nSi Schottky barrier diodes. The diode showedideal |-V behaviour

with an ideality factor of 1.50 and was thoughhtve a metal-interface
layer-semiconductor configuration. Considering ttied interface states
localized at the interfacial layer-semiconductorterface are in

equilibrium with the semiconductor.

In 1997, Racket al [23] indicated that the contribution presents a
thermionic emission-tunnelling theory of the chatgensport through a
Schottky contact, valid for low injection. The apach extends the
classical thermionic emission theory by incorpogtthe mechanism of

tunnelling across the Schottky barrier.

In1998, Schmitzt al [24] indicated that the Contacts consisting of
various single layer metals to n-type GaN had bémmed and
characterized. The current-voltage characteristiese measured for 17
different metals (Sc, Hf, Zr, Ag, Al, V, Nb, Ti, CW, Mo, Cu, Co, Au,
Pd, Ni, and Pt) deposited on the same epitaxiakirdayer. The barrier
height, ideality factor, breakdown voltage, andeefive Richardson
coefficients were measured from those metals wieichibited strong
rectifying behavior. The barrier heights for thasetal contacts were
measured using current-voltage-temperature and citapee-voltage
techniques. It was found that an increase in metatk function
correlated with an increase in the barrier heigintgeneral, the SBH of
various metals are influenced by the metal worlciam and also by the

semiconductor surface preparation

In 2001, Leeet al [25] investigated Schottky barrier diodes of
several metals (Ti, Ni, and Au) having differenttatavork functions to
p-type Si (001) using |-V and C-V characteristiContacts showed
excellent Schottky behavior with stable idealitgtéas of 1.07, 1.23, and
1.06 for Ti, Ni, and Au, respectively, in the rangfe24°C to 300°C. The

19
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measured Schottky barrier height (SBH) was 1.961,1and 1.42 eV for
Ti, Ni, and Au, respectively, in the same tempaettange from -V
characteristics. Based on their measurements fgpgSi, the SBH®g,)
and metal work functionsi,) showed a linear relationship @, = 4.58

- 0.61D,, anddg, = 4.42 - 0.54D, for I-V and C-V characteristics at
room temperature, respectively. They observed tihatSBH strongly
depends on the metal work function with a slopes (@Bp/pm) of 0.58
even though the Fermi level is partially pinnedeyHound the sum of
the SBH (g, + ®g, = ;) at room temperature for n-and p-type 4H-SiC
to be 3.07 eV, 3.12 eV, and 3.21 eV for Ti, Ni, ala, respectively,
using -V and C-V measurements, which are in ressenaccord with
the Schottky-Mott limit.

In 2005, Zaggout and El-Gomati [26] state that ¢fffect of heat
treatment on the electrical behavior of aluminumrmetype silicon (Al/Si
Schottky junctions) is used to study the effecbafrier height variation
on secondary electron dopant contrast by anneatin§00°C. In this
study, the variation of the Schottky barrier heigatl been detected as an
increase of the contrast between Al on p+ and Alnegpe Si doped
regions. This increase is attributed to a decrédasdédeality factor of the
Al/n-type Si contact due to an increase in the 8klidoarrier height after

annealing.

Karataset al [27] had performed behavior of the non-ideal faidva
bias current—voltage (I-V) and the reverse biasaciégnce—voltage (C-
V) characteristics of Zn/p-Si (metal-semiconduct&ghottky barrier
diode (SBDs) with thin interfacial insulator laydihe forward bias -V
and reverse bias C-V characteristics of SBDs haen Istudied at the
temperatures range of 300-400 K. SBD parametefrsasaeality factor

20
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(n) determined Cheung'’s functions and Schottkyibatreight,®g were

investigated as functions of temperature.

Okutan et al [28] investigated the electronic and interfacetesta
distribution properties of Ag/p-Si Schottky diodadashowed that the
diode indicates non-ideal current—voltage behawitin an ideality factor
greater than unity, and the capacitance—voltage/)@haracteristic is
linear in reverse bias indicating rectification beior and charge density
within depletion layer is uniform, and found thatofm |-V and C-V
characteristics, junction parameters such as diddality factor and
barrier height were found as 1.66 abgl,.y) = 0.84 eV Pgc.v)= 0.90 eV
respectively.

In 2006, Gould [29] said that the dependence ofctetal
conductivity (or resistivity) and the temperatuefficient of resistivity
in thin films has been discussed, in particulartioelels of Thomson.

In the same year Stamov and Tkachenko [30] estedli that the
space-charge region at the metal-semiconductorface represents in
fact a Schottky layer formed owing to a high cortcaion of deep-level
centers. The charge transport in the conductingctlon for these
structures is related to the above-barrier emissibrelectrons and is
consistent with the diffusion theory for one or twypes of charge
carriers. The high concentration of ionized centarshe space-charge
region gives rise to the tunneling mechanism ofakdewn in the

blocking direction.

In 2007, Altindalet al [31] said that the Al/p-Si Schottky diodes
with the native interfacial insulator layer (SiO&gre fabricated on the
same quarter Si wafer. The Schottky barrier he(§BtH), ideality factor

21



Chapter One Generarbduction

(n), these diodes had been calculated from thgemxental forward
bias current—voltage (I-V), reverses bias capacgawvoltage (C-V)
measurements. Even though they are identicallyopedd on the same
guarter Si wafer, the calculated values of SBH hanged from 0.680 to
0.736 eV, and ideality factor n from 1.62 to 2.8&7was found that the
values of barrier height obtained from C-V chanasties are larger than

that of the value from |-V characteristics.
1.10 The Aim of The Research

The essential aim of this work was to fadecAl/c-Si/In, Al/c-Si/Ag
and Al/c-Si/Au junction using thermal evaporatioethods and then to
study the effect of thickness, annealing tempeeatand different
Schottky electrodes on electrical properties otA3i/In, Al/c-Si/Ag and
Al/c-Si/Au for comparing the results with the preus study. Also study
the dependence of saturation current densyy i@eality factor (n) and
barrier height®g on preparation condition with different metal work

functions.
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Chapter Two
Experimental Work

2.1 Introduction
This chapter describes the technique wisieémployed to produced

(M-S) Schottky diode and include the measurementthef electrical
properties of c-Si as well as the measurement ooy barrier diodes.

In the beginning we examined the evaporateotitaic contacts
and Schottky electrodes by thermal evaporation thed annealed the film
at the different annealing temperatures to invastigthe electrical
properties of these films. Electrical measurememtse made for those
junctions which include current-voltage characterss capacitance —
voltage characteristics and D.C. conductivity. Idgafactor was
determined from |-V measurements, barrier height saturation current
density. Built-in potential and carrier concentpatiwere calculated from
C-V measurements.

The scheme of experimental work is shown in Figl)2

2.2 Silicon Wafer Substrate

Single crystal silicon wafer was cleaned ugtahing processes that are
summarized as follows:
1- Emerged the silicon wafer in diluted HF (1:186hcentration for 10 min.
2-Then immersed in distilled water for several smeith ultrasonic
vibration

3- Finally, they are dried by using air blower amged with soft paper.
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2.3 Masks Preparation

The mask was a piece of thick aluminum f8Hape of mask was used
on substrate to evaporate suitable shape of etladradifferent type of
masks used in Schottky diodes for ohmic contact Setibttky electrodes

for I-V and C-V measurement as shown in Figure)(2-2

OO0O0
(a) (b)

Fig. (2-2) Shape of some masks

(a) Mask use in Schottky electrodes (b) mask use ohmic contact

The mask was cleaned using the following stages:
1 - The mask is rinsed in HCI (5%) for 5 min.

2- Then it is washed in distilled water.
3- It has immersed in a pure alcohol for 10.min
4- 1t is dried by heating in furnace at 373df 10 min.

2.4 The Specification of Boat

The evaporation method requires using a bo&tament of tungsten,
tantalum or molybdenum as sample evaporation sptineesuitable boat
must posses high melting point and should not resttt the evaporated
material. The design and shape of the boat must lads selected. To
evaporate the aluminum electrodes a basket orl dpaaent of tungsten
(W) of (3683 K) melting point was used. A molybdemboat (T) of (2895
K) melting point was used to evaporate (In, Ag axgd, as shown in
Figure (2-3).
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The current was passed through the boat iardalclean it and drive
off the surface contamination. The temperature et produced from the

current should be below the melting point of thatlmaterial.

O 1

-a- -b-
Tungsten Spiral Boat

Molbednum Boat

Fig.(2-3) Boats that be used ihd fabrication steps.

2.5 Annealing Process

Annealing means exposed the sample or tmefilm to a certain
temperature for a certain time. Annealing in almtste its work with
certain gas or air.

It helps to decrease the crystal defects by gianginetic energy to the
atoms of the material, so that an atoms rearrangewié take place in the
crystal structure.

Annealing for thin films cause sometimes dasing in the resistivity
of film because of forming a new state levels ieside energy band and
that will make the resistivity decreased or its nh@ycaused increased the

resistivity in the film as result of removed thatstlevels inside the energy
gap.

2.6 Thermal Evaporation in Vacuum
Thermal evaporation in vacuum representsadidest and the most

effective way that used to deposition thin filmd)ase the formation of the

film is contained the following steps: -
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1- By using evaporation the deposition material walib the gas state
2- Remove the atoms from the evaporation source tcubstrate by
help of vacuum
3- Deposition average of the materials on the sulestrat
The evaporation happened through putting matenia boat of Mo or
W, and by using the right boat depending on thdityuaf the material
that wanted to be deposit and after that the baktbe heated by
passing an electrical current until the evapordtadperature of the
material to be deposited on the substrate
Preparation of thin films in this way depenais the following
steps:-
1- The space in the preparation room
2- The quality of the contained material of the prefian room
3- The displacement between the material and the ratbsthat
evaporated on it
4- The temperture of the substrate
5- The average of the deposition
6- The from and kind of the boat
7- Thickness of the semiconductor

2.7 Coating Unit System

The vacuum unit system, which is used topare thermally
evaporated Al\ c-Si \M was Edward coating unit M&@E6A. The vacuum
consist of three main important parts, the vacuaotasure (champer), the
rotary pump which represents the first stage ofuuat technique called
roughing stage and would provide the pressuredrchiamber to about T0
mbar, while the diffusion pump which represents skeond stage, called
the high vacuum stage by which the pressure desseasabout 4 x10

mbar. The main construction of the vacuum unithisven in Figure (2-4).
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The substrates were fixed on a spherical holderpdackd in position at
height of about 15 cm above the boat.

When the system is diffusion pumped dowa t@cuum of 18 mbar,
an electric current was passed through the boadugtly to prevent
breaking the boat, when the boat temperature reladhe required
temperature the deposition process starts with taohsleposition rate.
After these steps the current supply was switclitdrm the samples were
left in the high vacuum for one day; and then thienas admitted to the
camper, and the films were taken out from the ogatinit and kept in the
vacuum desiccators until the measurements were.made

All the samples were prepared under constanditons (pressure,
substrate temperature and rate of deposition);ntaen parameters that
control the nature of the film properties are thiegs (0.1, 0.2) um and
annealing temperature (373 and 473) K

= Substrate

& Glass hell jar

R High vacuum
™ i valve

Variable

7 e N
= =¥ pump

power supply /

Penning gauge

R e
pump 5 b
: ™ Valve

Fig. (2-4) Typical coating system[32].

Y
\ pirani gauge
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2.8 Ohmic Contacts
Ohmic contact for silicon and fabricated devicesengoduced by thermal

evaporation technique. The Edward E306A coatingesysvas used for
this purpose, under low pressure of’1fbar.

The coating unit system was used to deposit thambomtact metal which
is the back electrode of Schottky diode. The alummetal was choose as
an ohmic contact with the c-Si layer, where thearahwm will be deposit
easier and have a small series resistance. Thaduamnum layer was

deposited in a thickness about 0.2 um and 473 K

2.9 Thickness Measurement
Vacuum deposited films used for electrical, optmaother purposes

must normally be deposited to specified thickness.
In this part two experimental methods of thicknessasurements were

used: -

2.9.1 Weighting Methods.
A given film thickness may be obtained bg simple formula [33]:

_ m
th = o @D
m
Where th is the film thickness in pum, m is the snabthe materials to
be evaporated in g, R is the source (boat) to stlestistance anal, is the
density of material to be evaporated. This methedggestimate deposited
film thickness that is safe to work with it. Figu5) illustrates the idea of

this method.
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Fig. (2-5) The idea of weighting method

This technique often gives rough estimate resulecause there are
practical difficulties in evaporating a completeaade from a source and in
preventing evaporate losses by spitting of molteatemal during
degassing. So there are about 20% of evaporateiat@ieould be added to

the calculated weight to substitute the loss malteri

2.9.2 Optical Interference Fringes.
Wiener (1887) was the first to measure the thickmmdghin films, using

optical interference fringes. His method is an egaplon of Fizeau fringes
of equal spacing. Donaldson and Khamasavi usednibkiple beam
interferometric method for precise measurement ifh fthickness.
Tolansky (1948) has given detailed attention to treious factors
influencing fringe width and has shown that for ffiveduction of highly
sharpened multiple beam Fizeau fringes [33]:

1. The surface must be coated with high reflectilngs.

2. The film must be uniform thickness.

3. The air gap between the flat and specimen sairfagst be as
small as possible (less than 0.01 mm).

4. The angular spread in the incident parallehbbsss than 1° to 3°.

5. The incidence beam should be normal.
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Fizeau fringes of equal thickness are obtainediiongical apparatus of
the type shown in Figure (2-6). The film thicknég is given by:

WheredX is the shift between interference fring&sis the distance

between interference fringes aht the (Na) wave length (5899.

e e > W P (- s o
\@/ U

Fig. (2-6) Optical interference fringes methodi33].

2.10 Measurement of Schottky Diodes
2.10. 1 Current — Voltage Measurement
This point take measure current as the fanatif the applied voltage
on both ends of the Schottky diode using the cemsidvices
1-Keithly 616 Digital Electrometer
2-Power supply 1540 D.C 40-300A
3- Philips Multimeter with 1%* resolution
4- Comark Digital Thermometer 500
|-V characteristics of Al/c-Si/In, Al/c-Si/AgAl/c-Si/Au Junctions in

reverse and forward bias was made by d.c powerlgwm two digital
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electrometers type Keithly. as in Figure (2-7), #meh we plot the forward
current as a function of bias voltage.

From |-V measurements we can determine the paiebtrrier
height (@) the reverse saturation current) (dnd ideality factor of the
diode (n).

d.cpower = ' dopower =
T Vi) . y

supply . apply

Fig.( 2-7) circuit diagram of I-V measurement unde
a- forward b- reverse bias

Ideality factor can be determined from the slopdénad — V graph in
the linear region, thesJalues were obtained by extrapolating the
linear portion of the forward bias In J - V plottbe intercept point on
the current axis at zero bias (V=0) using equat{@rd), (1-6)
respectively. Height of barrier can be determirredifequation (1-7)

2.10.2 Current — Temperature Measurement

Put the diode in a furnace, and applpmstant voltage on both
diode ends and record current values are functorthie temperature
that recorded by using a double thermal puttingoach with the
diode, the measurements have been done with sendiligital

electrometer type Keithly 616 and electrical oven.
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The study of the temperature dependence ofriglaicconductivity
offers a lot of information about the correlatioetween the structure
and the electrical properties of the films.

The D.C. conductivity has been studies as a funabio1000/T at R.T.
and annealing temperatures (373,473) K, under vacuand various
thickness (0.1,0.2)pm.

And calculate thd=, from different temperature averages. From

drawing Ln J relation ship with 1000/T by applicatiof the equation
[34]:

2.10.3Capacitance-Voltage Measurement
The capacitance —voltage technique relietherfact that the width of
the reverse-biased space charge region of a sethictmm junction device
depends on the voltage.
The capacitance of Schottky diode in deptetegion can be obtained
from equation (1-8)[14].
A plot of C versus V gives a straight line, The linearity lotpf C*

versus V indicates that the charge density withendepletion region of the

diode is uniform. The value df,, can be obtained from the intercept of
the line that results from plotting betwe% , on Y-axis as a function of

reverse bias on X-axis and carrier concentrationbeacalculated from the

slope Of% » versus V plot by means of equation (1-8).
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The barrier height can be determined by using eguét-9)

The Au ,Ag and In films were prepared in sandwoonfiguration
between c-Si and Al thin films electrodes using ksaags shown in Figure
(2-8a). The measurements were done using "LCR ntgfer Agilent
4294A precision impedance analyzer'. Figure (28bllustrates the
setting up the test circuit and the front panghefLCR meter.

Semicondiicte
Sub....

Shorting bar

Fig.(2.8) (a) Mask that be used for C-V charactestics, (b) The test
circuit, (c) 4294A Precision Impedance Analyzer.

2.11 Current-Voltage Characteristic under Illumnation for the
Al/c-Si/In
|-V measurements have been done under ilaton for the Al/c-
Si/In junction which was prepared with differenicknesses and annealing
temperatures. When they were exposed to Halogep tspe Philips of
120 W with different intensities (32-405) mW/cri, using Keithly Digital
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Electrometer 616, Voltmeter and D.C. power sup@yshown in Figure

(2-9), under reverse bias voltage, which was in thged0-0.8) volt.

s

D.C power —__
 supply ——

Fig.(2-9) Circuit diagram for |-V measurement of junction

under illumination .
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Chapter Three

Results and Discussion

3 .1 Introduction

This chapter includes the analysis of resaftelectrical properties of
Al/c-Si/M Schottky diodes as a function of the nhetark functions (Al, In,
Ag, Au) with different electrode thickness and aalimey temperatures. Also
we calculate the saturation current density, pakbarrier, ideality factor
and built in potential from I-V and C-V measuremenith different
preparation conditions.

The variation of current density as a functioh temperature and
determination of the transport mechanisms and thiwation energies of

deposited films are also presented.

3.2 Ohmic Contact of Al/c-Si/Al Junction

Figure (3-1) show that the |-V characteristicAd/c-Si/Al junction for
forward and reverse biasing.

It can be seen from this curve that the linedation shape behavior
between current and voltage for all samples prebasgth different
thickness and annealing temperatures. The intatpyet of this behavior
may be that of the work functions of Al and c-Se aearly similar, that's
means the junction not create the depletion laygris zero or negative and
electron can flow freely in the two direction. Ihmic contact no potential
barrier will be formed between Al electrode andidaS8er. These results are

in agreement with Hussein [35].
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Fig.(3-1) Relation between current and voltagir Al/c-Si/Al ohmic
contact at 473K and thickness 0.2um
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3.3 |-V Characteristics of Al/c-Si/M Schottky Dodes

One of the important parameters of diode sueament is a current -
voltage characteristic which explains the behawbthe resultant current
with the applied forward and reverse bias voltagegieneral, is due to the
flow of majority charge carriers over the barrigrébthermionic process.
The electrical characterization of a Schottky diodecessitates the
determination of the barrier height, ideality faceind saturation current
density.

Figures (3-2), (3-3) and (3-4) show (LN)Icharacteristics for Al/c-
Si/In, Al/c-Si/Ag, and Al/c-Si/Au, respectively &rward and reverse bias
voltage for different thickness and annealing terapges.

The current rise slowly with the appliedese bias and does not show
any effect of saturation. This soft or slight natusation behavior of reverse
current may be explained in terms of the imageefdoasvering of Schottky
barrier height, presence of the interfacial insalatayer at metal-
semiconductor interface and thermionic emissionomhedoes not the
dominant mechanism of current transport in our mesasents. Similar
observation were observed by Raheem [36], Salnfa ai3d Rahman [38].

The non linearity of the (Ln J-V )charaatécs of the Schottky diode
at high bias values indicates a continuum of iatefstates, in which at
equilibrium with semiconductor and the non-lineariof the LnJ-V
characteristics indicates that the prevalent comaluanechanism is non-
ohmic in nature and it may reveal the existencedibfierent kinds of
conduction mechanisms. The curves show the goadyreg nature of the
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device indicating the presence of barriers on thevics.
The current slightly increases with increasing ld applied voltage. For
comparison Figures (3-2) and (3-3) show that atixadf voltage, the
magnitude of current (I) decrease with increasiegteodes thickness which
Is attributed to evolving defects and dislocatitrest have effect on mobility
of charge carrier. Also these defects evolutiohewakenergy levels to be
within the energy gap, these defects are withinddygletion region and act
as active recombination centers, and consequehdy tlecrease current
flow across the junction [39].

From the Figures, we can observed that at a fixadihge, the magnitude of
current (I) decrease and then increase with inorgasnealing temperature
which attributed to increase and then decreaseeiépletion width, and to
improve in crystal structure by increase and deseréia the crystalline grain
size.

We are plotted the In J-V characteristicvgemi logarithmatic scale

for the current to estimate the saturation curdamsity (J), the ideality
factor (n) and the effective barrier height). The 4 values were obtained

by extrapolating the linear portion of the forwaiés In (J)-V plot to the
intercept point on the current density axis at zeas (V=0).

Table (3-1) exhibits the values of saturatmurrent density of Al/c-
Si/In, Al/c-Si/Ag and Al/c-Si/Au at the differenhickness and annealing
temperatures. From the Table the values of saturaturrent density are
smaller due to the effect of the increasing thigenef the semiconductor
layer, which completes the electrons to tunnelughothe additional barrier.
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Fig.(3-2) LnJ-V characteristic for Al/c-Si/In at forward and reverse
voltage at different thickness and annealing tempeatures
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Fig.(3-3) LnJ-V characteristic for Al/c-Si/Ag at forward and reverse

bias voltage at different thickness and annealingemperatures.
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Fig.(3-4) LnJ-V characteristic for Al/cSi/Au at forward and

reverse bias voltage at thickness0.2um and anneaiitemperatures.

Also, from the Table (3-1), we found that tledues of the ideality factor
for Al/c-Si/In and Al/c-Si/Ag samples larger thanity and close to unity for
Al/c-Si/Au samples, the ideality factor values fdeal diffusion current is
equal to one, whereas, ideality factor values @mombination current is
greater than unity. The increasing in (n) valuedicates that the junction
was non-ideal and most of the carriers (electronsl &oles) were
recombined at the junction (depletion region). @Gmeo hand, there can be
many reason to get junction ideality factor gredem unity; Bayhan and
Ercelebi [40] attributed the increase of (n) to Bw¥ies resistance effects
which are associated with the neutral region ofsgmiconductor (between
depletion layer and ohmic contact), Rahman [38]latted to the presence

of an interfacial layer and tunneling effect.
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Table (3-1) I-V characteristics for Al/c-Si/In, Al/lc-Si/Ag and Al/c-Si/Au

at different thickness and annealing temperatures.

Jx107 (Alem?) ¢ (1V) (V)

Al/c-Si/In

o
<
P
L
<

Al/c-Si/Au
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From Table (3-1) and the same Figures weotsserve that there is an
increasing in the barrier heights with the incregsiof the annealing
temperatures the probable reason for this incrgasirthat metals disperse
intimately during annealing and ensure a chemieattion at the interface
between the metal and the semiconductor where uHacg states in the
mobility gap and the interfacial layer will redubetween the Silicon and
metal . Lalinisky et al [41] found that there is imgreasing in the barrier
height with increasing the annealing temperatubes tbecause of the
interfacial layer will disappear through the anireaprocess.

From the Figures we found that the rectifimatiratio increase with
increasing annealing temperature this may be redifcelefect of the
interface layer.

The rectification ratio £0(three order) for Al/c-Si/ln at (473) K while
decrease to f0(one order) for Al/c-Si/ln at (303) K. From theghires we
found that the rectification properties dependemcehe work function of
the metal (Schottky contact), for the three dioddsch are prepared by
thermal evaporation at different annealing tempgest We found that the
rectification ratio of Al/c-Si/Au greater than “L(four order) at (473) K.

The rectification properties of Al/c-Si/Aunction are larger than that
of Al/c-Si/Ag and Al/c-Si/In junction (larger baei height, smaller reverse
saturation current density and smaller idealitytdgc because of the
difference between their work function as well las dxygen at the interface
appears to have small effect on the Al/c-Si/Au ieatneight [3].

Figures (3-5), (3-6) and (3-7) shows thealdty factor exhibits an
decrease with increasing temperatures and incigeatickness, and the

same Figures shows saturation current density dseravith increasing

43



ChapterThree Results and Discussion

temperature because of chemical reaction at theSvlinterface, and the
decrease ofsdwith increasing annealing temperature at thickr{@sk, 0.2)

Hm may be due to increase the junction resistances@se of the depletion
width), these results were similar to Singh et4#][where they found a
decreasing in ideality factors and increasing #, with increasing the

temperature for Au/Si junction
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Fig.(3-5) Effect annealing temperatures on idealtfactors and

saturation current density for Al/c-Si/In
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Fig. (3-6) Effect annealing temperatures on idealtfactors and

saturation current density for Al/c-Si/Ag
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Figure (3-8) show that the barrier height dependenn the Schottky
electrodes, the dependencegqf on the metal work function with different
thermal activation process, electrons at low teaupees are able to
surmount the lower barriers and therefore, currgahsport will be

dominated by current flowing thought the patchesowfer Schottky barrier
height and larger ideality factor.

15
1.3 A
O
1.1 ¢
ALY
0.9 -
A
1% O In
0.7 1 O O Ag
2o
A Au
0.5 T T T T
250 300 350 400 450 500
Ta (K)

Fig.(3-8)Effect of the work functions and anneatig temperature on

barrier height .

We can see that the potential barrigg Y values increasing with increase the

metal work function ¢.,,) and annealing temperature these results may be

attributed from reduced the surface state and chsilon at interface layer, as

shown in Figures (3-9)
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Fig.(3-9) Effect metal work function on barrier height for Al/c-Si/In,
Al/c-Si/Ag, Al/c-Si/Au for thickness 0.2 pm
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3.4 Capacitance-Voltage characteristics of Al/c-3¥ Schottky
Diodes

Capacitance versus voltage, referred to as C-V uneagnt can be used
to study the most basic properties of semicondyataction. In addition to
obtaining simple capacitance values at a given.bide data can be
manipulated to yield a number of other parameteich sas the built-in
potential ¥/,), the doping profile and the barrier height. C-¥asurements
also form the basis of more advanced analysis tgaba such as deep level
transient spectroscopy [43].

The variation of capacitance as a function of regdyias voltage in the
range of (0-0.7) Volt at frequency equal to 1 MHashbeen studied, for
Al/c-Si/In, Al/c-Si/Ag and Al/c-Si/Au for differenthickness and annealing
temperatures as shown in Figures (3-10), (3-11) @idli2) in these in
Figures we observe that the capacitance of stmicisirdecrease with
increasing semiconductor thickness. This resultfioon by equation
C=Acdth. Where (A ) is the active area of the junctiandgs) is the
dielectric constant and (th) thickness of semicataulayer.

It is clear that the capacitance decreases witteasing of the reverse
bias voltage and annealing temperatures, the de@ogeavas non-linear as
shown in Figures (3-10), (3-11) and (3-12). Suchaveor is attributed to the
increasing in the depletion region width, whichde#o increase of the value
of built— in voltage. This effect has been studimdNahda [44] and our

results are in agreement with their results.
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Fig.(3.10) The variation of capacitance as a fation of reverse bias

voltage for Al/c-Si/In at different thickness and anealing temperatures.
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Fig.(3.11) The variation of capacitance as a funahn of reverse bias

voltage for Al/c-Si/Ag at different thickness and anealing
temperatures.
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Fig.(3.12) The variation of capacitance as a funahn of reverse bias

voltage for Al/c-Si/Au at 0.2um and annealing tempatures.

The inverse capacitance square is plotted agapsied reverse bias
voltage for Al/c-Si/In, Al/c-Si/Ag and Al/c-Si/Autadifferent thickness and
annealing temperatures as shown in Figures (3(23)4) and (3-15)

The interception of the straight line witfetvoltage axis at (1fG= 0)
represents the built in voltage. We observemfiTable (3-2) that the
built—in voltage increase as a result of the deserea the capacitance value
and the increase of the depletion width.

The slope yields the impurity concentration ime tsubstrates, using
equation (1-8). The slope of the curve is inverglyportion to the doping
concentration and hence the barrier height (if $hallow level depth is
known), using equation (1-9).

The result of built-in voltage, carrier concentatand the barrier height are
tabulated in Table (3-2).
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We observed from Table (3-2) that the built-in agk increases with
increasing of T as a result of the decrease in the capacitance .vAlso we
can observe that the effect of increasing thickremssed an increase in
built-in voltage as given in Table. From the sanguFes, we can observe
that the effect of increasing thickness causecdharease in built-in voltage
as given in Table. From the same Figures, we céinenthat the decreasing
in the carrier concentration which lead to decréhsecapacitance.
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Fig.(3-13 ) The variation of 1/G as a function of reverse bias voltage for
Al/c-Si/In at different thickness and annealing terperatures.
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Fig.(3-14 ) The variation of 1/& as a function of reverse bias voltage for

Al/c-Si/Ag at different thickness and annealing terperatures
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Fig.(3-15 ) The variation of 1/C as a function of reverse bias voltage for
Alc-/Si/Au at 0.2um and annealing temperatures.

We can observe from this Figures and Tabl2)(&8rn increasing/z(CV)

are slightly higher than these of I-V and this da attributed to barrier
height lowering due to image force and contributdtunneling effect.
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Table (3-2) The variation of the Iy, Vi, and ¢, (CV) for Al/c-Si/In,
Al/c-Si/Ag and Al/c-Si/Au with different thicknessand annealing

temperatures.

Vii(Volt) | ¢ (CV)(eV)

Al/c-Si/In

Alc-/Si/Ag

Al/c-Si/Au

56



ChapterThree Results and Discussion

3.5 |-V Characteristic of Al/c-Si/In Schottky Junction under

lllumination

The photocurrent is the current generated byabserption of photons. It is
considered as in important parameter, which acts tlbe spectral
responsivity.

A photovoltaic effect occurs in a materialwhich there is a space
charge layer. When a photo exited electron-hole eaiers the layer, the
electron and hole are separated by the space cfiatdgo give a photo
current, the magnitude of the electric field in tBpace charge region
decrease and so the resistivity increases [45].

The relation between the photocurrdpp)(and reverse bias voltage {V
of the Al/c-Si/In structure at different thickneasd annealing temperatures
are presented in Figure (3-16) and (3-17). ). Tkeasurements were carried
out under different incident power density equal (@ 32.4, 55.5, 69,105)
mw/cnt respectively
From this Figures we observe that the photocuireméases with increasing
of the bias voltage, i.dp, increases with increasing of the depletion region

width (w) as shown in the relation below
I = CIaGph(Lp LW (3-1)

Where Gph is the generation rate of photo carriellspand L, are the

diffusion length of holes and electrons respeciivel

The width of the depletion region incresmsvith increasing of the
applied reverse bias voltage. Increasing the reveiess voltages leads to the
increasing in the internal electrical field whidadts to an increasing in the

probability of the separated electron —hole pairs.
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The photocurrent increases with increatiiegncident power intensity,
due to the increasing in the number of the genérpt®to carriers in the
depletion region with the diffusion depth for cara which depends on the
life time of the minority carriers on the depletioagion. From the same
Figures we can see that the photocurrent decredtescreasing of films
thickness because the created electron-hole paans necombine before
getting separated by the junction and this iskattad to the increase of the
structural defects which leads to decrease of tlbility which in turn
decreases the current transfer and leads to stifarsidn length. We can
notice for all samples that the photocurrent insesawith increasing of
annealing temperature, which is due to the incngasi the grain size and
reducing the grain boundaries which lead to theeise of the mobility and
increase the photocurrent as well as increasedpletibn width which leads
to increase of the absorption through it and theatoon of electron-hole
pairs [39].
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3.6 D.C. Electrical Conductivity

The variation of electrical current density as achion of temperature at
different thickness and annealing temperatureasva in Figures (3-18)
(3-19) and (3-20) It's clear from this Figures thia® current density for all
deposited films decrease with increase thickne$so A observed that the
current density of the films decrease with incnegsof T, from 303K to
473K, this result is in agreement with Islam andr#i[46]. This variation
Is thought to be due to the changes in crysta(lieduction of the number of

grain boundaries due to the increase of grain size)
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Fig.(3-18) Variation of Jyc versus temperatures for Al/c-Si/ln
prepared at different thickness and annealing tempatures.
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Fig.(3-20) Variation of }, ¢ versus temperatures Al/c-Si/Au prepared at
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It was plot Ln J versus 1000/T to study the depend of D.C.
conductivity for the as-deposited and annealingmeasin the range 303 to
473 at different thickness and annealing tempegatus shown in Figures
(3- 21), (3-22) and (3-23). It is clear from thdsgures that there are two
transport mechanisms, giving rise two activatioargies E; and E,. At the
lower range of temperatures, the conduction meshans due to carriers
excitation into localized state at the edge of famd and at the higher
temperatures, the conduction mechanism is duert@ig@excitation into the
extended states beyond the mobility edge. Simitseovation was reported
by Valdez [47].
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Fig.(3-21)Ln J versus 1000/T for for Al/Si/In at dfferent thickness and
annealing temperuters
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Table (3-3) D.C. conductivity parameter for Al/Si/In ,Al/ Si/Ag and
In/Si/Au

th(pum) Ta Ea | Temperature E, | Temperaturg
K | @ Rang(K) | (v Rang(K)

0.1 ¥.¥10.046] 303-340| 0.24| 340-434

¥V¥ 10.053] 303-349 | 0.28 | 349-434

0.050] 303-340 | 0.29 | 340-434

Al/c-Si/In
<
-t

0.2 ¥.¥10.045] 303-362 | 0.266| 362-434

VY 10.057] 303-348 | 0.31| 348-434

£€VY 1 0.068) 303-362 | 0.48| 362-434

0.1 ¥.¥10.073] 303-382 | 0.31| 382-471

¥VvY10.074] 303-382 | 0.322] 382-471

£VY 1 0.099] 303-392 | 0.399 392-471

0.2 ¥.¥10.076] 303-355 | 0.36 | 355-471

Allc-SilAg

¥V¥10.079] 303-343 | 0.42 | 343-471

¢EVY ) 0.11| 303-375 | 0.43| 375-471

0.2 ¥.¥] 0.08| 303-343 | 0.45| 343-473

¥v¥ ] 0.10| 303-343 | 0.48 | 343-473

-
<
?
o
< ¢vr| 0.12 | 303-352 | 0.51| 352-473
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It is clear that the activation energies increasmith increasing of the
thickness, may be due to decrease in absorptionmanglase in energy gap
with increase of thickness.

From Table (3-3) we can notice that the activagoergies increase with
increasing of annealing temperatures as shownguarés (3-24), (3-25) and
(3-26). The main reason is that the activation geerincrease with the
improvement of the crystal structure and the reatézation [48].
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Fig.(3-24)Variation of E;; and Eg,for for Al/c-Si/In at different
thickness and annealing temperuters
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Fig.(3-26)Variation of E;; and Eg, for Al/c-Si/Au for thickness 0.2um
and annealing temperatures

68



ChapterThree Results and Discussion

69



ChapterThree Results and Discussion

Rrr

7C



ChapterThree Results and Discussion

Fig(4.5) Effect annealing tempertures on ideaktgtbrs and saturation

current density for Al/Si/Ag

71



ChapterThree Results and Discussion

72



ChapterThree Results and Discussion

73



ChapterThree Results and Discussion

74



ChapterThree Results and Discussion

4-5 |-V Characteristic of Al/c-Si/In Schottky Junction Under
lllumination
The photocurrent is the current generated byabserption of photons. It is
considered as in important parameter, which acts tlbe spectral
responsivity.

A photovoltaic effect occurs in a mateiialwhich there is a space

charge layer. When a photo exited electron-hole eaiers the layer, the
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electron and hole are separated by the space clialdgo give a photo
current, the magnitude of the electric field in thpace charge region
decrease and so the resistivity increases.

The relation between the photocurredpt)(and reverse bias voltage {V
of the Al/c-Si/In structure at different thickneasd annealing temperatures
are presented in Figure (4.16-a, b). The measutsmeare carried out
under different incident power density equal to
(0, 32.4,55.5,69,105) mw/énrespectively.

From this Figures we observe that the photocurmeméases with increasing

of the bias voltage, i.dp, increases with increasing of the depletion region

width (w) as shown in the relation below

| =GaG, (L, +L, +W)

Where G, is the generation rate of photo carriets,and L, are the

diffusion length of holes and electrons respeciivel

The width of the depletion region incremswith increasing of the
applied reverse bias voltage. Increasing the reveiess voltages leads to the
increasing in the internal electrical field whidadts to an increasing in the

probability of the separated electron —hole pairs.

The photocurrent increases with increpsthe incident power
intensity, due to the increasing in the numbemhefdgenerated photo carriers
in the depletion region with the diffusion depthr t@mrriers which depends
on the life time of the minority carriers on theptigion region, this result is
in a agreement with results of Sarmah et al [ 62].

From the same Figures we can see that tbqirrent decreases with

increasing of films thickness because the createdtron-hole pairs may
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recombine before getting separated by the jundiua this is attributed to
the increase of the structural defects which ldadiecrease of the mobility
which in turn decreases the current transfer aadslgéo short diffusion
length [62]. We can notice for all samples that fitocurrent increases
with increasing of annealing temperature, whicldug to the increasing in
the grain size and reducing the grain boundarieéshMead to the increase
of the mobility and increase the photocurrent adl e increase the
depletion width which leads to increase of the ghtsan through it and the
creation of electron-hole pairs.
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4.4 Capacitance-Voltage characteristics of Al/c-9M Schottky

diodes

Capacitance versus voltage, referred to as C-V uneagnt can be used
to study the most basic properties of semicondyataction. In addition to
obtaining simple capacitance values at a given. bide data can be
manipulated to yield a number of other parameteich sas the built-in
potential ¥/,), the doping profile and the barrier height. C-¥asurements
also form the basis of more advanced analysis tgaba such as deep level
transient spectroscopy [43].

The variation of capacitance as a function of regdyias voltage in the
range of (0-0.8) Volt at frequency equal to 1 MHzshbeen studied, for
Al/c-Si/In, Al/c-Si/Ag and Al/c-Si/Au for differenthickness and annealing
temperatures as shown in Figures (4.10), (4-11) @nd2) in these in
Figures we observe that the capacitance of stmicisirdecrease with
increasing semiconductor thickness. This resultfioon by equation
C=Asedt where A is the active area of the junction agds the dielectric
constant and t thickness of semiconductor layer.

It is clear that the capacitance decreases witteasing of the reverse
bias voltage and annealing temperatures, the de@oeavas non-linear as
shown in Figures (4-10), (4-11) and (4-12). Suchaveor is attributed to the
increasing in the depletion region width, whichde#o increase of the value
of built— in voltage. This effect has been studm®dSah andReddi[59],
Milnes and Feucht.[60] and Ghand&i al.[60] and our results are in

agreement with their results.
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Fig.(4.10) The variation of capacitance as a funan of reverse bias

voltage for Al/c-Si/In at different thickness and anealing temperatures.
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voltage for Al/c-Si/Ag at different thickness and anealing
temperatures.

84



ChapterThree Results and Discussion

——Ta=303 K
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(du)d
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Fig.(4.12) The variation of capacitance as a funan of reverse bias

voltage for Al/c-Si/Au at 0.2um and annealing tempatures.

The inverse capacitance square is plotted agapsied reverse bias
voltage for Al/c-Si/In, Al/c-Si/Ag and Al/c-Si/Autadifferent thickness and
annealing temperatures as shown in Figures (443}%) and (4-15)

A plot ofCc™ versus V gives a straight line. The linearity latpf C™
versus V indicates that the charge density withandepletion region of the
diode is uniform. This linearity is due to the wmih distribution of the
concentrationN, in the band gap. This is in agreement with theltef
Ryu and Takashi [61], Nathan and Marinace [62]) d&id Melehy [62] and
Milnes and Feucht [63].

The interception of the straight line with the tagle axis at (1/€= 0),
represents the built in voltage. We observednfiTable (4.2) that the
built—in voltage increase as a result of the deserea the capacitance value

and the increase of the depletion width.
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The slope yields the impurity concentration ime tsubstrates, using
equation (3-8). The slope of the curve is invergelyportion to the doping
concentration and hence the barrier height (if $hallow level depth is
known), using equation (3-9).

The result of built-in voltage, carrier concentatand the barrier height are
tabulated in Table (4.2).

We observed from Table (4.2) that the built-in aght increase with
increasing of T as a result of the decrease in the capacitariue.valso we
can observe that the effect of increasing thickremssed an increase in
built-in voltage as given in Table. From the sanguFes, we can observe
that the effect of increasing thickness causectiease in built-in voltage as
given in Table. From the same Figures, we can @dhat the decreasing in

the carrier concentration which lead to decrease#pacitance.

We can observe from this Figures and Tabl®) @n increasinglz (CV)
are slightly higher than these of |-V and this dan attributed to barrier

height lowering due to image force and contributdtunneling effect.
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Fig.(4.13 ) The variation of 1/C2 as a function afeverse bias voltage
for Al/c-Si/In at different thickness and annealingtemperatures.
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Fig.(4.14 ) The variation of 1/C2 as a function afeverse bias voltage for
Al/c-Si/Ag at different thickness and annealing terperatures
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Fig.(4.15) The variation of 1/C2 as a function afeverse bias voltage for
Alc-/Si/Au at 0.2um and annealing temperatures.
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Table (4.2) The variation of the N, Vi and ¢, (C-V) for Al/c-Si/In,
Al/c-Si/Ag and Al/c-Si/Au with different thickness and annealing

temperatures.
t(p’ m) Ta (K) N a Vbi (08 (CV)
307 5.7¢ 0 ¢ 0.4¢
377 5.4¢ 02 06F
c 0.1
) 473 5.34 0.56 0.89
o
< 30= 11 0.48 0.65
0.2
37- 1.4¢ 0.47 0.79
0.6F 1.0¢
77 1.08
0.5¢ 0.8¢
01 307 0.66
(@)] .
0.7% 1.06
< 377 0.7¢
@ 0.E 0.8
2 477 g 1.97
<
307 0.5¢ 1.0¢
0.2 0.26
377 0.21 0.67 1.0¢
477 0.1¢ 0.7¢ 1.2¢
303 0.24 0.72 1.1
0.2
3 7 2 . 1.1
2 373 0 0.96 6
3
= 1.21
< 473 0.11 1.1 '
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4.6 D.C. Electrical Conductivity

The variation of electrical current density as achion of temperature at

different thickness and annealing temperaturefhi@va in Figures (4.15),
(4.16) and (4.17). Its clear from this Figurest tiee current density for all
deposited films decrease with increase thickne$so A observed that the
current density of the films decrease with incnegsof T, from 303K to

473K.This variation is thought to be due to the nges in crystalline
(reduction of the number of grain boundaries du¢ht increase of grain

size).

t=0.1pm

—0— Ta=303 K
——Ta=373 K
—A— Ta=473 K

J (Alcnr)

o B N W A~ OO o N
I I I I I I

250 300 350 400 450 500

t=0.2um

—0—Ta=303 K
—0—Ta=373 K
—A—Ta=473 K

J (Alend)

O—OLrO™
VERENN
NN INA

250 300 350 400 450 500

Fig.(4.15 ) Variation of J D.C versus temperaturedor Al/c-Si/In
prepared at different thickness and annealing temp@atures.
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Fig.(4.16 ) Variation of J D.C versus temperaturedor Al/c-Si/Ag
prepared at different thickness and annealing temp@atures.
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Fig.(4.17 )Variation of J D.C versus temperatures Kc-Si/Au
prepared at different thickness and annealing temp@atures.
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It was plott Ln J versus 1000/T to study the delgewce of D.C.
conductivity for the as-deposited and annealingpesin the range 303 to
473 at different thickness and annealing tempegatus shown in Figures
(4. 18), (4.19) and (4.20).

It is clear from this Figures that there are twansport mechanisms,
giving rise two activation energies,Eand E, . At the lower range of
temperatures, the conduction mechanism is due reeis excitation into
localized state at the edge of the band and ahidileer temperatures, the
conduction mechanism is due to carriers excitatnbo the extended states

beyond the mobility edge. Similar observation wesorted by Valdez[ .

Ln J(A/cm)

Ln J(A/cm)

t=0.1pm
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9 A o ©
o Ta=373 K A o %% o 6 o
A O p o
95 - A Ta=473 K N o o
A A A A
-10
1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4
1
tzozum 1000/T(K
7.5 §<>
NN
8 NN
W <><>
_8.5,
W g %o o
9 alb o o o .
_ A O o
95 | ©Ta=303K . Oao . © o o o
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-10—E| A O O0onp O
A Ta=473 K A
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-1
2 2.2 24 24 2.8 3 3.2 3.4
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Fig.(4.18 ) Ln J versus 1000/T for for Al/Si/In atdifferent thickness and
annealing temperuters
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A
-10 A A p
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Fig.(4.19 ) Ln J versus 1000/T for for Al/c-Si/Aat different thickness
and annealing temperuters.
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Fig.(4.20 ) Ln J versus 1000/T for for Al/c-Si/Au dér thickness 0.21m
and annealing temperuters
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Table (4.3) D.C. conductivity parameter for Al/Si/ln ,Al/ Si/Ag and
In/Si/Au
t(um) | Ta(K) | E, (eV) | Temp.Rang (K) | E,,(eV) | Temp.Rang (K
300 0.046 303-340 0.24 340-434
0.1 373 0.053 303-349 0.28 349-434
= 473 |p0s0 | 303-340 0.29 340-434
n
9
< 300 0045  |303-362 0.266 362-434
0.2
373 0.057 303-348 0.31 348-434
473 0.068 303-362 0.48 362-434
300 0.073 303-382 0.31 382-471
0.1
373 0.074 303-382 0.322 382-471
(@)]
§ 473 0.099 303-392 0.399 392-471
w
L
< 300 0.076 303-355 0.36 355-471
0.2
373 0.079 303-343 0.42 343-471
473 0.11 303-375 0.43 375-471
0.2 300 0.08 303-343 0.45 343-473
>
= 373 |o10 | 303-343 048 | 343-473
% 473 0.12 303-352 051 352-473
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It is clear that the activation energyies incregswith inceasing of the
thickness , may be due to decrease in absorptidnn@nease in energy gap
with increase of thickness.

From Table (4.3 ) we can notice that the activagmergyies increase
with increasing of annealing tempertures . The m@ason is that the
activation energies increase with the improvemdnthe crystal structure
and the recrestallization [60 ]. This result isagreement with Islam and
Mitra. [ 62 ], EI-Wahha and Segui et al. [55 ]

0.07
0.065 | —2&— 0.1um
0061 —°— 0.2 ym
0.055 -
o~
S 0.05 -
9‘_/' 0.045
©
L 0.04 ; ; ; ;
250 300 350 400 450 500
05
0.45 —A— 0.1 um
— 0.4 1 —{—0.2 um
E 0.35
N
N 0.3 1
Lu 0.25 | A/’-Ak —A
0.2 T T T T
250 300 350 400 450 500

Fig.(4.21 ) Variation of E;; and Es,for for Al/c-Si/In at different
thickness and annealing temperuters
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Fig.(4.22 ) Variation of E;; and E,, for for Al/c-Si/Ag at different
thickness and annealing temperuters
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Fig.(4.23 ) Variation of E;; and Eg, for Al/c-Si/Au for thickness 0.2um
and annealing temperatures
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List of Symbols and Abbreviations

Description
The area of The Junction
Richardson constant
Capacitance
Capacitance-Voltage
Crystalline silicon
Electrical activation energy
Fermi level energy
Image force
Generation rate of photo carriers
Source (boat) to substrate distance.
Current
Current-Voltage
Photocurrent
Saturation current
Current density
D.C. current density.
Saturation current density
Boltzman Constant
Light Emitting Diode
Diffusion Length of Electrons
Diffusion Length of Holes
Mass of the materia
M etal - Semiconductor
|dedlity Factor
Acceptors Concentration
Effective dengity of states in the conduction band
Effective dengity of states in the valence band
Material Density
Charge of Electron
Specific Contact Resistance
Schottky Barrier Height
Film Thickness
Absolute temperture
Annealing temperature
Applied voltage.
Built-in Potential
Forward Voltage
Reverse Voltage
The Depth of The Fermi Level Below The Conduction Band
Distance between interference frings
Shift between interference fringes




Static Dielectric Constant of semiconductor

Barrier Height
Barrier Height of n-Type Semiconductor

Barrier Height of p-Type Semiconductor
Semiconductor Work Function
Wavelength

Table (4-2) The variation of the I, Vy,; and ¢, (CV) for Al/c-Si/In, Al/c-

Si/Ag and Al/c-Si/Au with different thickness and anealing temperatures.

<
?
S
<

Vii(Volt)

¢ (CV)(ev)




Al/c-Si/Au

Alc-/Si/Ag

Table (4-3) D.C. conductivity parameter forAl/c-Si/In, Al/c-Si/Ag and

Al/c-Si/Au

Al/c-Si/In

Thickness(um) Temperature Temperature
Rang(K) Rang(K)

0.1 ¥.¥10.046] 303-340| 0.24 | 340-434

¥VY 1 0.053] 303-349 | 0.28 | 349-434

£€VY 10.050] 303-340 | 0.29 | 340-434

0.2 ¥.¥10.045 303-362 | 0.266] 362-434

¥Vv¥ 10.057] 303-348 | 0.31 | 348-434




0.1

0.068

0.073

303-362

303-382

0.48

0.31

362-434

382-471

0.074

303-382

0.322

382-471

0.099

303-392

0.399

392-471

Allc-SilAg

)
<
%
L
<

0.2

0.2

0.076

303-355

0.36

355-471

0.079

303-343

0.42

343-471

0.11

0.08

303-375

303-343

0.43

0.45

375-471

343-473

0.10

303-343

0.48

343-473

0.12

303-352

0.51

352-473
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Chapter Two Experimental Work

Experiment Work and Procedure

A 4

Substrate cleaning (c-Si) and
Etchina

\ 4

Masks Preparation

A 4

By Thermal Evaporation

\ 4 \ 4

Schottky Contact Ohmic Contact

A 4

\ 4

In, Ag and Au of 0.1 and 0.2 pum thickness

Al of 0.2 um thickness

\ 4

A 4

Schottky Junction Al/c-Si/In, Al/ c-Si/Ag

and Al/c-Si/Au Ohmic contact Al/c-Si/Al

\ 4

A 4

Annealed at 303, 373 and 473 K

Annealed at 473 K

A\ 4
Electrical Measurement

A 4

Electrical Measurement

l A 4
A 4 A 4 A 4

I-V Characteristics

-V C-v Photovoltaic D.C

\ 4 A\ 4 A\ 4
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Fig (2-1) The Schematize of the experimental work
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