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ABSTRACT
in this thesis theoretical and experimental investigation of metal-
semicenductor junciton consleting of Aluminium deposited on monocyrstalline

silicon are discribad.

The fitms of Alluminium have besn cie%)ositad en P-type silicon, in the "
<100> and <111)> orientation and resistivities of 7-13 and 100 ohm-cm, by vacuum
depositon. The silicon wafters have been treated chemically. The experiemtnal
procedures followed in the work are; the -V vharacteristics, forward biase
and C-V characteristics for different frequancies of superimposed signal wkHz,\
20 kHz, 40 kZ, 100 kZ and 100 kHz. Measurement have been made using
hp Model 4275A multifrequency meter and 40418 pA meter/Dc voltage source
‘for C-V and I-V characteristics respectively. Low frequency C-V measuremant
{Quasistatic capacitance-voltage) have been iried using hp 4041B pA meter,.
but inconsistency of the result {(maybe lack of appropriate test fixture)

We have develcped all the software programmes used for the present work.

the barrier helght obtained by various techniques were as follows. the
hole barrier was obtainad as R = 0:57 eV for chemically cleaned and oxdize
for 1t hr. from [~V characteristics and Bh = 0.53eV from C-V charactersticsr.
The active doping ocncentration obtained form 1/C*-V slope shows to decrease
as frequency increases. Also tha baivicr helght obtained from this méa_surement
shows frequency dépen_giepce. The range of the barrier hel;;ht obtained is
(0.49 eV - 0.65 eV).

The above result suggest that we can make 'good diodes from vacuum
deposition of aluminium on P-type silicon and possible application to hybrid

circuit.
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I INTRODUCTION

1. HISTORICAL DEVELOPMENT OF METAL-SEMICONDUCTOR(M-5) CONTACT

The earliest systematic investigation of metal-semiconductor contact rectifi-
ing systems is generally attributed to Braun {1], who in 1874 noted the dependenc
of the toal resistance on the polarity of the applied voltage and detailed surface
condition. The point contact rectifire in various forms found practical applicat-
ion beginning in 1904 [2]. In 1931, Wison [3] formulated the transport theory
of semiconductors based on the band theory of solids. This theory was then
applied to M-S contacts. In 1938, Schottky [#] sug.gested that the potential
barrier could arise from stable space charges alone without thé presence of
chemicai layer. The Model arising from this consideration is known as

Schottky barrier,

The deneral accepted view of the nature and theory of idealized rectifing
contacts between a metal and semiconductor is due to in large part to
Schottky [#] and to early contribution by Wagner [51, Spenke [6], Mott [7]
and Davydov [8]. While Schottky basic Model has remained intact its detait
have undergond considerable refinement and extension, and in few cases
important and fav reaching modification., Among the pretinient refinment and
extension made were the general improvement of the theory by Spenke [9],
the introduction of IMAGE FORCE effect by Landsberg [10}, the inclusion of
fleld dependence of MOBILITY AND DIFFUSION by Landsbherg [11] and Stratton
{121 and inclusiong of QUANTUM MECHANICAL TUNNELING effects by Padovani
and Stratton [13]. The more Iimportant modification on the other hand resulted
from Bardeen [14], Introduction of the effects of ELECTRICAL SURFACE DOUBL
LAYER due to surface states and inclusion of effect of minority carrier injection

by Bardeen and Brattains [15].




p)

Techneologically, the first tmporiant contribution to tne fabrication of
Schottky barrier were made in 1940's with the development of microwave radar
vhen point contact first used and applicd extensiveiy, primarily as Microwave
detector and mixer. An excellent treatment of this early work on technology

and application of peini contact diode was made by Vorrey and Whitmer [16].

However, the discovery in 1948 of Minority carrier injection and transistor
action in semiconductor cause an imporiant and basic diversion in the effort,
and almost terminated the activity on point contact rectifiers. While the study
of (M-S} contact continued for many years there after, the emphasis was now
predominantly on the study of injection transport and collection of minority
carriers. The role of M-S contact except in point contact diode was suddenly
reduced to that of providing ohmic contact to semiconductors. After several
years consideral:le effort was again devoted to the study of M-S schottky barriers.
The revival of this interest is in large part due tot he following circum-

stances [171.

i) With the extensive fundamental knowledge of semiconductor -accumulated
and the availability of ahighly advanced semiconductor technology (silicon)

a new approach to the basic problem of M-5 barrier appeared.

i1} Minority carrier Transit and Charge Storage effects set un upper
limit to the high frequency operation of all minority carrier devices. This serious
limitation appeared avoidable in utilizing Non-Injecting or Majority carrier Schottky
barrier,

iili} The newly proposed high frequency metal-base transistor [18,19]
based on Schottky barrier emitter and collector junction provide added motiva-

ion for further study of Schottky barrier.




The resulting new effyt probably recieved an additional impaulse from
resulting of a detailed study on M-S barriers produced vacuum cleavage

of silcon crystal in stream of cvaporating metals atoms [20]. This technique,

to be subsequently applied quite extensively to other system as well, made
possible the fabrication of structurally ideal Schottky diodes, with the

usual uncertainities of interfacial films and impurities which were involved

in most previous expérimental work [21]. [t becomes possible to fabricate
barriers with high reproducible characterstic by various investigator [22,23,2
The result provided a sound basis for critical quantitative evaluation of
existing barriers theories and shedding considerable light on many of basic

underlying mechanism.

2. TECHNOLCGICAL ASPECT

At present Schottky barriers are always made by the deposition
of the metal film on a clean semiconducter surface. The other possibility
namely the deposition of semiconductor film on a clean metal surface has
also been tried in connection with the development of metal base transistor
resuits obtained using this method have been found disappointing [25],
no Schottky barriers with good rectificetion property have ever been bade

this way and reported in  literature,

The following are the fabriction methods often used for metal deposit-

ion to form M-% contacts.

i} Vacuum depositon through resistive or electron beam heating,
ii) Sputtering in a hiugh frequency or dc system,
iii) plasma gun,

tv) Electolytic depositon




v) fabrication of silicide contact, through heating of suitable metal-silicide

coniact,
vi} therm compressing bonding,
Diffarent types of M-% contact devices struciures for various application

given below [26]
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The method of preparation of M-5 contact for the preseni work using
method (1) with its detail procedure is given in Chapter 11, After fabrication
of M-5 contact different mathod of invvesthigaiion is uzed such as electrical,
optical and Rutherford back scatteriiig of ions ete., are used. Among
the above the eclectrical method would he discussed in snovt (present method

of the work), detail is given in Chapterlii.

2.1 Electrical Method

This involves obtaining(1-V) curves at different termperatures photoelectric
method involves obiaining 1-V curves under light radiation with different
wave length for analysis of topography of depietion layer one spacial case
is determination of barrier heigiht by fowler plot. Other measurement
involves C-V measurement and transdient measurement etc, Transient
measurement invoives as DEEP LEVEL TRANSIENT SPECTROSCOPY (DLTS),
ADMITANCE SPECTROSCOPY (AS), DIELECTRIC SPECTROSCOPY OF SEMI-
CONDUCTORS (DSS) and THERMAL STIMULATED CURRENT (TSC) etc,
which are geared for mesuring position, concentration profile, activation
energy, electron and hole capture cross section of Deep traps and Deep

ievel DEFECTS [27].

in the present work 1-V curves, QUASI STATIC C~V curves for
differnt ramp rate at fow frequencies and C-V curves at refatively high

frequency is used. The detailed method is discussed in Chapter I,

Present application and uses for contacts f’or seini-conductor (particularly
Silicon) include among others; Integrated circuit, Discrete components
e.g. transistor, power componenenis, varactors, mixers, microwave generators,
photo detectors, particle detector, gammna and x-ray detector and solar

cells.




3. IMVESTICATION OF M5 CONTACT

In recent periods, sevaral theories were presented to exaplain the
behaviour of M-§ contects. To yive zome, ithe efiecy of shallow and deep
donors level was discussed by Roheyr: and Croweil in 1973 [28]), Thermo-
electronic emission over the barrier of majority carviers under forward -
bias Rhoderick in 1972 [29], effect of minority carricrs Rhoderick in 1978
[3@) in ac properties of M-S contacts, effects of charge trapped in states
localised at the interface by Simeonov in 1984 [31}, effect of interface
trapped charge on conductance by Barret and Muref in 1983 [32], and
on capacitance by Werner et.al. in 1986 [33), and re@ntly effect of deep

traps on cacitarce by Shahid and Jonscher in 1987 {34},

In the work presentad, we describe the effect of shaltiow and deep
accepior level in Metal-p semi conductor using the lines feilowed by Rober?
and Crowell [28] and for deep lhole tragps using the lines followed by Shahid

and JohéiSchor [34].

In order to verify the theory one need accurate experimental methods
for the invastigatioh of the contact.. The main aim of the thesis was
to develop the experimenial methods using the facilities available in the
department., Various methods have been developad using the multifrequency
LCR meter and PA meter. The methods are baserd on the use of the the
hp 9000/300 computer which controls the instruments. A set of software
programms has been prepared for the measurement. They are described

in chapter il and attached in the appendix.

Samples of M-S contacts were prepared by the author in co-operation

with Physics Department of the Dar-gs-Salaam University. The samples




were prepared by vaccum deposition fechnique.  Aluminiur was used as
the metal and silicon as the semiconducitor. Dstalled description of ihe
technology is given in Chapter (il. Pxperimental results are given in
Chapter 1V with discussion.  Finaliy, it would e found interesting to
compare the measured barrier heighis to the reported in literature for

purpose of conclusion,




CHAPTER 11
THEORY OF M-S {Metal-Semiconduntor) JUNCTION

In the first part of this chapter, M-% junction is presented and
describes the band disgram of ideal M-% junctions and offers a thorough

characterization of junction barrier height.

In the second part the current transport is discussed., Three different
theories are presented. The Thermionlc-theory by Bethe [1}, describes
adequately the current transport in high-~mobility semiconductory (sili;:on,
Germanium}, Diffusion-Theory by Schottky [2], appt-icable to low-mobility
semiconductor (Gallium phosphide and most of 11-VI compounds-Zinc oxide,
zinc sufide cadmium sulfide), and Thermionic emission - Diffusion theory
proposed by Crowell and Sze {3], which is the synthesis of the above

two theories limiting cases are discussed in this part.

in the third part the relation between charge distribution and the
electrostatic potential funciton is treated interms of junciton capacitance.
Three different cases are discussed, ldeal M-S junciton Capacitance,
effect olf‘ déep impurity fevel at low and intermediate frequency and effect

of deep traps.

At the end of the chapter a relation for M-p Semiconductor is presented,
as authours modification of Crowell and Roberts model and Sahid and Jonscher

(431,

1. ENERGY BAND RELATION AT A M-S CONTACT

in this section an energy band diagram for metal semlconductor is
presented. A contact betweon the metal and semiconductor can be classified

into two, when the work function of metatl (.;vm) i yrester or less than

i




9

thz werle foaction of the semicondi.cior ((pS). Yor the casa of n-semiconductor

thee contect s o rectifite when ¢ > ¢ and oluale when ¢ < ¢
f 5 m S

Foi the case of prsemicenductor the contact is a rectifire when ¢Jm < ¢q

o’

nd ohunic when .pm> )
E b

I both oases the semiconductors are non-degenerate, The energy bond diagri

for sove are given below [4].

Energy
eV

. $on U A
' ,L - - Donor tavel
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1.1 ldeal Condition and Surface Staies

When a metal is making contact with 2 sewiconductor, a barrier will

be formed at a metal-semiconductor interface. Since our aim is in rectifying
17

contact, where a semiconductor is moderately doped (< 10 cm'B), the cages
are when & work function of the metal is less than that of semiconductor for
p-type and work function of the metal is greater than that n-type semiconductor

[5}.

a) An ideal contact between a metal and n-type semiconductor

VACUUM g’ Aldn X) :

o

i

vhere A, = metal work function
q(X+Vn] - Semiconductor work funciton
q(X) - electron affinity for the semiconductor
an - difference between Ec and EF

) -~ Separation, g - barrier height

When a metal is making contact with a semiconductor the fermi levels
in fhe two materials must be coincident at thermal equilibriugl]. Relative
to the fermi level in the metal fermilevel in the semiconductor is lowered by ¢
an amount equal to the difference betwean the two work funcitons .;q{cbm—‘(.}ﬁyn)]
known as contact potential difference. As§ becomes small enough to compar-
able fo the interatomic distanco, the gap becomes transparent to electrons,

and limiting value of the barrier height would be




¢Bn = q(rbm~}c) {1)

b) when large surface states is present on the semicon ducter surface

The surface is occupied to a level Eg. If the density of the surface

state is sufficlently large to accomodate only additional surface charges result-

ing from diminishing § without altering appreciabiy thg occupation level EF’

the space charge In the semiconductor will remair unaffected. As a result

the barrier hight ¢Bn is determined by the property of the semiconductor

surface independent of metal work funciton. lis dependence will be shown

c) Energy band diagram of metal- n type and p-type semiconductor

under different biasing condition. !

77 TYPE SEMICONDUCIOR | p- TYRe SEMICONOUCTOR

1} thermal Equibilibrium




13

The Scholtky barrier fowering {also referred as image forge lowering} A4

and location of lowering Xm is shown and given as

. e (i)

The above result can be applied to a metal-semiconductor contact where
to Of the vacuum permittivity is replaced by the appropriate dielectric primit-
tivity of the semiconducior medium {6}, and E by the maximum field at the

interface.

Thus, at high fiel<is the Schottky barrier is considerably lowered, and
the effective metal work funciton for thermionic emission (q(I‘-B] is reducets!.
Although the barrier lowering is small in metal-semiconductor contact as
compared to the metal vacuum system, it does have a profound effect on
current transport processes in metal-semiconductor contact, which will dicuss

fater.

i.2 General Expression of Barrier Heights

The barrier heights of metal-semiconductor systems are, in general,
determinad by both the metal work function and surface states. A general

expression can be obtained on the basis of the following assumption [7].

i} With intimate contact between the metal and the semiconductor and
with an interfacial layer of atomic dimension this layer will be transparent

to electrons and can withstand notential across it,




tn
i) the surface states per unit arcs pevr electron volt at the inlerface

are a property of the semiconductor surface and arc independent of the metal,

A more detailed anerny band diagram of metal - n-type semiconductor
contaci is shown beinw, with an interfaciai layer of the order of atomic distan

incorporating Schottky effect

ad
@e
ax
a,
R S % :t: T
N 2%y
nhd !
uo "c‘#’m 1
— % ¥ K
£ p___ L __ FERMI_
d 3 U737 tever
/5 Y,
q\'giifq
o] e €
L Cq
where 'i'm = work funciton of metal
2, = barrvier heigit of metal-semiconductor barrier

= asympiotic vaiue at zero electric field
Bo - asymp alue of fect

b © eneryy iavel at the surface

L4 imege force barrier lowering
2 = potential across intei-facial layer

LT4

% = electron aftinity of semiconductior

Vbi - auilt i polantial

- permittivity of semiconductor

0 permittivity of intarfacizl layer

s = thickness of interfacial layer
Qsc = space charge density in semiconductor
Q.7 surface state density on semiconductor
G = surface charge density on wmetal

M




The First guantity of interst is encergy level of :}0 at the surface. It
coincide with the termilevel before contact is made. 1t specified the level [87]
below which afl surface tote mast be filed for charge noutrality at the surface.
Since v i5 of order of atomic distance it will  Dbe essentially transparent
to electrons. |If Ds (s surface states density in state fem!/eV, and assumed

to be constant over the range from ¢g to EF' then

~

st =q DSEEQ qd, - dgp Qi cm? (1)
and the space charge density that forms in the depletion layer of semiconductor

at thermatl equilibrium is

= - - toflds J&I _; ﬁg._ y
Qe = e Nplog, = Ve q W (2)

For thin interfacial layer assumed the total surface charge density on

the semiconductor is equal to Q. develope on ihe metal surface

Qy = ~(Q + Q) (3)

From Gaus's law the potential acress the interfacial layer can be

obtained
~ ‘1’ Q
4 ‘,.M. (1)
i
from the band diagram in the above figure for thermal equilibrium
fooT -- oy E "
' l‘Um tx o+ "Bn Hh) (5)

1f & is eliminated from {#) and (&) and used to substitute QM in (3)

and using (1), (2) and (3), we can write an expression for barrier height

i]’,;Bn
b= N V1 SRy
tan " (C e X3 r (-C, ) sfq ¢, A

Cie 3/2 & C C
AN e oY s (1- s L kT
+ 5 C'Z !(JT("m X} + 0N Cz}( /q«dao) ~2 Cz(vn* P }
C.GE
o 21 (6)




2ep. N2 .
where o, = —--—-'~I-JTE‘——’ . . e f»'-ﬁﬁ_‘um-- (7]
1 ) R

for vacuum clesved or well cleaned semiconductor . can be approximated by

D{freefspace} vafue since & is order of 4 or 5 A and this leads 1o an overi

18 3

estimation of C,. For moderately doped semiconductor (Nj = 10 em ),
f g Wy o "y then C, is of order of .01 V and the term ¢ j in (86)
is less than 0.4V. Neglecting the ¢ . i term equ. (6) reduces to

. . . _ B s b ] ‘,-"‘,li.‘ = C EIE + C (8)

tan © Cole X))+ 0-C T o 2wt Y3

If C? and C.3 can be determined experimentally and If X is known, then

sz + C2 A
S I B CHU
o /q 1-C, {9)
from (7)
(v €. .
S AN
b, = <7 g (10}

The two limiting cases can be obtained directly from equation 8

i} When D _-—v then C, —~ 0 and
Figp (E—,g - qegvo) - Qi (11}
parrier height is independent of Metal work function and is determined entricely
by doping and surface properties of semiconductor.
2] When DS ——. {), then CZ —> 1 and
GDlgpn = q{:,i:md() - b (12)
This is barrier height for an ideal Schottky barrier where surface state

effect are neglected. ldentical to eq. (1) of 1.1 except Schottky lowering

term.
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2. CURRENT TRANSPORT PROCESS

The current transport in metal-semiconductor contact is mainly due
to majorily carriers, in contrasi to p-n Junctions, where minority carrier are
responsinie for the transzport.  There are two hasic transport processes under
forwarc biase (the inwverse processes occur under reverse biase). For metal

n-semiconductor they are sinown below {9].

Metal n-Semiconductor

First transport of electrons from semiconductor over the potential

barrier into the metal: Dominant process for Schottky diods with moerately

doped semiconductor (eg. 5, Np < 1617 cm"';) operated at moderate temperatures.

Second Quantum mechanical tunneling of electrons through the barrier:-

18

important for heavily doped [eg. S, ND > 10 cm"3] and for most ohmic contacts.




2.1 Thermionic Emission Theory

Thermionic-emission theory was derived on the assumption:
iyoqgid, o e kT
) Bn
i1} thermal equiliorium is established atl the plane that determines

anission

iii) the existence of net current flow does not affect this equilibrium,

Because of the above assumption, the shape of barrier height is
immaterial, and current flows solely depend aon barrier height. The current
density from semiconductor to metal is given by the concentration of electron
with energies sufficient to overcome the potential barrier and traverse in

x-direction.

JC->m: é q\!xdn: é'rh quN{E}F(E}dE (1)

min min

.

where Vy is carrier velocity in direction of transport, Emin
The minimur energy required for thermionic emission, dn concentration of
efectrons per unit volume in the energy interval E and E+dE, N(E) and F(E}

are density of states and Fermi distribution funciton respectively.

R vy
e 32 kT
N i .
dr 4?1?.—3——) (E-E ) e dE
V_+ V..
Lllgm* k2 -q( ' n bi V
Sy - (A AL TB0) g 9
iy v
- 2 9y
JS% A*T2expl o expl le (2)
where A% = Lligm* Kk’ effective Rechardson constant neglecting effect of
h

quantum mechanical reflection and optical phonon

scattering.
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where | S v when image-force effect are considerad.
4
For multiple valley semiconductor for a single energy minimum

é:‘. .= __‘,_ ¢ = A } # &
X mo“i my mt o 52 m my 1 {3)

Roj—

where l1,|2,lg = are direction cosines of normal to the principle axis of the
elllipsoid.

mx*,my*mz* = component of effective mass tensor

for holes for a maxima at the center as in Ge, Si, GaAs, the two
maxima at k = 0 gives rise to isotropic current flow from both light hole
and heavy hole.

F . ®
A* . Ten " Mhn

A m - (4)
o
Since barrier height remains the same for electrons moving from metal
to semiconductor, the current flowing into the semiconductor is thus unaffectes

by the applied voltage, therefore it must be equal to the current flowing

from S+ M when thermal equilibrium prevails i.e at V = 0,

1
J = +A*T?exp1‘({i§] (5)
ms kT

The total current density is then given by

S=4 -
S* [ m* s
3= dotexp(d¥) - 1) (6)
ST ™ kT
_q‘i)B

- 2 =
where JST = A*T? expl o }




2.2 Diffusion Uheory

The Diffusion theory was derived on the assumption

- o LT
b "Bn o kT
ii) effect of electron collision with in the depeltion region

iii} carrier concentration at x =0 (interface} and X = W {depletion

end) are unaffected by current flow.

iv) the impurity concentration of semiconductor is nondegenerate.

Since current densities in depletion region depends on local field and

concentration gradient, for one dimension in X direction.

. _ - an
Jx - Jn - q{Nn E 4 Dn ax)
- -gqn 9V(x) | 9n
an( kT oX i Iﬂx) (1)

Where Nn mohility of electron, Dn Diffusion constant, V({x) electrostatic

potential.

Assuming steady state condition, and condition (ii) as

-E - Ep)
. _co) Tk
n{0) = N_ exp iF ] )

n(W) = n = Nc exp[ﬁanfkT]

g*N 2
vt = T2 - K1 qag,
g )

integrating (1) from the interface x = 0 to end of depletion region total

current density is given as
(3)

J. = 4sp [explqV/ikT)-1]
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2.3 Thermionic_Emission Diffusion Theory [3]

It is a synthesic of Thermionic Emission and Diffusion approaches,
derived from boundary condition of Thermionic Recombination Velocity v,
near a metal-semiconductor interface. The model for metal-n semiconductor

contact is given below incorporating Schottky effect.

e
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. % i
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i ! .
: 7 ! If - wm st‘oqw
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A agger a

Where q{x)} electron potential energy and g (x) the quasii-fermi level
Since carrier diffusion depends upon potential configuration we consider
the electron potential energy qy{x}. and G5, >2 kT so that charge density
is that of ionized donors. On the region Xm to W the current density assoc

ated with the im ref is given by
do

n

Jh = aNy G | (1)

and for non degenerate condion
(E (x) ~Ep)

n = Nc expl- T |

(2)
—q(¢n~+)

= NC EX[)[ "“““!‘z‘rrf‘"*"}

and if the portion of the barrier from Xm to interface acts as Sink for electt
we can have the current density in terms of an effective recombination

velocity VR at Xm‘




,!‘{1 = q(nm~ n{:}VR £3)

1 : .
Nhere N, e N exp i = pe-==- | coencentiution at ){n

G KT 1

o= Nexpl-qi, kT guasi-equilibricm concentration at X
0 < Bn m

(W} = -V -{3}

Integrating (1} from Xm to W and using {2} with condition in (3} the

total current density would be:

chvR “qq)Bn V'
J = Ty exp {-—-F.].—q {exp(%ﬁ.) - 1} {4)
R"'D
W i .
= _~9__.__ i -
where Vi [fx KT exp[ranw]dx] (5)
m

= effective diffusion velocity associated to transport of electron
in region W -— Xn.
I

:f V_ expl-m*V_?/2kT] ,
V= o " X Ve ART?

R e e e

(6)
oy C

% 2
f expl-m v ,’2kT]dV

— GQ

= effective thermal velocity

If we consider two limiting corgiltion for {(4)
1) Vg =2 Vp then preexponential term is dominated by VR and thermion
emmisson most nearly applies eq. (2) of 2.1

2) Vp << Ve diffusion theory most nearly applies, eq. (3) of 2.2




It

including the imzge force effect for P(x}, for the calculation of ¥D

in (5) from band diagram above fig(1)

T(h + hd - Ea ..-.,;:B.—f.f
WIX) = ag o F AL - EX el (6)

and o to be independent of field £ then result of (5)

VI

b (79

The complete expression of the J-V characteristic considering the electron-opti
phonon scattering [11], crossing the potential energy maximum and in addition
quantum mechanical reflection and tunneling by Schottky barrier [12] would
modify the Richardson const. A* in thermionic emission theory {1], and

look as follow.
Ay v
J = A*RTZ exp(wlﬁr-q-) Iexp{%ﬁ.} - 1} (8)

The current density (8} was derived from assumption [3] given in
{2) and (3) by using the current density equation or "ohm's law" relating
current to the gradient of Quast —-fermi level q¢n. When transport occurs
the approximation is made that the mobile cartier density still given by equilibrium
fermi-distribution, but EF replaced by b, (quasi fermi level). The quasi
fermi level varies with time and position, adjusting the carrier density at
each time and position to accomodate the current that is flowing including
both drift and diffusion [13}]. In principle the current density can be determined
using the Boltzmann transport equation taking into account all scattering

mechanisin that limit the transport.

The Boltzmann equaton has been solved [1#], within the semiconducior
of Schottky diodes, thus providing general transport equation suitable to
describe the transport process in the vicinity of the metal. The current-

voltage characteristic has then been derived in two limiting condition
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i) oo Lé},fw LD = Dehye extrinsic length of semiconducotr
W - depleton width
) A <« !,!2.); W s = carrier mean free path
whnere in the first condition it resemble to J-V derived [1] and in the second
condition resemble to J-V derived [2] and intermidiate case 1o J-V characteristic

of 131, but recombination velocity found to be twice as that of [1u],

2.4 Tunneling Current

For heavily doped semiconductors (ND > 1018::m‘3] for operation at
low temperature the tunneling current become more dominant. The expression
in sect. 2.1 eq. {1) would be modified to include both thermionic and tunnel-

ing [15] components given befow

DR [-q(V, +V_+1 =D ]
*
Yoo ™ éT{L S T(L) exp b "n dt (1)
o kT
qiVv, -4
A*T e
e 5 FST(H}{!"Fm)Qq
4]

and from matal to semiconductor

¥

% -y
AT explBle)  T(8) exp(-£/kT)dE
Q

m- s K

- A*T I FmT(H] (1*Fs)dr] (2}

k
0
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~where <, 4 are heighl measured above and below potential maxima

repsactively in fig () of sel 2.3

-F . F_ fermi distribution function of metal and semiconducior respectively

i 3

~T{) and T} transmission co-efficient above and below the poiential

maximuri.
Then total current is the sum of (1) and (2).

If tunneling  mponent dominates the current flow for high doping

and low temperatures, transmission coefficient has the form given byl[16].

T{n) eXp{~q¢=BnlE00] {3)

and thetunneling current Jt has similar expression

jt U eXp[*q@Bn/EOO] (4)
Mo o3
, = .-gh, D
where Loo = 0 1*)

The theoretical result for J-V characteristic of Schottky diode can

be generalized taking ll efect as

1= Jslexpiq\f,’nk.r) - 1] (5)
n = _IEL nd%}l—/ﬁ‘f)_'— ideality factor (6}

3. CAPACITANCE - VOLTAGE CHARACTERISTIC OF SCHOTTKY BARRIERS

3.1 Capacitance-Voltage Relationship for Shallow Level

When the capacitance voltage (C-V) relationship of metal semiconductor
diod is considered, the ionized doping concentration in the semiconductor
depletion region is customarily aszumed to be constant or to vary smoothly
withdisiance into the semiconductor {on a scale comparable to debye extrinsic

iengthj.
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It we consicer for the previous contact given under the abrupt approxima-

tior, that is

o (=} - ',',{N_,L} a O W

v oo R x > 0 {t)
av _ s
ax o 0 w o {}

where ND fonized donor concentration, charge density, W depletion layer
width. The result of depletion layer width is similar to one-sided abrupt
P i junction [17], given as

Zi

5
W= v,
qND bi

kT
- - A 2

where V - bias, £ seminconductor permittivity.

The space charge per unit area Qsc and depletion layer capacitance

per unit are of the barrier are given

- - vy . krypc
Osc = aNp¥ = Rae NV V- " G (3)
} N 4
C = JSEQJ,, S ExoL Hﬁi.i_g.____ (4)
dv w kT

2{\!'hi"\l~ "”E}* )

3.2.1 Low _and Intermediate Frequency Capacitance-Voltage

Reiation of Schottky Barriers in Prefance of Deep Levels

The existence of deep impurity levls throughout the semiconductor
may affect the C-V relationship {17]. These levelican lie below the fermi
level. in the semiconductor bulk and therefore electrically inactivg, Near
a melal contact to the semiconductor, however, since the energy bands are

bent, these levels may emerge above the fermi level in n semiconductor and




below the fermilevel in p-type semiconductor over the portion of depletion
layer charge in hoth o and p semiconductor. Such fevels have clearly evider

effects on the shape of potential barrier and C-V relationship.

The case of Metal-p type semiconductor contact in the presence of
deep acceptor impurities level has ben considered in line to reference [17].

The case for metal-n semiconductor would be discussed next.

3.2.1 Low Frequency Response

In this section we will see an expression for low frequency Shottky
barrier (C-V) relationship for a distribution of spatially uniform imparities
level. The mode of [17] is metal-n semiconductor Schottky potential energy

barrier is given below




where a¢ - barrier encergy

qi - energy of conduction band relative to the fermi level in the

seminconducior

ql,bf, ¢, - values of g deep in the bulk and at surface of the

semiconductor respectively

E‘I'Ez’E’B’Eu - absolule energies of decp impurities level measured

from conduction band.

dp{x)
dlbs

will be appreciable near the edge of depletion layer due to the change in

The quantity resulting from an incremental change of DC bias
electron concentration, and near points within the depletion region where
each of the impurity level passes beneath the fermi level. The integral

of %9}11(_2“)_ is the low frequency capacitance per unit area of Schottky barrier,
5 .

as shown in fig (2}.

From poisson eguation

-1
_ d dp?, _ - plx)
By Hz) ('a“;) [(a—;ﬁ 1 = € (1)

Integrating (1) from deep in the bulk y= r‘bf to the interface Y = ws

we obtain the electric fleld strength at surface of semiconductor
dy - (2)

and using the result with Gau@'s law the net charge per unit area stored

in depletion region, dg is
it o
o = E_=-ef32)] ) = [2e5 plh)dy ] (3}
- x=0 wf




29

The caparitance per unit avea of Schottky barrier, C at band bendin
W — 4., and at a froquency at which all the impurity level may respond
s i 4q ¥

in semiconductor is then obtained

dao cefd )
R (4)

i
s
The validity of {4} requires [17], g contain no appreciable contribi
ion from minority carriers, only effects of ionized impurities and majority

carriers charge.

The flat band capacitance per unit area Ce when we apply a voltage
which makes ws e fpf, i.e., p(!psi —>p [ fj = 0 can be obtained by expan
ing p{¥) in tailor series, and using (2} and substituting in (3), flat-band
capacitance per unit area

. do 3
tim S dp- -
Ce = el B Seod B (5}
- |
Fou, vy dy ad

In a range of band bending, where p(tpsl may show appreciable varie
ion, aver small changes in ws due to subimergence of impurity level at the
semiconductor surface asg il:s decreases, p(eps} will be dominant in determini

C in (#). Infact, it is this variation In ;;.(rps) which should prmit the use

of C-V relationship for Impurity Level Spectroscopy [18].

3.2.2 intermediate Frequency response

Let us now consider the c¢-V relationship for frequnecies of applied
ac votage at which one or more of the impurities level cannot respond.

Consider figure belop plotted again for four level system [17]
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As seen gi—ﬂ beconme appreciable within any particular portion of deplet-
jon regin mainly ;ecause charge change in a single impurity level, or for the
case of a level lying abiove fermi teve!l in the bulk because of change in free
electfon near the edge of depletion layer., Accordingly a portion of the total
law frequency incremental capacitance may be associated with area under each

of peak of the impurity level lying below the fermi level and with the electron at

the edge of the depletion layer.

The capacitance associated with llth, 3rd' an energy levels our four

level system for a single value of DC bias,
ik d 3 d 2 d
Cq:g a’-‘-dx CBZf d-*-*dx Czif d“— d)('and
5 X s X s
i1 3

that associated with free-elction change.

. w0 do

c, =/ Slax (5)

1%, di,

X, = (i:1,2,3;is} are naturally chosen point of minimum %%—J— {

5

The response time associated with each of the peaks 1 (1=1,2,3,4)

to an instantaneous incremental change in bias is given by

YT E AT | (7)

where Cn electron capture. coefficient
i

n; electron concentration when Ei and EF coincide.




Therafore from the above (7) condition
Ti e 32 << r3 < Tq (8)
I the ac frequency of the sum preimposed signal is w, (for convenience)

satisfies the condition {17].

N I
g w, < 2L (9)
' P

is applied then both Eth level and deeplying level cannot respond to the

ac voltage. Thus no change of charge will take place in response to the
ac signal of that frequency near points where these level crosses the fermi-
level. Then x = X, determine a plane parallel to the interface beyond which
{i.e., x> X; charge respond to the ac signal and for x < X, the Eth and

deep lying level does nhot respond to the ac signal).

If we apply an ac modulation voltage 6{1}5, at a frequency Wi, charge
change 6oi, occurs beyond Xi, In addition there is a change in ¢, 6o at
Xi change in charge is given by

- g_guf & = N
éoi = (d‘i’)""i' &b £8 E,l {(9)

from Gaus's faw

S = S+ xnE,
s i i

"
=5y + . ol I
"y LT
here X. =, S= = g o
I i E f ST (10)
" p oW
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Then the capacitance per unit ares at a fregbhey v,
H

“woo &G alhy T (1)

It capacitance CW may be characterized as being two series capacitor when
i
band bending greater than x;.!i GOCUrs.

3.2.3 Specific Impurity Concentration

In this section we will see how the general relationship derived so

far for the model would look ilike when all use specific impurities.

If we neglect the contribution of holes to the total space charge and
assume charge neutrality exist deep in the bulk of semiconductor and maxwel
Boftzmann stastics apply to electrons in conduction band and fermidirac

statics apply to the impurity atoms.

pix) = p () = gl Nifi{g;) % Niil‘fi(:p}l

d

7 . *qﬁi“wf)
= {é Nifi(wf) - g Ni[i“fi(lfff)h eXP{'“‘-"Efr—] (12)

where éNi and % N, sum overall impurities species which are donor

and acceptor species respectively.
probabitity of ionization of donor
1 .

fi(¢] = f{_rgi exp[*(q‘b—Ei)/kT] impurity species.

In the above case acceptor impurites are included for some possible
existence above midgap and of course to make the distribution generalize
Y%}, Using (12) for the total charge density for the model the total charge

stored in the depletion region is frorﬁ (3)
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1 — .
oy = ek o, BN e BN I [fi('\,iff}ifi[lpﬁ)i +

s o i d+a
L ag - - WU - 3ot f
I i Hifiu f) - NE“ fi“‘f” expl v} by (13}
atd, - el :
I S ing in uni kL
where u, - i band bending in unitys ol a4

The flat band capacitance Ce from {5}
o o (gt N

if it assumed that all donors are ionized in bulk i.e f{y) —> 1
or no acceptor or none of the acceptor ionized then Cf can be represen
as CD {as parallel plate capacitor of distance LB}. 1t is a convenient p

meter for normalization.

(15)

Then for the given charge distribution (12) the C-V relation for the ca:
of a number of levels and for a frequency at which all levels may respo

s0 catled low frequency capacitance using(13} in {3).

_ b
als s
. ¥ e - N Wy % kT
. e qUyNF(y )= & NI fiws)] d Nf(a*ff) A N L1- f(ll’fn e
: _q{v - )
(dzk"r)*{u LN, ¢ ci); NInlf 0 )75, (6) + L k"-r“““ ~11%X  cont
. 0? -Pf] y
cont. é NF D - TN D-f 0 )] Eexpiwr-f————] -11} (16)

and alse 1/¢? -~ V relation from {16}
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for targe values of ug e, U >> 1 {correspending to large values of reverse
biase voltage) and ¢ is large enough that fi(iys} ~=> 1, for all impurities

level {17} reduces to

Cp 2 -
Heghom ug 7w Uiy (18)
{- b N.lnf.(‘i’ }y o+ 2 N,f,(lff ) - b} N.[‘lv—f.(q’ 11}
where u, , = dra i i f d ii f a i it f
int N
d i

In a similar manner the intermediate-frequency capacitance-voltage
relationship can be obtained, for the given charge distribution (12} and

using (10} and (11}, would be given as follows:

U
Cs  Op i s du
GO TN B ) (o)
‘W, i 2 u, Iuﬂuing—u@(tp)}z

- ), by- X _ .

) exp(-u) [} NV~ 5 NI LAl - i, Nilnfi(‘P)
where uC(‘H =

i

X
d N
and
q {l?’—ll’f}
Ut TRT

C(I.,bi} = (%%lifl-) is the low frequency capacitance per unit area at a
' total band bending [tpi--tpf).
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4. DEEP TRAPS AND C-V RELATIONSHIP

Silicon always has some bulk fraps levels located in band dgap near
mid gap. Vhus, buik traps originate from resicgual impurities such as nickel,
iron, manganese, zinc, copper and gold that in device grade silicon, usually
have densities order of magnitude smaller than the densities of dominant
ionized donors or acceptors impurities in n and p type semiconductor [19].
A bulk trap must change occupancy by only one unit of chare, i.e in changir
occupancy the charge state of donor-type trap can go from neutral to one
unit of positive charge and vice versa or for an acceptor type trap from

neutral to one unit of negative charge and vice versa.

Not only deep dopant levels affect the C-V refationship of Schottky
diodes as discussed previously but also deep traps in the bulk would affect
the relation.

In this section we will consider, how charging of deep electron traps
would bring a change in observed cpacitance from static point of view within

the depletion region of Schotiky diode.

The model of [20] of Schottky barrier dicde for this purpose is given
below where (i) depits the band diagram of metal n-semiconductor with the
trap energy level and (ii) shows the distribution of trapped charges and

space charge is depletion region.
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where ND,Ht ~ shallow donor level and trapping level density
EF,Et - fermi-level and trap level energy
VD’V - diffusion potential and applied bias

£ -~ position of fermilevel deep in the buik below conduction
band

n - position of ET below conduction band edges

W,I - depletion width and place where fermilevel cut trapp levels.




The application of small voltage causes some of traps levels to move
with respect to the fermilevel at position x \::FL where trap levels crosses
the fermilevel, this owuld change the occupancy of the deep trap levels
which result in moditication of depletion layer charge distribution which

affects G-V charactersitic {21].

If we chserve the static processes, using poison equation

2
@ = - 2 NNy) 0 < x < 2
(1)
2, -
b=ty B <W

Using boundary condition E = 0, ¢ = 0 at x = 0 end depletion layer

o= & - 2 .
b= 8 (NG-NpIx 6 < x <5,
N 2 ‘\lT 2 (2)
- X . £ PR ,
,,P:,%{Dz Nopix 4 5 L<x W
And using condition ¢ = V-V  at x = W
| - (3)
b= x=u ol
- (€ -n} ¥
g o= )t
et~

As voltage chénges by AV, the corresponding capacitance for incremental
Ty

charge AQ, given as low frequency capacitance'

ef AV W l-s/m 1-s/m
where ' C, = £ /W high frequency capacitance v
s = Ny /N compensation ration

m = W/L
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The incremental capacitance AC = C . - €, :
0 C

[at]

C=C Cpm v —C = . N— 5

T - sfm mi/s -1

The dependence of m on applied biase can e found from eau. (2} of Ing
part and subtitued in (5} gives us the dependence of incremental capaciti

per unit area as

AC )
ﬁ: 182-S+u{1-8})

where p = _(n\iz"w dimenfihless energy parameter

Modification of ‘CroweiI~Robert Model for P seminconductor

We derive C-V relationship for metal-P semicqnductor using Crowell-
Robert model f17] for metal-n, Semiconductor contact. We assumed the
effect of minority carrier are negligible for the contribution of space che
charge neutrality exist deep in the bulk, that fermidaac statistic holes
apply to impurity atoms, and Boltzman stastics apply to in the valence
band.

The charge distribution is given by

o (x) = T ENO-F,0)) = § Nifw)

~aly ¢)
- NO-Tl ) = N D) e THT

Za Ni are sum over donor and acceptor limpurity species

1 qy-E,
fly) = 1/at -f:— exp(miﬁ.—i

= probability of ionization of acceptor impurity.

d

from equ $0 ﬁéthe total charge stored in depletion region is




PP S e A
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and the reciprocal of nomalized capaciiance sgquared is given from equ

as . .

§ .{_(11 b U
Cp? 2L Njbu FN; 4 wWin gyl t (] {%HW%ZNJWHm‘
Sot _2ENCUE N dia T A LA RO 10

G, N =R ) - § N -0 ] NRG - 5 NREe '

The result Is identical except trivial substitution d ~> a, a —> d change

in fi[‘l’) and in sign of u_ here down in p type but up in n-type.

The model we used is given in the figure below. where ¥ = hole potential

energy. V. depth of E, from fermilevel, L!)S pand bending at surfaces,

.
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for L oemcunducior

Modification of Zaidi-Jonsheer (1987) [201 Rasult nicond

The model ¢ 2 Sohottky deds metgl-D semaconductor adopied for

the present analysis is given below in iine with td, Where NT is the densi
of traps (hole}, Na is unfiorm density of shallow acceptor, Ep fermi eﬁérgy,
V and Vd are applicd and diffussion potentlal, 5. andg position of hole

trap and fermi level above Valence band and A‘:‘a‘s simall-signal displacement

of transition region. % is position where trap level cut fermi level. Fig(a)

energy band diagram (b} space chare distribuiton
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We use static analysis as done by [20] to show the incremental capaci

tance due to chargine gof traps.

From poinon equation

aty _ -p(:)

dx? €,

d  -q,. [Np-N_] 0 < x <4 1
ant © /Es T a

x|

ax? © *q/aswa 2 x < W 2




Using the boundary conditions g"‘g =0, % =0 8 x =0
l‘-l-r 22
o= ag, (N x2/2 - N i { e ] 2 < W 3
JES @ T 7
poo= -w%s{r\z.ﬁ;-wa} %2 {2 2< x <0 y
and at x =W ¥ = V -V and at x = ap:f’aéfz
N w2 -+
= V-~V = a - NT
P T e S o qp NpWoq, S i
n-4 _— - ) '
i q,%(s«s.T N_) 22/2 6
AE :
- s {n-5)
from equ. (6} & = 57 iNath)

from eqgu. (5} ~dV =q, (N 2W - N_2)W gives us the increment in width
!es a 1

for slowly changing applied biasa, and correspending increment in charge.

AQ = g, AW

and resulting capacitance under this biss is low frequency capacitance CL
f

gives as
‘ siW
C = {}.5_). = 7 Nu -
Ay - S
Haw

and the high frequency capacitance Ch T Egy for fast changing applied
S f W

biase is the same as in the absence of traps (holeg)., We may write for

the incremental capacitance AC as c, - Ch
' °f f
€ £,
C - - ...’?L’ﬂ.q -1 = n;’!_EL 7
e M is/m
m{s-1i
N

. W N
where i = Kf*’\' 1, 5 =4 <1
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We can solve the dependence of m on applied biase V through W from eq.(5)
and substituting in (7} we obtain incremental capacitance per unit area

due 1o charging of traps,

AC S
S - S + p(1-S)

AV ~V)
where p = BT

The result is same as obtained by [20] for n-type case.




CHAPTER I

FXPERIMENTAL EMTHOD

In the first part of this chapter, fabrication of the sample {metal-
semiconductor centact) using Edwards 306A Vacuum chaber coating system anc
the nature of sampies are given. Oxidation and cleaning processes are

included as subparts,

In the second part the features of the measuring instruments such
as LCR multifrequency meter, PA meter and DMM (Digital multimeter) are
discussed. The chart of the measuring instruments interfaced with the
computer is given in App(l) and HP-IB (Hewlett Packard - Interface Bus)
commands pertaining to each measuring instrument are given in consecutive

appendixes.

in the third part main description of software programms which we
have lost considerable time of the work are given in brief, also included

are technique of measurement set up and collecting data.

1. FABRICATION OF M-S CONTACT
Samples were prepared from commercially fabricated hyperfine silicon
wafers made by Wacker-Chemitronic GMBH Company (West Germany), labeled

as: Wa-No/Pos 048313/001, Prod. No. 55.60-1. Data supplied with the wafers

were as iollows:

Polished One side "
Growth Fz i
Diameter (mm) 50.8 "
Orientation <Hit 106>
Off-Or(deq) 2.510.5 "
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Thickness {pimn} 280120 "
Resistivity {chm-cm) 7-3 100
Type P/ PiR

The contact metal used is aluminium. Silicon wafers were placed
in 306A Edwards vacuum chamber and aluminum (A%) deposition were made
on the wafer by evaporating A} at g pressure of 6x10 ° mbar. The thickne

of the aluminium deposited was measured by using fi#m thickness monitor.

Variation of our sample is in resistivity, orientation shape and areg.

of top contact, thermal oxidation time ior growing sioz laver.

Specification of sample prepared according to the above condition

Shape of upper resistivity oxidation
Sample No, contact Orientation ohm-cm time{in)
1 Grid SRR 7-13 .
2 Grid <Hu0> 16224 L
3 Grid <100 100 s
1/ Circular mask <111 713 L
5 Circular mash (119> 7m43 13

6 Civcular <130 180 -




1.7 Predepositon Cleaning Process

Since the wafers have been plapt for o longer time in the laboratory
various contaminations are possible during handling. Since there were
no set of cleaning materials, we used the available and simpler chemicatl

method.

Some of the wafers were etched using #0% concentrated HF (for remov-
ing inorfanic contaminants on the surface} followed by washing with distilled
water for removing the remaining HF and the we use Acetone. for drying
the wafer. All cleaning process were done under fume-chmber (due to

high poisoness nature of HF) in plastic container {Since HF attack glass).

1.2 Oxidation Process (5")2 Formatin }

For investigatingof small thickness of Interfacial layer of Sio,, some
of the wafters right after cleaning were taken to the furnace for growing
sio2 layer on the wafer at different iemperature. The wafers are kept
on a ceramic plate, which can resist heat in the working temperatures.
The source for oxide formation was used atmospheric air which enters to

the furnace in the back air inlet opening. Since there was no available

facility for measuring the grown oxide {sio?) as

i} weight gain method
it) ellipsometry
iii} multiple beam interferometry, etc
we have used the chart prepared by {21], for the approximation of the

thickness.
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1.3 Evaporation 3ysiem

Thin or thick film fabrication by evaporation is most conveniently

introduced by looking at a proto type evaporaiion system such as one given
-5

below whichk resemble ocurs., A vaccum chamber evacuated to 10 7 topr

or better, contains a vapour source for example a resistive wire and sub-

strate (wafer). The material to be evaporated for the contact (evaporant)

Is in thermai equilibrium with the wire. When the vapour source is heated, f
or example by an eleciric current the vapor pressure of the evaporant
becomes substantial and liberated atoms are sent out into the vacuum chamber

and stick to the substrate whare a thin film is subsequently formed [22].

T g

e R

[' ¢ ;
.} '
i e SUbgtrate
i | meomvrrr——— -
S . , f
l X . ' ' ﬁ'
Vacuum g : . z;
ichamber . e D o i
K A Evaporated
: e ‘ . Species
' : 4‘0:'5:1' ‘: ;E
H
T~ Vapour ,‘

. L ) [ - source

Fig (1) Principleé design of an evapouration system

Pump
R +

This thin filsdeposition can be regarded as consisting of three different

-

steps,
i} the first involves transition from a condensed phase to vapor

phase of evaporant. T‘heoretically, this can be described by Thermo-

dynamics of phase transitlon.
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i) The second step is the vapour transport from the source to the
substrate which can be eccounted for interms of kinctics theory
of gases.

iti} The third step is the condensation of vapor on the substraté‘

and ensuing film growth.

2. EXPERIMENTAL TECHNIQUES

2.1 Feature of Measuring Instruments

The set up of our meaéurlng instruments interfaced with the computer
system is given in App(l)., Where LCR multifrequency meter, pA meter
and DMM (Digital multimeier} are used te take C-V and |-V measuremants
of our Schoitky diodes controlled by hp $000/310 computer having memory
of 2MB.

Measurement can be done at high and low fregquency ranges. For
high frequency ranges, C-V measurement hp 4275A LCR multi frequency
meter and for |-V measurement hp 11408 pA meter/DC vditag.e source are
used. Low frequency C-V measurement can be done with hp 4#140B pA
meter with ceriain modificatio of the instrument test fixture, due to some
problenis this had been done during the period of the work so we have

omitted this part of measurement. }

2.1.1 LCR Multifrequency Meter

The hp Model 4275A Multifrequericy meter Is an instrument designed
to measure impendance, capacitance, inductance, resistance, dispation factor,
qguality factor, conductance, sucepiznca, rerctance and phase angle of circuit

elements in 10 ~ fregquencie; 10,20,49,100,200. and 400 kHZ, 1,2,4, add
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10 MHE; in our measurament we used its capacity to measure capacitahce.
The range of capacitance i1s from, 0% f farad to 1299.0 micro farad. The
instrument has buiit in programmable Bipolar 0C powaer supply funcitoning
in biase range 35V, The ten iest signal frequencles have a frequency
accuracy of 0,01%. The test signal is & sinsodial signal and can be set at
desired amplitude in the range of Emvrms to 1 Vrms by the oscillation level
control aqd multiplier button. Tﬁe LCR muitifrequency meter can be remote
controlled via HP-IB remote commands from a key board and can operate as
Listher and Talker. Its HP-IB adress was Qet to be 717, Thé essential HP

remote command codes for the LCR meter are summarized in App(li)

2.1.2 pAMeter/DC Voltage Sourca

The hp Model 41408 pA Meter/DC voltage source comprises a high stabi
-15

pA (pico Amp meter} with 10 A rasclution (Max) coupled with two progra

DC Voltage Source (V, and V). The pA meter has a basic accuracy of 0.5
over wide measurement ranges. One of the two programmable DC voltage
source {VA) can operate not only a programmable DC voltage source but
as aunique stair case and accurate ramp generator., The DC votage source
has ati output range of 100V in 100 mV steps or *10V in 10 mV steps and
their amprate can be set from 0.001 V/sec to 1V/sec at ,001 V/S resolution
Each of the DC voltage source has a current limiter to avoid damaging of
the material being tested. The model can be set to measure current (1) as
a universal pA meter. - The measured current and capacitance displayed in
Display A and applied bias in Display B. _
The hp Mode! 41408 pA meter/DC voltage sdurce interfaced tc hp model
9000/310 computer as shown in App(1). Its HP-IB adress is 727 and can
be remotelly controlied via HP-IB command from a key board and can operate
as a Listner and Talker. The essentlal HP-IB remote commands codes for
hp Model 41408 pA meter are summarized in App (ili).
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7.1.3 Digital Multimater (DMM)

The hp modael 3478 A Digital Mulilmeier {DMM) iz able to measure voltage
and current both AC and DC, and resistance. |t has a display section wher:
the measured value with the unit is displayed, It is able to make DC veit

measurement five ranges 30 mV. 300 mV, 3V, 30V and 300V.

In our work DMM is used as a DC bias monitor of the sample kept in
the test fixture of LCR meter. The DMM is interfaced with the hp Model
9000/310 computer as shown in App (11}, Its HP-IB adress is 723, It can
be remotely controiled Via HP-IB command from the key board and can opérat
as falker and Listner . The few esential HP~IB Remote command codes for

hp-model 3478A DMM are summarized in App{IV}.
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3. MEASUREMENT TECHNIQUES

3.1 Software Prourams

We have develoned o variety of sofiwerc programms for pA meter/DC
voltage scurce for i-V and Quasi static ©-V meidzursments using HP-I1B rem¢
command codes of App(ill}. And obo for LCR multifrequency meter for N
C-V measurement using the HP-1B command of App{ll}. In both cases

a main software programms were developed consisting of different subprogre

Each subprogramine has unique purposes such as

i) to take 1~V and C-V measurements. Each respective devices unde
remote control ’would be set for the required measurement under HP-IB
commands, this time they are set as Listner., When they are triggered
to start measurement from ramote they act as talkers (give measured values
Then measured values would be kegt in the memory of the computer as

one-dimensional array e.g (1{*),V(*) and C{*}}.
e.g. 30 SUB Measure(NmE{‘A‘),V(*",Low,upp,Fr,Si}

ii) To plot experimental resull. Thé_ measured value stored in the
computer mamory would be plotted as requirved i_;y the statements in the
Motting subroutine.

e.g 40 SUB plot array [N,i(*),\{(*),Low#upp.S&k,Fr)

iil) To pring the data and graph. The measured values and the

resulted graphs can be printed by the interfaced printer Hp model,

HP-1B address 701.

e.g 50 SUB Pring {N,1(*},V(*),Low, upp.s$, Kk, Fr)
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A!'i%’:gugh the above is the siructure of the main programme for taking
measurement, commands which check the ssurdey of the data of hp Model
1408 pA Meter such as "serizl spooling” and zero offset command for dnsuting
zero siray aoxitance are included depending on the situatien. Ofcourse,
subprogramms for least square fit and others are aslo incorporated. T%e

least of the programms we developed are found in App(5).

3.2 Measﬁmment Procedure

in this section we would try to discuss the method of collection of
the data for 1-V and quasistatic C-V measurement using pé meter/DC voltage

source and C-V measurement with LCR muitifrequency meter.

3.2.1 pA Meter/DC Voltage Source (I-V and Quasistatic C-V)

1-V and Quasistatic C-V measurement using pA meter is taken in
dark. This is supplied by using hp Model 16855A Test fixture made spacia_ily
for pA meter, Since there was no manufactured sample {wafﬁgr H;ke) holder
which could easily ;‘l(ﬂd the wafiggr, we have fabricated our own holder.r
It Is comprised of a f!a§ copper plate for an oﬁmlc contact oﬁ the substr‘até
part of the wafer and short sharp conducting point of copper wire to contact
to the upper part of the wafer. But no facility to contro! the contact pressure

L X
was included, it was done by simple touching.

i) i~V measuremént
The bias supplied by single stair case generator {VA) of pA meter
to the sample is displayed on ,Dispiay B and the measured current on Display
A, These measured values would be stored as one dimensicnal array in

the computer memory and fusther develgpment.: can be done by using the

software programme.
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©3.2.2 LCR Multifrequency Meter

We used the LCR multifreGuency meter hp Model 4041A for rclatively
high frequency measuremant, siarting from 10KHZ. The sample placed
on our fabricated sample holder is connected to hp Mode 4266 test fixihre
disigned specially for LCR multifrequency meter. The programmable built
in Bipolar DC Voltage source Is used to btase the sample. The desired
.test signal frequency, amplitude and biase Is sot from the key board via
HP-1B remote commands of Applill). The measured capacitance andrvoltage
across the sample are displayed on Display A and Display of LCR multifrequ
meter and DMM respectively. The measured values are stor;ed in the comput
fmemory as one dimensional array of cacitance (C{*) and vc;tage {(V({*)),
which can be developed for plotting and printing using the software:’ progra
developed using HP-1B remote commands of LCR multifrequency meter of

App(ll).




CHAPTER IV

EXPERIMENTAL RESULTS AND DISCUSSION

On this chapier we present the experimential result for different
samples. The IV curves with associated LOG(1)-V curves for forward
current for the measurement of barrier height is presented, while only for
two samples the C-V and ’%ci-v curve is presented, because out hp mode}
4275A LCR multifrequency meter shows COF (capacitance over flows) signe

in the rest samples.

In the second part discussion in reference to the result with comparis
hetween sampies in resistively, area of top ohmic contact, and obtained resi

are discussed.

1. EXPERIMENTAL RESULT FOR I-V MEASUREMENT
The measurcment represented are description of samples -V plot frorn
-10V to 10V and Log{!)-V plot of forward current from .05 to 10V. The
intercepts on log{!} axis were from least square fit method for the evaluat-
ion of saturation currant and barrier height. At the end of this seciton

the -V data and least square for selected ragion are attached.
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2. EXPERIMENTAL RESULT OF C-V MEASUREMENT

Experimental result of C-V messurement are presented only for
Sample No. 1 and No, 3, because the capacitance of our samples as n}entioned
eartler were beyond the capacity of our hp model §572A LCR multi frequency
meter. In this saction we presented the experimentia result of C-V and
1/C%-V curves of the above samples for different frequencies of super-
imposed ;signal in the biase range -0 to 19V. Also a single gf" -V
curve is presented for different frequencies In the blase range -1.5 to .5
for the evaluaiiogof barrier ﬁeight and active doping concentration. A least
square fit me%horj was used for the evaluation of cphB(hole barrier ht} and
Ng 8active doping concentration}. With the experimental result (curves)

specification of the sample as previously done, voltage axis intercept and

slope of 1/C2-V are given.
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3, DETERMINATION OF BARRIER hi FROM -V CHARACTERISTICS

In this section the result of 1=V curves glven earller for different
sampies are presenied.  Here Al-nSi junciion was forward biased by putting
& negatavie voltage to the metal. Logf{l)-V was plotted for blase ¢.05 to
18V, A least squaref It method is used to find tha saturatin current. From

.

the known area of (A) 0.2 cm? and assuming the Richardson constant (A**)

. o 3¢ A : . . ~
for holas [23] cmTi we then derive the barrier his for holes (Q?Bh}

P = %EIH(AA*“”TH-—M!S} av

The result of the ¢Bh for thesamples were

Sample No. 1 = 0.5 eV Semple No. 4 = 0,59 eV
Sample No. 2 = 0,56 eV Sample No., 5 = 0.52 eV
Sample No. 3 = 0.56 eV Sample No. 6 = 0.57 eV

in all cases as we observed from |-V charactaristics the dlode shows
good rectifing nature. Comparison of our resuits to theoretical I~V curves
reported in literature has nhot been done, since ohserved ldeality factor has

ne agreement wiith results reported in literature.

4, DETERMINATION OF BARRIER HEIGHTS FROM C-V CHARACTERISTICS

C-V and 1/C*=Vogurves is measuref for different frequencies of the
éignai. For 1/C*-V curve which waere plotied for single frequency, fé_é_st
square fit has besn made and voliage axis inté;rcept gives (diffusion- potential
VE}' From the distance between the fermllevel and valence band {Vp}

expected for our sampias and corvecting factor kT/q aives the rasult for

the barrier hts of holes as




¥

Ygn = Vp Vp t KTy

Sample No. q’Bh {aV} . Frequency (kHz)
3 9,66 e
8,62 20
6.6 &0 -
4 0.56 10
0.52 20
0.50 ‘ 490

From the slopes we found by least square fit for -é,— ~ V curves we find
. : - 2 N
active doping concentration { NB) of the semiconductor as HB = a'é-:s_ﬁp o -

For different fraquencles the value of NB is listed below.

Sample No. Ng(wulcm”) . Frequency (kHz)
3 : 15.5 : 10
§.13 20
b.,77 40
6 . 3.18 _ 10
2,54 | 29
2.94 49

The least sqyuare fit reault is attached with C-V measuremants.
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5. DISCUSSION

From the result of [-V characteristic of Sample No. #, 5 and 1, from
point view of the iop coniract area, The series resistence effect Is much
pronounced in Ne. 4, and decreasas In No, \5 and less In sample No. 1 as
discusged by SZ&I{ZQ}. This.has resulted in the different barrier hts'fpr the
samples, due to ths shape of top contact areas, despite the fact that they

have the same nature as given in their specificalton,

From the result of 1-V characteristics of samples No. 3 and No. 2,
the measured barrier hts are the same which shows the independency of
the barrlar hits on doplng concentration for non-degenerate semiconductors

as reporied by Archer and Yepl25].

For sample No. 1 and 2 which differd in orientation as spacified in
their specification shows two typical I-V characteristicé for sample No. 1 .
the I-V curve shows saturation for biase greater than +7Y, this may be
due fo space charge limitation effects as discussed by sze [26]. Sample
No. 2 i-V curves shows nonsaturation nature of reverge current for
VR > 0.3V is due to generation current in the depistion region, since image
force lowering assumption gives nonphysical image force dielectric consiant

at room remperature as reporied by Yu and Snow [27].

The last‘part remain to discuss resulis of C-V characteristics of
Sample No, 6 and Nos 3. In both ceses the C-V dependence on frequency
ié identical, i.e for the forward blase the capacitance decreazss as o
frequency increassd and reverse happen for IfC’-\! cuyrve in the revarse
blas region. Both Indicates the fact that charge carrlers, deep impurity

levels (acceptior}, traps would follow the low signal frecusncy ard reach




te equilibrium jonization state which could contribute 10 {he depletion tayer
charge, this hes been also discassed by Ricolllon and Brews [987. Observed
inear nature of i/C2-V curve in the reverse hiase region is also discussed

and reportsd by Crowell and Robert [2{].

Barrier his from €-V measurement on the average for Sample No.6

and No. 3 are 0.52 aV and (.62 eV respactively,

Barrier hts from i~V measurement on Sample No. 6. and Ne. 3

are are 0.49 eV and 0,56 sV respactively,

From pelegy of information givéns by sze [30] whare evaporated Al
uit deposited on Vacuum-~cleaved Si alve ¢Bh for hole as 0.58 eV,

L




Ge

CONMCLUSION

Our modHfication of Robart and Crowal (49 and Zahid and
Jonscher {29} model i deep impurity level and daep iraps of metai-n
semiconductor respectively for the purpose of the present work on metal-p
esemiconductor Schottky é‘iﬁées observed to be in agreement with expat:iemental

raesult.

It has been established that the barrier helght of vacuum deposited
Aluminium on p Siticon is relatively high*(0.49-0,65 V). It has also been
© confirmed that the barrler obtained uder these condition dpends on frequency,’l
and the barrier height msasured using both -V and C-V methods shows
a maximum difference on the average *,06 eV. It has also been confirmed

that active doping concentration decreases as frequency of signsl increases.

The fabrication of Aluminium junciton to nonocrystalilne silicon was

successfully carried throlugh and technolegical application should be studied.




- : S
REFERENCE
CHAFTER 1

1. F. Braun, "Uber die stromletiung durch Schwsfelmetalle™, Aan. Phy.
Chem., 153, 556(1874) |

2. 1.C. Bose, U.S Potent 775, 340 (1304},

3. A.H. Wilson, "The Theory of Eiecironic Semiconductors,” Proc. R. Soc.
Loitc. Ser. A, 133, 458{1931}.

4, W. Schotiky, "Halbleit ertheorie der Sperrschict,” Naturuwlssenchaften,
26, §43{1938), z. phys. 113.

5. C. Wagner, Phys. Z. 32, 641 {1931}

6. E. Spenke and W. Schottky, Wiss. Veroff. Slemens 18, 225(1938).

7. N.FE. Mott, Proc. Camb. phil. soc. 34, 's68 (1938) Proc. Roy. Soc. Al71,
27 and 744 (1939). : ,

8. B.J. Davydov, Phys. USSR 1, 167 (1939]), 4, 335(1941}

9, E. Spenke, z‘. phys. 126, 67(1949); z. Natur. 49, 37 (194¢).

10. P.T. Landsbarg, Proc. Roy. Scc., Lond A206, 463(1951).

11. P.T Landsberg, Proc. Phys. Soc., Lond B68, 336{1955).

12. R, stratton, Phys. Rev. 126, 2002 §1962).

13. F. H. Padovanl and R. Stratton, Solid State Electronics 3, 645(1966).

14, J. Bordien, Phys. Rev. 71, 717(1947}).

15. J. Bardeen, W.H. Brattain, Phys. Rev. 75, 1208 (1949},

16. H.C Torrey and C.A. Whitmar, Crystal Rectifiras, McGraw-Hill, New

York 1348, _ )
;; 8.P.KOSMNGE, MLSc. Thesis, Uni. DAR B3 salaam, 1918

18. M.M. Aiwlla and R.W. Soshea, Solid State Elecironics 6, 245(1963).
19. A.B. Phillips, Transistor Engineering, McGraw-Hill, New York, 1962.
20. V.L. Rideout, Thin Solid Films, 18, 261(1968).

21, J.A. Hoerni, lve Elactron Dovices Meat., Washington, DC., 1960,
22. M.Tanebaum and D.E. Thomas, Bell Syst. Tech. J., 35, 1{1956).

23. H.C. theuerer, Proc. IRE, 48, 1642{1960),




Bé
28, H.S Valaric ond M. 8. Prlnce, Boll Syst, Tach, J., 26 97581957),

25. W.W. Guriner, Transistors, PFrincipile, Design and Application, D. Van
Nostrand, Princeton, N.JS., 1969,

FIEH

26, S M. sze, Pnysice of Semleonductsr Devicas, Wiley -~ Intersience Editic
1981, Paas 299.

27, d.¥Y. Long. §. Appl. Phys., 45, 301a8{1974),
28, G.l. Roberts and C,R. Crowell, J. Appi. Phys., &1, 1767{1970). -
29. E.H. Rhoderick, J. Phys. D: Appi. Phys. 5, 1920(1972).
30. E.H. Rhoderick, Meatal-Semiconductor, Oxtord, Cilarendon, 1978, p. 19
31. S.S. Simeonov, Solid State Electron, 27, 1035(1984).
32, C. Barret and P. Muret, Appl. Phys. Lett,, 42, 890 (1983}..
33, J., Werner, K. Pl'oog and H.J. Queisser, Phys. Rev. Lett., 57, 1080{1
34. Shahid H. Zaidl and Androw K Jonscher, Semicond. Scl. Technol., 2:
587(1987).
CHAPTER il - 1V
1. H.H. Bethe, MIT Rodiat. Lab. Rep. 43{(1942).
2, W. Schotthky, 26, 943(1983),

3. C.R. crowell and S.M Sze, Solid State Electron., 9, 1035(1966). _
T. Seymour, Biechronic Devces ond compinents, Lo GMAN Edetidn

p Page Fi~ 80
5. 8.M. Sze, Physics of Semiconductor Devices, Wiley-lnterscience Edition,
1981, page 247. ' )
6. S.M. Sze, C.R Crowell and D. Khang, J}. Appl. phys., 35, 2534(1964).
7. A.M, Cowely and S.M. Sze, J. Appl. phys., 36, 3212 {1965).
8. J. Bsrdeen, Phys. Rewv:, 71, 117(1947),

9. E'.H. Rhoderic, in K.M . Pepper, Ed., Inst. Phys., Conf. ser,, No. 22,.
Institute of Physics, Manchester, England; 1974, p.3.

11. C.R, Crowell and S.M. Sze, Solid State Electron,, 8, 979(1965).
12, _ . 4. Appl Phys., 37, 2685 (1966).

23. E.H. Nicolllan and J.R. Brews, MOS Physics and Technology, Wiley-
Intersclence Edition, 1981 page 102.




i,
15,
16.
17.
i8.

15,
20.

21,
22,

23.
24,

25,

26,

27.

28,

29.

30.
3i.
32.

33.

HE

. Bacearani, J. Appl. Phys., &7, 8122(1876}.

C.Y. Chang and 5.8 Sze, Solid State Electron., 13, 727 {1970},
F.A. Padovont And R. Stration, Solid Stats Eieciron., 9, 695(19686).
G.1. Roberts and C.R. CroweHl, 1. Appl. Phys., 41, 1767 {1970},
P. Muret, Semicond. Sci. Tachrol., 3, 321(1988).

-

E.H Nicollian and J.R, Brews, MOS Physlcs and Technology, Wiley-Interxc
Editlon, 1982, Page 112.

Shahid H.Zaidi and Andrew K. Johschar, Semicond. Sci. Technol., 2,
587(1987}),

B.E Deal and A.S Goove, J. Appl. Phys., 36, 377 O(1065).
L.1. Maissel and R. Glang, Hend Book of Thin film Technology.

S.M. Sze, Physics of Semiconductor Devices, Wiley Interscience Edition,
1981, page 2863,

5.M. Sze, Physics of Semiconducior Devices, Wiley interscienca Edition,
1981, page 300,

R.J. Archer and 7.0. Yep, J. Appl. Phys., 41, 303{1970).

5.M.Sze, Physics of Semiconductor Devices, Wiiey & Sons Edition, 1969
page 421, '

A.Y,.C. Yu and Snow, J. Appl. Phys., 39, 3008 (1968)}.

E.H. Nicolllan and J.R. Brews, MOS5 Physics and "?echno!ogy Wiley-inter-
Science Edition, 71987 page 118,

G.l Roberts and C.R. Crowell, Solid State Electron., 16, 29(1973).

S.M. Sze, Physics of Semiconductor Devicas, Wiley-interscience Edition,
1581, page 291.

N.W Aschcroft and

D. mermin, Solid State Physics, Holt-Saunders
International Ed

N.

dition, 1981,

P.S. Kireev, Semiconductor Physics, wmiR Puplisher, Moscow, Ind Ed.
1978. '

[

S5.M. Sz¢, Physlcs of Semiconducior Devicez, Wilay Interscience, 1981.




1L

APPERDIR |

SET UP OF MEASURING INSTRUMEMTS IRTERFACED WiTH THE COMPUTER

i | B _CRE(L)
"1 Computer
PRINT wesreem 1 monitor
ER  rsnc e 9000/310
hp

#701, PRT(2)

key board

1. Main hp 9000/310 Computer, color monitor, CRT 1

LDém _J
e by 34788

A

1 aag 723

L??l 2 ,__;E%% 3

I A pA
LCR
Heter

hp 42753

- add. 717 bp 4041 B
add 727

2, hp 4275A, LCR MULTIFREQUENCY METER, Add., 717

3. hp 46MB, pA METER / DC VOLTAGE SOURCE, Add, 727

4, hp 3478A, DIGITAL MULTIFREQUENCY METER, Add. 723

5. KEY BOARD, hp
6. PRINTER, hp

, Add PRT 2 or # 701
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APPENDIX TH

HEMOTE PROGRANM COMMAND COBES

hp H0R1B pA Meter/DC VOLTAGE SOURCE [34]
e
- JGONTROL ] PROGRAM CODE
FUNCTION § F1
-V Fz
.7 "'2 “12 i .
LIMET 10 "A 10 "“A H0Q2 H12
AUTO RAGE
Intgration SHORT, MEDIUM 11, 12
time LONG f3*
| TRIG P NT, EXT / MAN T1*, T2
SWEEP AUTO START Wi
CONTROL MANUAL w2
PALISE W3
ABORT W7
VA MODE rwf‘“'-’ Al
o
e A3
e
-
mf’j L\JL"’L,. Al
VB MODE T Bi
VAI Limit T00uA, tmA, 10mA 1%, L2, L3
VBI Limit " H " M1*, M2, M3
Zero set FA
e . ke
SRQ OFF, ON{1}, ON(2}) DO*, D1, D2, DY
Mask ON{(3) .
TRIGGER E
KEY STATUS K




APPENDIXY IV

RMOTE PROCRAM COMMAND CODES
hp 3478A DIGITAL MULTIMETER (DMM)
| TYPE | DESCRIPTION _ PROGRAM CODES

Function DC Volts F1
AC Volits F2

DC Currents F5

AC Currents F6

Digit display | 31 digits N3
d 4% digits N4
5% digits NS

Range Auto range RA
30 m\'! R-2

300 mVv




%y

A peb oz BRI doffevvs fieoueccias :
T (XY nEwi=b s by X | iy 3 TUARG WR 0T RETrDR
A TRy
Bk
'y}i::
o A A A S A TMmonw omanw grog oo R

: L FYTE

g Vo mrp I WMo 8% 00 Fy
0 o -

TOPW L s TG TE -';"1;‘.1'].' [-T‘THE‘ﬁq T WA PG Mg s

17 . x crp i e S b ey dlpe 2% 08 T
=y - A LE * Tt o
Y44 FE ¢ MR mgy Fpea o

[r]

PREAIT ACGUDIE TREMTS U Tae

‘.
o

: PEMOTE 7
el ke i R R TS R Rl Pt YR 3T

=

ORI v eepy
3 REMDTE Mol
TOIFPHT 9% KT TG
THIPIFD Bain oy

[P R S e

!

IO AN B 0 B e e O 6
i3
L=l
o=t
xo.
o v

B Ttiﬁﬂ"' BT ooy Mler28 Topes 1'-1-.(-
. - ~ T bl 3 .
d ”CEf““W FUEMITNGY B¢ VIGUBES Ih THE DRACYETTES .

1= 4T
g
‘o

-

>

5

HIALHe 1l
”QﬂﬁhﬁzflGE

L)
R
-
i
3

4P EOTTHTE PRESS P londywne  EEYY

R
o
"
-

e
3

L

o T3 fpfatt on T aeqmth o f oy LT ] JO B P N 11
PRAE =M Slpaet cLon BN HAiippet Uop it

00 THEL
YRRV Fr o HOT ANRTLAPLE | T

d E

a JiT 3
{: :'_:«-"u"!"! T E’,
a 3

f

DT D

=)

=7

PEINT TAG/Y(£§ Eais "Fragh Ey

L B B bt R AE Ce Gat Gab bad 10 tap L 3 B 6D R R 4D 1 LF L

Y T el B 1 D g D o0 00 T Y I ) B e D e 0D

f FreeMPUiOnl iy
f QITPUT 1T rrs
R AL S A .
e FreLogetTo bt one o+ ilnp. Loy o
430 L
44 PesUALE L adil
A6 BaazesEL GIHELNG_ L0
CagE QUTPIT ~17 By et
474 AITOHT T age
480 EMTED 7170 § ’
499 CTE G Talh THEM
& Ay 15 5
€10 IEED
IO GO RO ,
SxG L EMDIE
540 . ATERE
%0 CHTEE TD7 T
G Do Tre 0T 01t
) DIER veezsar spepon ! INTO TEANT - Yean !”;EJ”Uﬂ“;”?I!J” AR B
s26 MEVT 3 _
can AL S '
& rereiTe
B AR}
26 SUREML
SR Dt § = B B e S I U B S R R o s T M




FEER T

e B e EPRT NG, LOWNPE, R R ET

Plieeen L %9

‘6Bl - UrEupdRY- 0,120,24,100
890  MIHDOW Lowdfpp,0,'e
200 . AXES (Upp-Low)s20,Us720,0,0.5.5
10 C PRINY “"RIUA™ {Upp-Towl 20" U CAP. DIUsY 14g /00 Mg
220 Pent: : ' .
g PEM ¥ -
FOR Tel TO b
gare L1
PLOT Q4T 0T
. HOUE UOTY 8 .
. ONEXT T : .
.. . PER 1 . ‘ .
L FRAME .
SUREHD '

[P




ag
100
110
120
13N

LR

149

159
1eQ
174
188
a4
204
210

229

230
2440
25819
266

220

., 280

290
300

210

324

)
340

2540
30

R0

280
3190
449
410
420
430
440
450
460
470
480
4940
506
510
520
520
540
<50
560
=70

580

a9
60f

810

CEECMRLE PROVGRON

lvifapagitence "2 Vs DOLTAGE Measuremen:
Vit h LERET SQUARE FIT 'For Slope & Intercspt

CNCNET N Lenen- 0 MERBUREMENT 72450 HP LCR METER

DEM CCL 280 0012303
K={

KAVl

LOADSUE Le#t FROM YSlope”

CALL Meas othm D0k O04) Loy Tap 55 K Fet
CALL Plotaryr il D4 204 Ue Loy Upp 8¢ ¥ Fr:
PHUCE

GOLEGE ’ .

IMPUT "he initial index number at the linear
segmert of the curve Ni « " My

INPUT "The #insl index number at the -
lrnear seqamerd of the curue Nf«" Wf
ACLIAE

CALL Laftq00ky 00+ Ny ME M, Int X, Ym, U013, 4202
r_intercept=. Int /M
PRINT "€lope =" M "N _intercept =" X intsrcept "Uolte"
PRUSE
30710 1318
INRUT * NEW FREQUENCY? Y/NY S¢
IF Ge¢="y" THEN 29 ‘ _
RISP *Phys lept ACUYDATES(TIMEDATE ) TIMES(TIMEDRATEY . "1/042 {s 1} LCRMeus”
EN : '
SUB Meas _c (M DAY 0057 Low, Upp, 88 K,Fr)
IF Sg¢="Y" THEN Fregq
INPUT "SAMPLE IDEMT: » Id%
REMOTE 217
AUTPUT 217 va2u10iboMse
OUTFUT 717 4E"
REMOTE 722
QUTPUT P2%:"F1iRANG®
IHPUT "NP" N :
INPUT "Lon, Upp®* Low, Upp
PRIMT YCELECT FREQUENCY RY FIGUFES IN THE BRACKETTES:"
PRINT
PRINT *10kHz <113 20kHz (12) d40kHe (13) 100kHz (14) 200kHz (15
PRINT "4i0WHz{16} 1Mz (17) 2MHz (18} 4MHz (19 10MHz 120"
PRINT .
PRINT "0 CONTINUE PRESS 'Continue' KEY®
PAUGE
PRINT CHR$(12) o
PRINT "Samele ddent: Y144 "He' N "Lown" Low """ "Upps® Upp, "O0

Frog! INPUT “FREQUENCY?" Fy

I¥ Fr»20 THEN
ISP “FREQ™ Fr "NOT AUAILABLE, TRY AGAIN!Y
©RAIT 2 :
GOTO Freg -

- END IF ’ .
BRIHT TARYY(G(,K+l} "Freq"sFy
Free"FUEURLS(Fy
QUTPIT P13 Frs
POR I=) TO N

Feliow+ (1-13/7N- 12 #(Upp- Low}
HeDROUNDCT 2]

Fe=DRLRC I OAL)

Biaxt=R] vLUsEHE. 0"
QUTPUT 217 :Bimet

AUTRHT P17 g

ENTEE P17/ R

IF 1 E+10 THEM

w




-0

0D
o} AT LA 1A 63 - D ) Dy

e B LN A XU I B S i B o TR e R N P R e - i s LY

e Dy DD D ID 0 VD D D T v W

DO G

DD D D

T WU T A S Y
U D D DD D

P
A I i SR R u]

ok
Laneadll 3
a4
el ]

1140
1150
1160
117
1196
1194
1200
1314
1229

o g?: U eg -~ e}

L GoTh P18
TN IE

T y=h

LYY=l #7013

ENTER P23%.D%

BT v=UOE e

DESP PMassny aporoy¥ (IMPO 2540 ees

AL CUER TR SR P PURE
MEVP D ' ' :
DISP
OUTPLY P17 ORRT QEQLQO
YRIT & |
SHREH

SUB Plotareiim M by 006 Yo Low Fpp,8¢ €, Fro
IF Zes=tyY THEN Per
Ue=tAxXiCi%))
UexDROUNDH 1 g4be 11
GIMIT
UIERPORT €, 120,24 130
RINOGH fguw. H?p Qe
gyrES '”pp-« Lot Qﬂ (3#—!2(] i ﬂ“_.f:
PETNT “BTU&“'f“pp“Lgn}l/"‘I}"' 0 1!(‘{:{?"'7 DI””” Un;‘"ﬂ "1/}‘*‘7"

WRTT 1
BLOT 0Ty LT
MOUE B0TY 9
NEYT T
PEN 1
FREME
BHEMND

ELEN O YOEY Ni ME Clope  Intercept  Xm,Ym Ki X£)

]

L
= §t

WMy,
o 4z
e

s
L]
A
o

Byl

FOR T=Nji T Nf
xS+ (L0
CRPLS D O i
BualueyY (1
LIV AN SRS U B
NEXT I

MaMf-Ni+l

Clope= MeCxu Bt But 2 (8. S A0
Intercepie ! Suli+8y-GuaSuy) 2 INFSy 2. By 2
HmsSo oM g

YmeSloperXuer Inteycept

DIEHPORT 10,128 25 160 ..

RINDOM ¥ik1 1, ¥Ek1.1,0,Yi1041 .1 .
PRIMT “Vin'iXi "NF2" Xf .

PRINT "Y71r =" ¥(1) YYINLS=" YN

ANES QEQIVfNT K(111/95 pauryr1\ YiNY1/25,0,0. 5,52
PEN 2 :

FOR EsNi TO NE ! Graph of the experimental data
PLOT M{T1 Y(I:

HEXT I
PRMUIT
PEMN 4

9.




191 MGURSTETINLC sl one EGEIREMENT UETHG 414 ol HETER/DC UOLTAGE SOURCE"
an BIM QeI BOY SLI800 IS0
0 DIM ﬂ1f|kﬁ| Hl{lqﬂk

4f CLERR P27

=0 QUETRIT PR RARG) T2AiBLLE
£h Iypy ”3amplv " oIde

K41 IMPUT " Lo Lon

an Loutu I PEUSUALE Lo

20 IMPUT 'HIpe®" Ung
100 Uppse"PTYLUALS (Upp
110 IHPUT “Step?" Giep
120 SHept="PEVSUALL!Step:
120 Heldy="PHULUALE(2)
140 7 IMPUT “du gt Rate
150 Bate$="PUVMLUALA (Rate)
160 OUTPUT 227 Lous Upp%
L7 OUTPUT 727 Stept Holds
180 OUTPUT 727 Ratet
190 QUTRYP 722 0uLs
200 OUTPUT P2TovEe
710 I=0
290 IxIs1
230 ENTER 727.4%
240 CiTveUalinsl4 1310
260 MII1eOALIASELIE 211} ' - )
260 CLOTY=DROUNDOCLTY 3y - - - o .0 - : - :
70 L i=DROUNDCOCTY %)
280 DISP CL0I1Y.UL0I),A¢
200 PRIMT I,01(I% 01(I)
300 IF @e(2 2)oyeLy GHEM 296
© 210 PRINT 770 CONTIMUE ”preﬁs«‘ﬂentanue KEY"

29 POUCE ok

230 PRINT CHR$COLZ)

340 DIGP '
354 INPUT "DO yOU HEED GRAPHPY A1 At s
168 IF Gea¥N" THEN .

B G010 €89

3g¢  EMD OIF

M@0 IPLOTTIMG

anl  Ue=HRYCLI02) )

410 Ue=QROUND(L 64U 1)

428 GINIT

420 PLOTYER IS ORT."INTERNRL”
440 GRAPHICE ON

430 PEM S

460 MOUE 4% 98




840 GALEAR ' ' .

BRd EMp ¥
< 903 DUMP ORAPHICE 8701 ) .
- 9t0 Done END . . .

- gg NIM G007 TIC150Y QLo1sm

SR . §

.:_4?8-~HLQB£L 40 measursment” 3
480 HOUE 2,85 q

490 Labali="CAPACITANCE" g
500 FOR %=1 70 11 .
519 LAREL  Label${X, 11

520 HERT ©

%20 MOUE 45 .23

540 LABEL "UOLTAGE(unliz)”
550 PEN %

260 UIERPORT 7 ,120,28,100
el w%&méLvamyﬂM'%1ﬂe

53¢ - AXES (Upp-Low)s20 Uss20 ¢ 9,5 F

590 PRINT "O_diu="lg- Qﬁ'“U d1uv“'fUpP -Lowrs20

€00 PEN 4 .

510 FOR Y=l TO MgvrTw

£20 BAIT .} : ' :
531 PLOT QLT “1'!! . -
&40 HOUE nt(r) o

£3¢  MEXT I

660  PEN Z

£70  FRAME

€80  PRINMT

£40  INPUT "DO YU NEEﬁ PRINTING?Y n" ,5¢

200 IF S4~"N" THEN 800

710 'PRINTING

P3¢ PRINTER I8 PRT.UIDTH 16¢

720 PRINT "Sample:":Ids TAB(3IZ) :“Low Upp" Low; Upp,“val*s",TﬂB(EQ] DQTE$(TIHEDQTE) TABS
M0 PRINT “Capacitanes/P farad”, “Uolt&ge!ualtc“

50 PRINT :
760 FOR I=1 TD MAXIDY

20 PRINT TAB(R0+I-15) U141 TAB(204I-9);C1CT),

R0 MERT I
780 PRINT
800 PRINT

219  PRIMTER 12 {R
21~ INPUT "DO YOU HEEU GRAPH T BE PRIMTED?Y-/M* R¢
BR0 IF Re=HY THEN '

859 PRIMT CHRE:12)

gso PRINT "MEASUREHENT STOPS HEREY
azn . PRINT "THAME yoi

884 ROTO Done

43 SOMPLE DPROGRAOM

20 VPGB LAY fe 1 MERGUREMEMT BITH LEOST GOUARE ¥IT
B PLOGCIN-IY MEASUREMENT 41408 pff METER/DC

40 GRTIAN BAAR

&0 DIM I71500 001807 DOIG0Y 090164




ey
100

110

126

129

140

154

159
170
184

120 -

200
219
a22¢
224
240
258
280
320
280
299
200

210

- 321
320
240
250

360
78
380
780
400
410
429

430

440
450
460
471
480
490
51
%10
520
53¢
40

- ss0

P

-
580
90
600
€1¢
820
830
=40
650
260
£70
580

it e s AR

CEFPRUT A nERTILAY
IHPUT “Sample ¥ 14y
THPIFE LAWY Lo

Louss " PEYSIRLS (Lot
INPUT MIPPI Uing
Uppgat PTISUALS (UupT
TNPLE WQTEPY* Chep
Fhept=YPEIGURLY Slep)
Holde="PHULOALLY 1}
Dalape="PORLUALEC )
QUTPUT 227 Lous Uppt,Stept
OUTPYT T¥7:Hold3  Delays
OUTEUT 227 01

T K=

Ves 1

ENTER 77748

TOXIALIATE 120

YOO SUALCASTLE 2117

TLOY - DROUNDN T (Y) |33

10X =DROUNDIUCX Y, 3

TF 11(%i=0 THEN : -
T1(R)=E-15 | RESOLUTION
COTh 320 oo

BND IF

DOY Yo LOGCABS I LICMY )

DL ARSIHIIX Y

DISF T1(X), 0108 Ak

PRINT X,716%),00(%} DX

IF 412, 2145500 THEM 220

PRINT “T0 CONTINUE PRESS'continueKEY"

PAUSE

PRINT (HES(17)

pIGP

THPUT DO YOU NERD GRAPHIY/M" @3 .

IF Gs"i" THEN
QOTH 1009

EWD IF '

tPlotting

!
!
i

10eaMAY{T1(R Y
PYesDROWHD(Y 64Ua 1V
MimHINCT10#) 0

Mi=DROUMDEL 641, 1)
GINIT ‘
PLOTTER I8 CRT,"INTERMALY
GRAPHING (N

CPEM S

_
1T Labelt="gryrant® -
§
1

MOUE 40,95
LABEL "LOGLL) U U 0 ome
e 2 gae o DT

FOR U~1 TO 7
LAREL Label®(Z %] -
INEXT 3
MOUE 22 24
LABEL "Helsd
PEH 2
INPUT M8UITCH = { poeitive number cozresponds to
IF Swewd THEN LeARE(Upp:
IF Gueal( THEM U=RBS(Low)
IF Sw> 0 THEM LeLow
IF Sur9 THEH Usbpo

1Y, G

&I:w ‘

e
PR

i




'j“aaao
1010
1020
10390
1040
1050
1060
1078
< 1080
- 1039
1100
1110

o

1130
114p
1150
1160
1179
1100
1190
1200
1210
a1

S 1230

1240

3 125¢0
1260

1279

S 1280

1299

1300

a5

IR Drex =000

,’,7.': .35 Rl iuﬁ
tan o i ﬁilfﬁfk:1 Tragx
i S:}K;E&"{? Uwﬂ* t“!‘i”f})l 1:1 "[hﬁ;,w” }}M>

ARES (L3020 ¢ Priay-HEMHC* 1 /207T BINEDIAYY 22,5

CEPRINT #73_@ion o 5 (L2203 ]_divs" (Bronx-MINCDCE) 1) 29

PEN 4

0~ FRINT "MOK(R A2, YLoos" | Low “UPF="  Upp
3 CLINE TYRR 1
BOR #x) Tﬁ MR ()

CYRIT
- PLoT “1t£\ oYY - N
CMOUE U1(X),0

A NE?; 4

0 PEN 2

- FRaME

{'Lﬁﬂﬁﬁﬂg Lsft FROM ”%lqpa

;,IHT “GZQQE*“'H Y Int ercept@"'fnt
bapsE o
GOTH 239 " ; =
PRINT _ , ' ; :
INPUT "DO (0] HEED PRINTINGYY-MP 9% e '
IF Sé=vp" THEH Done
IPRINTING
PRINTER I€ FRT WIDTH 160
PRINT "Sampls: "'Id* ,TABL32) 1Y Low , Upp" 1 Law; Upp;"”olt»“,TﬂB(aﬁ) DQTE“fTIHEDHTE) TAB(
PRIMT “UOLTRFEf”ol*" "FURPEPTfﬁmpe“
PRINT
FoR Hel TO MHALOHD
PRINT TQP(““«V~55\ JT Y TAB(2aAX-%) Elfxi
MEXT ¥
"PRIMT
PRINTER I8 CRT
IWPUT RO YOI NEED GRAPH TO BE PRINTED?Y/N" R¢
IF Bf=fpy THEM
ACLEAR
PRINT CHPS
PRIMT "Moasurement stop here®
PRINT VTHGNE You“ ..
GOTO Done
END IV o
DITME ¢ EQPHZFS §7ﬂ1 : ' ;) _
Bore FENI e e
SUB Laft (02D, Y(4) Ni Hfgﬁlopﬂ Iﬁi?rrept,nm,YmJ o
§vun[l
Ex=0
Swul
Sum
FOR I-Ni T0 MNf
CurGu NI}
Ge2elu2+¥(1142

(13




. Vo
G-

),\- S

by

SR AT 1A ETY

W pebiied :
“Blapaef ‘%.f*-“?l,{l)}- H(‘f‘qt’ﬂ/‘fﬂfv End - Q‘IA?;‘

Interfep%“fQV?kgyﬂﬁﬁ*Sfy}’(N*EVQ -Ge2)

v G

imeviﬂﬁ?*¥m*lﬂtﬁrnepé

COREBRORT 10,328 2% 140

CHINDOM RODY WeRt Y1), YO

. AXET THONI~ Vf133’?5 (Y LR 105 a8,
CUPEN T

"FQE I“i TH N

PLOT ¥0¥1,Y(I)

HODE H(13.0
HEXT 1

PEMUP

PEM 2

POR I=1 T0 M

PLOT HOXY Slope# (WAL Xm)+¥m
NEXT '

SUBEND

C VOiebLE PROGROM . :
{TOR ARCERUATION OF ROBERTS &L CROMELL 1079 Us:
! § program to plet graphs for Faurlﬁpuxltg donor level semiconductor

' asing subpregram de
PRI, NI MA)

Ela ‘ : { Energy of the shallow lewel in kT numbers
E2w ¢ Energy of the deep lseml in kT numbers

Ei= E4= "Energy of  deeper levels in their order.
Peifw ' The petential of ¥Fermi level in kT numbers:
IMPUT "M21= MZle N4il= Ei= E2» E3~ [d= Peif=?" NZ1,N31 ,N41,E},E2,53,E4, Paif
GINIT : -
PEN &

CUIZE 3

HOUE 60,00 e

LABEL "€l =Y'El

HOUE 60,77 -

LAREL “E7 = (B3 Egn  BY FB;FQ

MOUE 60,74

LABEL "ND ZM1 *'Nﬂfﬂlﬂ'NQ/Nlﬂ“ JH21M31 M4
MHOLE 6& 21
LABEL ﬂP«lP ““'?ﬁif

SYNDOY -2 59 vy 45
AYES 1,2,0,0.5,5,%
PER -1

UIEWPORT 1,5 ,25 .90
OXEG 1,2, ,1,1 18

3,

]

£

fratio of the imparities
i 4o zhallow impuriiy levels

“sf"hand hendig")

E2 7O EY or deep

it




: 890

fU??ﬁ?ﬁE,
PEH S

‘S—Q Co (M2l N31 M4 e E1,.E2 E3 E4, “ﬂ;f Cde?!
! Eabprgﬁzam for four donox impurity ‘evvl @eminﬁnﬁpgtar

o '.i.‘,.n E

ﬁLI? OFF

Lows &

FOR X0 ?u ag el

MR N -

CLARET (’

HEXT ¥

LORY &

FOR YeO 70 10D STEP 20
HODE -9 Y
LRBEL Y

NEYT ¥

SLIP ON

bOLORBSUR Cdo FROM "(Odet

FEN 2

[ay

Kelr1

PEN %

MOUE 0.6

FOR Yol E-6 TO 40 STEP .S , .

- DALL CchNil)Nii,Hél;Us,Ei,Ei,E%jEd,F&if;Qﬁﬁ??;,;
PLOT e Cde2-2

HEXT Ue

THFUT 900 YOU HEED GRAPE ¥OR NEG Pﬁﬁ@ahﬁﬁp? Y/H “ Q% |

18 RE-"YY THEN e '
CTHPUT M2 N13 184, 01,5213, B3, Psi £ NIT,M13, 504 KL, B2 K3 §4,Paif

o BOTQ A9 g ' . S

"Eﬁn %

BUBBROGTAM

Th

G=) 621 E-14 , . PDharge .0f an election
{Pgifayd Py AUY : i Paif ig in KT
1PReise(#Prie KT ' L
Poizeiife+Pe i) ' b Psiz i¢ in kT numbers
Flesl /0LePATRP(- {Peie-El0 00 ' '
Framl /{1003 EXP (- (Peis-E2I 1}
Fagwel/(1424EXPL- (Paig-E302) - - _
Fhgn] (1402 EYRC . (Paia Bq4ri0 ' o
Fitmb s/ eB B4R (Paif-ET1Y 2 :
F24=1 11+ 020KP0-/Pei§-E20 012
Pl EOLERPC - (Pe 1 E-ET 1)
FAf=1 /{1404 AHPL - (Peif-E4)))
hunﬂ’*flfN’14N’1+H411*f31*f14ﬁ2l“ﬂBi*Nél‘4Lﬂ&€¢1f/F1$)*N?i*LO”(Ffofﬁs)*HSI*LUGiE
Devone (LT is sHTLAF e +M3LAF 32 v AT A 4n 1. (FL1FaN2IAFY FeNBLAT A 4NAL AR AL YAEXP (lle 1320
a2 Nums Do now ' ‘ -
SlREHL: : - . )

: . ey
s P Sy 30 PSSP0 S VD - 2L S T T PP



380

440
410
420
430
449
450

46¢ !
479

480
490
560
510

520

530
240
550
960
574
580
599
600
610

§20.

630
640
630
860
670
ag0
£90
200
710
720
730
240
750
766
270
784
290

800

NEXT ¥ .

LORG 1 - )

FOR Y=0 10 100 STEP 20 4
MOUE - .5,y
LABEL Y

NEXT Y

CLIP ON

LOADSUB Cde FROM "Cde®

PEN 2

X=0

Kek+1
PEN X
HOUE 0,0
FOR Us=1 E-6 TN 40 STEP .5
CALL Cdc(M21 N31 ,N41,Us E1,E2 K3 E4 Psif,Cde2:
_ PLOT Us ,0de?/2
NEXT He -

CINFUT DO YOU NEED GEAPH FOR MEW PARAMETER? Y/M ¥ RS

IF R&="Y" THEN
INPUT "N12 ,NL3,N14,E1,E2 E3 E3,Peif?" N12 N3, N14,E1,E? K3 E4 Psif
SOTD 490
END IF
END
ISUBPROGRAM _
SUB Cdc(N21 ,N231 ,H41 Us ,E1,E2,E3 E4 Peif,Cdc2)
! Subprogram for four donor impurity level semiconductor '
Q=1 .6+#1 E-19 ! Charge of an electron

IPe1E=04Pe 1§ /KT t Paif i1s in KT
1Psias(?Peie /KT
Psias(Us+Psif) ! Psiz 18 in kT numbers

Flesl /() +24E¥P (- {Psis-F13)}

FRa=l/(1+2%EXP(~(Pais~E213)

Fleel s (1+2#EyP(-{Pric-E3I )}

Flanl 01 +24EXP(-{Psig-K4) )

Fl=1/01+24E¥P(-(Psif-E11))

FReml (1+2¢EXPI-(Paif-EZ)))

Faf=1/01+2%EXP(-(Psif-E320}

Faf=1/(1+2+EXP(-(Psif-F4)})

Muam=2%(L+NZL- N3 T4NA1 ) ki UTs % (1o N2 1+N3T+ N4+ LOGCF1E/Fla ) + N2 I ALOG(F2 £ /F2s y + N3 1 LA
Banomﬂ((Fls+H?1*F25+N31*F35+N41*F45)—(FlE+H21*F2§+N31%F3f+N41*F4§E*EXPK—Us))“i
Cde2=Num/Denom o

SUBEND -




