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Schottky " barrier. diodes are obtained by the contact of
a netal to a seniconductor., The barrier height and the ideality
paranieter are the two parareters which deternine the quality cof
these diodes. Schottky diodes have been fabricated on both n-type
and p-type silicon and their physical behaviours have been derived
from current-voltasge (I-V) and cqpacitancé -voltaze (C-V) neaosure~
.nents. Aluninium, silver and gold were uscd as netal contacts.ilso

a cortbination of two nmetals have been ussd as etal contact.

Methods have been developed-to control the barrier height
which is very inportmnt because a particular applicetion nay need
a preset value of barrier height. By heat-treatment, the aluninium
n~type silicon barrie¢r height con be inereased and aluniniun p~type
" silicon barrier height can be decreased. Silver and goid barrieps
did not show any significant change in berrier with hiph-tespera-
ture héat—treatgent. 21so control of barrier height in the higher
renge was obtained by depositicn of aluniniunm and gold in succe-

ssion on silicon., Freshly prepared barrier on n-type silicon was
“higher and on p-type silicon was lower than their Knoﬁn values,
which revealed that fixed positife charges were present  at netal-
semi?onductor interface.

The ideality paratieter was found to deviate largely fron
unity. Increased value of ideality paranecter was attributed to the
thicker interfocilal oxide laoyer. Interface-states densitj has been

caltuated frow I-V and C-V data and.was found to increase slightly

with reverse bias. The normal barrier height values were in the close

agreenlent with resulis glready published.
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161 INTRODUCTION

In recent years nuch interest has been shown in the study
of properties of metal-semiCOnauctor contacts because of its wide
field of applications. Metal-Sermiconductor contacts can be classi~
fied'into two groﬁps according to their current-veltage characteris-
tics. Those contacts exhibiting rectifying behaviour are called scho-
ttky barrier diodes and those with linear current-voltage characte-
ristics are called ohmic contacts., Schottky barriers are generally
obtained by metal contacts on lighily doped seniconductor and the
ohric contacts are achieved by the contact of metzl on comparatively

heavily-doped seniconducters.

Schottky btarrier dicdes are found to be useful as devices
in electronic applications as well as in the studies of fundamental
physical parameters. In such diodes the minority carrier effect is
virtually elininated making it suitable for applicaticns in micro-
wave freqﬁencies. Inportant information on deep level impurities,
inpaet ionisation co-efficient and band structure in semiconductors

can be obtzined with the help of Achottky barriers.

© Though metal-sericonductor - econtacts are older then p-n
junctions, the development in this field was slow for a long tine.
However, recent advances in planer techmnology of ideal contacts rene-
wed great interest in the development of 3chottky barriers. st pre-
sent it is possible to fabricate Schottky barriers with reliabile

and near-idesl electrical characteristics which are reproducible.



Thesc adwintages are Whdely exploited in integrated circuit proce-

" ssing., Thus it is now cheaper and cecomoriical to produce digtrete

Schottky barrier devices.

The metal-semiconductor contacts are now occupying a majer
place among the: devices used in modern electronic systens. The grea-~
test advantage that it offers is the reducticn of storage time due

to the abmsence of minority carriers. This mskes it an ideal device

(1

for applicaticns in microwave fregquencies =s switching devices R

s 2 . . _ . .
nixers and varactor (,). Because of its simplicity 1in processing

and excellent ncise performance to other devices the aluninium Scho-

(2

ttky barrier with oxide overlap has bsen found to be supericr to

those of others. In the field~effect transisztor it is used as the

gate(4)

o An inportant application of Schottlty barrizr is in inte-
arated circuit where it performs varicus gating and.clamping func-
tionc. The reduced forward volisage in this diodd results in reduced
fan=out along with increased noice immunity(5)a It is also widely
uced as a collector clawip of hA~p-n transisiors in order tu reduce

(6)

o Schottky borriers bave giso found useful

D
nits, 0,

the &witching time

(8)

applicaticns in wicrostrip integrated cire Solar. cells s

‘and in many others as are reportsd in literature(g)’(lO)’ (ll)"(la).

Barrier height and 1ldeality paramcter are the two parame-
ters which determine the aquality ef Sehottkv dicdes, Theoretically
one should be able to obtain a range of barrier heights for vericus
applications by sclecting suitaeble metals and sciiiconductors having
appropriate work functions. However, in practice the presence cf

the interface states and a thin interfaclal layer make the systen



‘less controllable. The fact that these interiace parameters cannot
be controlled presisely makes the systua barrier height and the id-
eality parameters to deviate fronm Predicted va}ues. So a simple sch-
ene that can control the barrier height to suit a particular appii—
cation keeping at the same time the ideality parameter very close

to unity, is needed to be developed.,

1.2 BRIEF LITERATURE REVIEW:

The metal-semiconductor rectifier is known to be the ol-

(13)

dest solid-state device used in Electronics, Braun in 1874 first

reported the asynmetriczl nature of conduction between nmetal point

end crystal like lead sulphide. In 1906 pickard(lh) took a patent )
]
for silicon point contact rectifier and in 1907 Pierce(15) fabrica-

ted diodes by sputtering metals to different semiconductors, The

point contact rectifiers were extensively ussd in early days of ra-

(16)

dio. In 1931 Wilson formuloted the transport theory of semicon-

ductors based on the band theory of solids which was applied to ne-

tal- semiconductor contact. But the correct physical model was for-

warded by SChottky(l7)in 1938 and hence the narie Schottky diode.

(18)

In the same year, Mott devised an appropriate model for swept
gﬁfgéetal-semiconductor known as Mott barrier. Ba£deen in 194?(19)
poiﬁ;;d out the presence of surface states which deternined the
rectifying property of such devices. Then p-n junction diode was
Qiscovered in Bell laboratories and since then almost all the re-

search in the field of semiconductor was directed toward the un-

derstanding, fabrication énd developrient of junction devices. In

early 1960's research interest studidtc grow again in the developiient



of the netal seniconductor contacts as Schottky barrier devices

A larse - number of us:ful research woriks has been reported'
in liferature. An up-to-date survey of the nore inportant publica-
tions is being presented in this section. The objective and nain
findings of each of the publications aré briefly outlined here in

a chronological order.

The Pioneering work in this field was done by Archer and

(20)

Atalla who obtained the barrier heights of different metals

(an) obtained a precise digital-computer

on silicon. In 1962 Macdorald
solution to the diffusion equaticn for the idealised one~-carrier

netal-seniconductor junction problem which was idealised by onitt-
ing the eifects of traps, imaze forces, tunnelling, recottbination,
breakdown phenomenon and hot electrons. He considered a situation

sinmilar to that cof Wagner(aa) and Schottky and Spenke(EB)

and obta-
ined more accurate results for static I-V characteristics, dist-depecnd-
ance of field electrostatic potentisl ond quasi Fermi level poten-

tisls,

In 1963 Gdéﬁméh(ah) pointed out the factors responsible for

the deviation of the diode from the ideal ocase. He iaentified thece
factors to be thé series resistance, traps in th: depletion layer,
the insulating interfacial layer and the edge effecti: He illustra-
ted these ¢ffects on gold—plated contacts on CdS and derived a co-
rrect éxpression for using the differential capacitance nethod for

(25)

the méasurertent of barrier height: Khange studied gold-silicon
systen of different resistivities. Tow resistivity silicon resul-

téd . in an ekcess current whick he attributed to space charge reéco-



binéfidn. Below roon temperature the reverse current was dominated
by excess current due to recombination-generation and at high ten-
perature image force effect feduced barrier height, He obtained
barrier height of 0.8 ¥V by uéing cufrent-velt age (I-V), capacitance-
voltage(C-V) and pﬁotoelectric rcthods. In the sare year Spitzer and

Mead(zs)

evaporated different metals on cleancd&phemically and vacuum
cleaved)n-type CdS and p-typc Gais. Barrier height for Gais showed
little dependence on metal work function and for CdS tn? barrier heil-
zht depended on metal but deviated fron predicted theofy. He conclu-
ded that the barrier height vuilucs were very sensitive to the sur-
face preparation. A comparison of these values with those obtained

by Archer and httala(zo), showed larger deviations.

Cowley and-Sze(27) (2965) sound the dependcnce of the barrier
height on the metzl work function, density of surface states and thi-
ckness of the interfacial layer. Their derivation was based upon the
assunptions that extremely thin inter-7acial layer was transparent
to electrons and that the surface-states were only the facfor which
influenced the barrier height of the semiconductor. Barrier height

data and metal work function were fitted by the least square method

e

for Si, GaP and CdS and the results were coupared with those of
Archer and Atalla(zg); Padovani and Sumner'20) in 1965 #nalysed the
gold-GaASrsyétqm replgcing KT by RK(T + ?0) in the thermonic equatiop .
whence ?0 was found to Ee SOOC + SOC. The obtmined barrier height was
equal to 0,89 + .05 volt,

(29)

In 1965 Crowell nodified the Richardon's constant for the-

rioionic enmission in vacuun by considering tensor nasses of carriers.



For.seﬁiponductor hzving euaergy band with e;lip%éidal constant
ehergy sﬁrfaCes in nomenturn space, th. Richxrdé%;'s constant chane-
 @§§?hepending on the pleones of crystal surfaces. The values obtai-
ned a@féed well with experinmental values. At the same time Schar-
fetter(30} investigatsd the effect of minority carrier lnjection
under moderdte as well as high injection conditions. For Schottky
dicdes an igjection r&tio‘jldefined as the rétio of minority carr-
ier cérrent to total current was found to increasced with forward
current. This was due to incrense in drift transporf of electric
fleld in the quasi-neutral region. He found that below a criticzl
value of currcnt density,‘kgwas given by diffusion equation and its
value was smoll. Beyond this critical value, the value of’ﬁ’increa—
sed linenrly with the electric field,

In 1966 Crowell and Sze(31> cortbined the thermionic emi-
ssion(T) theory and Schottky diffusion (D) theory into a single
thermionic-diffisicn (T-D) theo;y which included the inage force
barrier lawering. L low electric field 1limit for applicntion of
this theory was estimated considering phonon~induced btack Scatte-
ring nesr the potential energy maxima. The high electric field
linit of the vglidity of thernionic enission theory was found to
be due to quantum-rechanicsl reflecticn and tunnelling, Predicted
value of ideality parametsr was higher than unity because of field
cependence of barrier height. it the sane time Mead (32) publishad
a revigw peper on Schottky barriers. A qualitgtive explanation of

the type of contact to be expected at an arbitrary netal-seni- con-

ductor interfice was presented in his paper.



(31 - .
found the berrier hei=

In 1968 Turner and Rhoderick
ght of a numberggetal contacts to n-ty e silicion. They showed that
the initial values of barrisr heights depended upon the methods of
gurface preparation znd these values changed slightly with tiﬁe.
They showed that the final value was independent of surface prepa-
fatioﬁ and depended mainly upon the netal work function., However in
the case diodes where depositions are nzde on cleaved surfaces,the
baTrie? height did not show any ageing. In 1968 Paﬂovani(3h) showed
that at roon temperature the reverse current in lightly doped Gais
gold Schottky barriers was douinated by thermionic enission frou the
metal and that the barrier height did not depend upon the applied
bias As Wwas expected froii the effect of sinple inage force lowerirng,
Randon variation of barrier height lowering together with its ten-

perature dependencec as obscrved froi device to deviee however rem-

ained unexplained,.

Yu nd Meadq35)

in 1970 vwirked on aluninium barriers.
They observed that in silicon the barrier height was 0469 #.01 v.
‘Phernionic enissicn theory was found to be valid in this case. With
low temperature heat treatment, the barrier height was found to de~
erease slightly. Noise and switching behaviours were determincd =nd
it was concluded that such a2 dicde was useful as a discrete device.
Moreover this could be used in infegrated circuits as a Schottky

‘ (36
‘Contact: In 1970 Archer anad Yep(B )

. . 1 ] - : . " s
‘the range of -dopirg of 10 4 to 101’ crLi ?, the barrier height was

experinentally showed that within

independent of doping 2s was found in the ecase of gold-silicon



barriar qbtained by both et:zh-polished and vacuum~cleaved interface.
'ﬁesults obtained from G-V and photoecle-tric neasurenents were ex-—
‘plained in terms of a sinple model having interface of thicknesstg.
This finally led to a limit of the interfacial parameters given by

(/& ) + 1.8 x 1070 Noo? 3.8 x 108

cm—l,where €{ was the per-

mittivity of interfacial layer, and N"s’ the surface states.

(37) found that barriers with

In 1971 Snith and Rhoderick
p-type silicon were generally lower than those with n-type. Gold
barrier was sc low that 1% ﬁas apparently ohmic. The ideality para-
neter was found to be about 1.1, The variaticons of barrier: height
with metal work function indicated that the surface states parane-
ters were primarily responsible. Crowell and Beguwalacjg) calcula-
ted ideality paratieter,(n) and saturaticn current density(JS) using
parabolic band bending. It was found thkat the gquasi-Ferizi level in
both forward and reverse bias was discontinc>us at the interface.
Under noderate b as the electron inref yag neaorly constant through
tﬁe depleticn region. In reverse bics imref deviates fron constancy
for applied bi=s in excess of KT/q. Tn 1971 Card and.Rhoderick(BGD
conducited a theoretical and experimcental study of metal-silicon
systen separated by interfacial oxide layer. A generalised approsci
was considered where the interfacs sﬁates coumunicated with both
netal and semiconductor. fmount of current wos explained by a trans-

mission co=-efficient which was also = function of thickness of iater-

facial lhyer.



In 1972 Tanta porn(qo)

used an interative computer nethod
for finding valu.s of six paramneters i~cluding barrier height fron
the nmeasurefents of tenperature, current and voltage of etal ~-seni
conductor-rnetal system. With no prior assumptions the output para-
neters emerged as natural iterative solutions. Thongilakis and Nor-
throﬁ(aq) deternined metal-germaniun barrier heights. Aluminium-
geruaniun barrier showed slight aging aﬁd density of surface states
-1 =2

/ . .
was found to be 2 x 1C, ev ¢l ~. Barrier height was found to be In~

dependent % impurity concentration of germanium,

4
In 1973 Card and Rhoderick (h2)

investigated the effect of
interfacial layer on niinority carrier injecticn ratio, 7* . Inclu-
sion of thin oxide layer favourgd reduction of barrier height. Tﬁe

flow of the minority éarrier was explained to be due to tunnelling frono

netal to semiconductor. The authors chtalned values oi‘}%or diffe~

rent “hickness of oxide int.rfszcial layers.

In 1974 Patwari end Hartnagel<43> studiasd aluwiiniuwk- Gass
and Nickel-Gais Schottky barriers under non-ideal surfnce conditions;
The aim of the study of damnged surface Schottky barrilsr was to find
out whether any economy could be achieved with surfaces of the zeni-
conductors whose surfaces were slightly danaged, and whether thepe

were useful as devices. Results showed thot damage and pitding effeoc~

tively reduced the barrier helght along with siight increase of the

ideslity paraneter.

In 1976 Sinha et al(qq’found out barrier height and ide:zl- b

ity !parancter of Schottky dicdes nade on n-Geis netsllised with Ti e



10

and ?t/fi.AlSO the efffect of temp.upto 50066 was investigated.Taylor
and Morgan(qs)studied the effect of radiation induced damage caused
to Ni- Gais Schottky diodes. This daniage ﬁroducéd defect levels wnd
led to increased band bending i Al exciess current was observed in

. Iy characteristics which was fhdﬁghf tq be due to recombination—
generation, At highef reverse bias a trap assistéd tunnelling was

observed, Barrier height and ideality parameter were found to be

higher.

In 1976 Shanon (46)

used loneinplantstion technigues to ob-
tain doped surface of silicon in Ni-Si barrier. He showed that do-
ping of the surface by antimony atoms decreased barrier height for
n-type silicon whereas dopiﬂg of p~type material by the same netal
increased the barrier height. ?his change in barrier height- depzan-

ding upon the depth of doped surface layer were explained by sui-

teble equation and thus the control of barr.er height was achieved.

#Wilkinson et al(hy)(l9?7) per forned experiménts on Ti—Si
barrier at higher current density. They showed that the value of M
depended. upon band bending according to theory of Crowell and Begu-
wala(382 Accurate determination of séries resistance was said to be
‘impor£ant because it was found that the ideality parameter, n and

the current density, I were very sensitive to it.

Recently Borrego et al(hg) (1977) presented a nodel for de-
termining surface-state density of Schottky dicdes directly fron
I-V and C-V peasurenents, The interface state density for golaGa.s

_ I
barrier wa:s calculated to be of the order of 2 xl_Ol3 ev cm2. The
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.effects of image force barrier lowering and deep level impurities
‘were considered. Thernionic erission taeory was found to be satis-?
factory except at the reverse bias whers a nonthernionic current
was observed., This was attributed to erhanced field enission fron

the traps.

Fron the very bricf review of the papers as presented hore
i
a few observations can be made. Almost zll the works refer exclu- |

sively to n-type semiconductors., Very few works are avalilable with

p~type seniconductor because of the fact that the barrlers with
p-type naterial were smaller and measurenents were difficult. It is
(59)

noted that extensive works heave been done with Gal’s s This is

passibly because Gals has very hipgh electron pobility ..t present

il
varilous nmetal-silicides are evoking interest of engineers. It is ob-
served that barricr height data are more abundantly availazble in

literature but few satisfactory nmodels are available to explsin the

higher values of the ideality.parancters.

As regards 4 metals used in Schotitky diodes, aluaminium and
gold have been used, of which aluwminiun sxtensively because it is
cheap&r and also easier to evaporate, though gold contacts cre tiore
stable. Some- research interest is alsc observed with metals like

titapium, plotinum and nickel.
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2e3e SCOPE OF THE THESIS

The purpose of this thesis is to 1nveut1gate the fabri-
~cation process so that Schottky diodes can be fabrlcated w1tn con-
trolled barrier héight.Control of Schottky barrier hel#ht by doping

. (45)
( .

the semiconductor by ion-im-plantation - )produceg‘defect lévels
in Semiconductor, So a simpler énd inexpensive method is souéht,dp
that a preset value of barrier height can be obtained by proper
choice of the rmetal, the seniconductor ang centrelling the fabrica-
‘tion processe Thus g small vezlue of barrier helght would be

used  for a fast detector where level of signal is low and a high

value of barrier height would be achieved in 4 photo-dicde.

So investigations were carried with varied process of
fabrlcatlon with respect to senl-conductor surfzee preparation, se-
quence of wmetal depositicn, heat treatment and ohmic cont?cts. 81l
ver—tin, gold and gzold alloy ohmic contacts were useds Alﬁﬁihium,
silver, gold, gold-aluminium and gold-antinony as Schottky métal

contactg have beéen investigated.

A fhéoretical formulation on this subject is given within
theAfirst three chapters of which chapter «~1 deasls with the brief
acéount of the come works done in this fig¢ld. Chapter-2 mives hasic
Physics 6f barrier formation along with derivaticns for barrier hei-
ght.and interface parameters. Chapter-? deals with the current- trﬁp-—'
port theory across the barrier. Fabrication proces . description for
different diode series and their neasurcnents are included in Crape

ter-4, 4ll the results are summarised in chapter=5, including the



discussions considering all important and related factors. Conclu=-
sions of the thesis along with a few suggestions for further rese~

arch in this field have been given in chapter-6.

Thus the state-of-art of fabrication of Schottky‘barrier

diocdes has been established in our new Micro-electronics laboratory.
5 .

A new scheme of controlling the barrier height has been introduced
where the effect of surface electric field is consildered to be do-
minant., Inage force barrier lowering effect is included iﬁhderiving
the barrier height. Results are based upon the measureuents-of cu-
rrent -voltage (I-V) and capacitance-voltage (C-V) of the é}odes.
Larger values of idezlity parameter are explained with thezgelp of
a nodel where interfacial layer is thicker, The effect of géries
resistance was included in processing the current voltage qﬂé capar
citance-voltage Qata. Minority carrvier current has not beeﬁféonsi—

dereu as it is negligible as predicted theor@tically.



CHAPTER ~ TWO

AN INTRODUCTIQON TO THE
SCHOTTKY BARRIER
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2671 PRELIMINARIES:

The potentizl barrier formed at a netal-scmiconductor con-
tact is primarily a function of metal work function, electron affinl-
ty-of the semiconductor and seiriconducter surfaze staztes, In this
chapter the fundamental process of formation of the barrier has
been’explained together with the derivation of an expression for
the barrier height values considering the inter-fecial oxide layer.
Phe effect of inmage force lowering of barrier has alsoc been taken
into consideration in the derivation. The sclution qf Polssonts.
equation gave the width and capacitance of the de$1e¢tion layer.,
The method of obtaining the barrier heipht and impurity concentra-
tion fronm papacitance-voltage {C-V) rmeasurement are based upon the
deductions given in this chapter. The density of surface states nay
be deternined fromn current—voltage (I~V) and czpacltance-voltage
(C~V) measurenents accordiné‘to the formulstion given later in this

char.ter.

2¢2s  FORMATION OF SCHOTTEKY BARRIE

when & metal is br sught into an intinste contact with a se-
miconductor, the valence band and condugtion bvend of the semicon-
ductor is br aught into definite energy relationship with the Ferni
level in the netzl., The cnergy band diagraz is shown in figure-2-l,
(a) @mere the metal and the seniconductor are separated. If o wire
is now tonnected between therm the electrons of the senicondneior
will pass to the metal and their Terrl lavels are forced into ceoin-
cidence. An electric fileld would then result in the gap becguse

there nust be negative charges on the netal side balanced by posi-

e

~t



tive charges on the semicorducfor side., Beec usc the concentratida

of donors for an n-type semiconductor is many order 6f less in Liaj=
nitude than the concentration of elcctrons occupy an appreclable
thickness and band in semiconductor is beat upwerd as shown in
figure -2,1(b): 4s the metsl and seniconducter approagh eadh other
the drop in electrostatic potential (A) assvciated with field gap
tend to be zero if the field is to renain finite, Finally wheh the
gap becomes truely zero (i.z. perfedt contact), the poteritial acrons
the thin layer separating thoen disappears al together as sHown in
figure 1(d) leaving behind only the bafrier ariging frow band«ben-
ding. Evidently in the liuiz of perfsct conta@f the following rela-
(37,

tionship derived by Schottky hoelds goods

QBH = gn *‘j@ 1(211)

The sericonductor in figure 2,1{4) posszsses no BHel charge

at tue surface. However th: discontinuities in the lattice =% the
surface of the crystzl produce i rnost schiconductor a nufiber of

poseible energy states which are localised st the surface dnd usua-

11y there lies a number of states withir the forbidden bafid.Depen-

D

ding on the density of these states, cdlled surface-statésjat egui-

L

libriun ray sither exceed or fall shorl of the nuwmber AECeSEEFY to
- 3 T q (19) - I A .': e -

preserve the local charge neutrelity. Bardeon wag the fiFgt te

point out that the effect of surface-stotes on the height 6T pot.Dogr-

lere dirfoce-states are usuplly continuvcusly distribited I sher sy

within the forbidden band and ore characterisad by & neutrak Level

ﬂo which is such that if the surfoce-stztes are océlpied upto ﬁb

and empty above ﬁo, the surfaoce is electriczlly neufrals In ¢azse
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when gq ﬁo <\EF‘as shown ia figure~2.2. There iz n@t positive
charge at the sw face-states and the cepletion region is not as wide
as when there are né surface-states ond the barrier height is redu-
ced., Alternstively if g ¢0>’EF there is a nct ncgative charge at

the surface states and the barrier height is increased.

In a p-type semiconducteor the positioh is reverse and for

ideal contact, the barrier height is. given by

E

Pop = ~-5- - (F— R (2.2)

ind thus the sum of the borrier helghts for an n-type and

a p~type semiconductor is. expected to be egual to the energy band

gap i.c.

s+ 8. = B (2.3)

q(@ Bn

Bp

2e3 CAPACITANCE AND WIDTH OF DEPLETICON TAVER:

The potential within the depletion repgion is obtained fro:n
P k e

]

the solution of Pplsson's eguation dav/dx2 = - p/g with appropriat
bounding conditions., The boundary conditions are known from the ¥now-
ledge of energy-band relaticnship., The energy band dizgran fof n=trne
and p-type semiconductors are shown in Tigurc-2,3 under different

biasing conditions.

The metal-seniconductor barrier iz identieal to that of =n
one—sided.abrupt junction. Thus for an n-type semilconductor having

donor congentration ND, we have chorge density
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Q = q ND for XA

=0 for X}W (2.4)
and dV _ _ .
—a'; =0, V= an for x-=i

Where % is width of the depletion layer. Integrating Poisson's
equation we get electriec fiesld.
6(}(:) = + q N (W-x)

¢ _31Mm
.

1]

S

Integrating again, the potentizl is givem by -

: K
v (x) = §:9~ (iix - % 22 - g
€y Bn
Width of depletion layer is given by (21)
2 e ; 2
W o= L"h-" ( Vs = V- KT/q)] ciz (2.5)
q Ny

Where KT/q arises from thas contributicon of the mobile carriers to

(2u)

the electric field and is the correction applisd by Gooduan

The maximum eluctric field i@ is thea given by

fi L= &(,u. \/EqNUQ( vy —VnkT/o ) V/cm (2,6)

The space charge per unit area of the snmaconductor

' . . m a2 £227)
cgsc‘z G W = \/EqGEND ( Vo3~ 7=KT/q ) couls/en

Hence the capacitange C per unit aresz

-z N . :
-89 (sl bty £/an 2.8
C = . 0/ av = 2(v~":\7:fl;§7q) "_..x_/i-u f/Cm (258)
20, .nV-kT/q) .
2 (269
or 1/C7 = az:ﬁ -

where C is the capacltaﬁce per unit areas
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2.4 THE IMAGE FORCE BAiRRIER LOWERING:

A charged particle close to a ct aducting plane produces an
electrostatic force as if there were an equal and opposite charge
at the mirror imaze of the particle , This imnge charge being of
opposite sign lowers the potential energy of the body. In Schottxy
barrier this effect is called Schottky effect which reduces the hei-

ght of the potential barrier and this illustrated in figure-2.lt.

An electron at a distance x from netal surface, the attrac-

tive forge due to image charge is

F P ——— = e e ——— - (2.10)

Due to electric field within depletion layer, the total po-
tential energy 2

PE (x) =  ==pr=- - + qbx

To find the amount of lowering of the barrier this equation is di-

fferentiated ond set to zero, which yiclds the followling conditicn

) G e cri {2.11)

a2 .
g = \/“-:rf— = B X, (2.12)
. 4!!6@

Where‘ﬂﬁ is caused by naximun electric field e; within the deple-

tion region. Substitutimg&lfroﬁ equation -{2,6) in equation—(2.lé)

we get )
- 1
du_ (v 4=V~ KT/ q) A (2.3}
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Because of this 4@, the reverse current-voltage (I.V )
characteristic dues not show saturatiou and in the forward direc-

tion the barrier height is increased slightly,

2.5 BARRIER HEIGHT AND THE SURFACE STLTES:

The detailed energy band diagram of a metal- ne-type barrier
with an inter-facial layer is shown in figure-2.5. The following ass~

unptions(a?) are nade in deriving the expression of barrier height,

a) In an intim~te contact, the interfacial layer is of few
. - s, s to . .
atomic distance so that it is transparentselectrons and it can withe

stand pofential.

b) The surface states per unit arvca per clectron-volt at

the interface are the propertics of semiconductor only.

For nost semiconductors g ﬂv KL'EF i.2. the surface-sta-
tes are acceptor-like whose density is Nﬁse Thus surface charge

[~

density on the semiconductor.

= e \T - -g 4 1 (2s1h)
st q lss (Eg qgjo q "dBn“‘ qd g} (2.1%)
The spaée charge formed in the depleticn layer at thermal equiii—

briun is obtalned fron equation (2.7}
2g€ N ( v +A@ - KT/q ) P
Use = qeg' p PVt - XT/q
. 2 ooy
Coulycn (2.15)
"In the absence of any space charge in the interfocial laoyer,
the total equivalent charge density on the semiconductor surface is

exactly equal and opposite to QM;dCVeloped“on the metal surface. Thus

ST

s
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Sy - (st + Qsc) : (2.16)
Applying Gausé' Law to the surface charge on the metal and
semiconductor, the applied potential across the interfacial layer is
given by,

A= - E‘-QM/EL- - (2.17)
slso from energy band diagram
A=g - (X% g, +48)
Fliminating & from eguation (2.14), (2.15) and (2,16} we

obtain,

@-0 - ( B +4P) = [20€ ¥, By - vn-m/q)} #
| R :

~aqN_§.. _ . Q
58 (Eg q ¢O P (lﬂBn qdé} (2.18)
i
Let us define two constants as
.1
c, = 2§ v _b7¢, | 315
— €41/ (E: 2
C, =%/ (€] +aq SNSS)

Thus equation (2.18) can be written as

- .
P = [¢ 5 8.0 + (-ep) (=8 - 4) ~ag)

¢ C ; ; E

: 2_71 _ 4 3/2 gy \ : C
+£—§--—- c, IC,l (?{’m{i) + (17-021 ( ag- -2.) 1

A ’ C
2

- 232 (V. 4+ KT/q) + =-===--
n
C, b
. (2,20}

: 18 -3, ¢, is end
For €, = 10(1,61 = €yand ND;QO cn 1

the order of 01 V, with the approxiustion thet for ¢lean condition
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é; is of the order of & to 5OA.-Thus the term within the sccond
bracket in equation (2;20) is negligible and the equation reduces
to .

Pon = Cp (B -R) + (1- C)) ( . -2, -AP (2a21)
Similarly we can derive tﬁe barrier height for a p=-type semicon-
ductor and this is given by,

gZSBp =C, (B, +X-0) + (1-c)) B - 4Ag (2.22)
where = E
2, e
Barrier-height czn be obtained experimentally from l/c2 Vs.e V

plot according to equation (2.9). The density of the interface

' 43)
states can be evaluzted by the nodelof Borrego et dl( @vpdgas

follows.

Cc

: e ———— ——_— for forward bias
Ngg = q (n.-1)
F
c ( ng -1)
= ——m - €___;__ for reverse bisas (2.23)
where nF R = ———F __,Y____
. ] .
(1n IF,R)

and hF and n, can be found from current-voltage plot in forward

and reverse conditions respectively.



CHAPTER - THREE

CHARGE=-TRANSPORT THEORY OF

SCHOTTKY BARRIER DIODES
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31 PRELIMINARIES:

Current flaw ip a Schottky barrier diode is due to majority
carriers in constrast to p-n junction diode where current is deter-
mined by minority carriers. Several theorics approaches exist for
finding ﬁhe amount of current flow across the Schottky paf;ier.First

(22)

is the diffusion theory which was proposed iu 1939 by Wagner
Schottky and Spenke(23). According to this thenry current is limited

by the process of drift and diffusion., In 1942 Bethe(jz) formulated

e

the thermionic emission theory according tc which current was aisiied

(31)

to be limited by thermicnic emission. Crowell and Sze contbinzd
these two theories into a single thermionic-diffusion theory in whick
the effect of image force barrier lowering was also considered. Se-
veral other theories which are just modification of above theo;ies
and suited to particular conditicn;exist; Besides there are ewperi-

cal approaches for determinction of behaviour of the diodes. Soinc of

these will be discussed in the last article of this chapter,

342 THERMIONTC- BMISSION THEORY:

This is Bethe's nodel cormonly known as diode nodel ang e
based upon the following assumpticns:- (i) the mean free path shcéuld
be greater tlian the distance in which barcrier hoight falls by an
am@unt KT from its nmaximum value, (ii) the effcct of imnge force is

neélected.

The current density due to electrons crossing over the

potential barrier ﬁgn and flowing to metal from senicenductor under

(52)
the application of potential V is given by

I o= A e (7% e (-8 (5.1
si © KT
KT
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Where A :LS R:Lchardsoﬁ's constant for Thernionic eu:l.ssn_on in vaseum
and is *glvr.n %Zm Kl/hs

Here r'is the elcctron effective mass sonsidered as a scalor qua.
tity. But actually effective nass is tensor quantity and therefor-.
depends upon the crystallographic orientation of eritting surfacoe.
For nultiple-valley in energy band of silicon the appropriate Rich~

ardson's constant A* associated single-ecnergy nininun was glven by

Crowell(ag) as ,.i
1 E ¥%
Ao - (Mmene o, 2w
az ng z +12::1Z m"{,{'+l3 0 n*y)
““““““ (3.2)
jwhere 11,12 ‘and 1, are the direction cossine of the norna=l to

. 3 &
Athe"_:emitting plane relative to the principal axes of the ellipsoid
L .

and n n_* _ .
x 'y andﬂz* are the components of effective tensor rass.

Since the barrier for the electrons noving from the net::
to the semiconductor remains the Sdie, the current flowing inic soms

niconductor is tius unaffected bY apr.ied potential. Thus

q/@Bn )

= = A¥ Ta exXp -K--'—--

as
Total current, densityJ' = J, +J' ]
s sL
ﬁ
2 -g Bn)
I =(a% T exp C73- ) expf ____) -1] . (343)
J Vv
= - 8T .[Exp( 'ng_T ) -l:I (3.4}
. _ 2 ( _=9%B), is colled saturation
where Js'l‘ = A* T exXp = g

current density for thernionic emission.

543, DIFFUSION THEORY:

L

This theory is based upon -t:he following assunptions,
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(i) The barrier height is nuch greater than KT ;

(ii1) The effect of electron collision within depletion
region is included j;

(iii) The carrier concentration of the ends of the Semi-
ductor, are unaffected by current flow and

(iv) The impurity concentration of the Seniconductor is

hon-degenergte.

The total current is the sun of érift and diffusion cu-

rrents and is given by

T = ‘?LE“C*ME:* Dn ”‘1-(")/@&]
7 Daf ~ 7 1) Qjﬂ) 2n (x)l (3.5

“EF e T

(

together with the following boundary conditions:
Ve = ~7 (VW)= -7 Fan
V)= =g V-1V
_Ed9-EF gexpk‘i/%ﬁ)
n{o) "= Nc exp —pTT =

?L[ﬁp = e; EggF(:‘L,\a”(k(T).

Substatuting the boundary ccnditiens in equation (3.5) and repls-

cing W in terLs of V, 1; v lead to the following expréséion.

 9EDANC g =V ) 2N, .__f_-_mg;g? e#»(i/;(r ) -1
J: % KT [ bé ) )j /)(“ﬁg) f._g,‘x/,f_-2€@4‘__\)7

FT

Where V, the applied potential is positive for forward
bias and negative for reverse blas, Since Z,b3i>7K7} the exponen~-
"tial term in denuninator can be neglected for reverse voltages and

snall forward voltages, phus we getb.
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7= i'anNC[ C"k V)JND eif) _Efyfﬁ: [@f’(%_)“j ({3;}

KT @,
/9
= Jso ""“PL -1 | (5-8)
whese Jsp = ZE‘IC;_D'*[ ZC%CgY)zNDJ /{ Z% "')

KT

Saturation current in diffusion thecry varies more ropidly
with voltage but is less sensitive to temperature in comparison with

the saturation current in thermionic¢~emnigsion theory.

3.4 OTHER THEQRIES

(31)

Crowell and Sze synthesised thernionic emission theory
and diffusion theory info thernionic- diffusion thecry. They derivoed
the current transport equation fror the boundary condition of ther-
pionic recombination velocity, ?R s near the metalfsemiconductor ine

(53)

terfrze. Inaddition, effects of electron-phcnon Seattering ar.d
quan tun-rechanical reflection(54) at the interface are incorporatsil
The electron optical-phonon Hcettering betwzen the bharrier encrgr
naxinun and rietal predicts a low field linit for applying the ther-~
nionie emlésloﬁ theory 1.0; for asgsuning that the uefal actsas o
perfect sink for carriers which cross the potential maxinus in the
direction of the metal, The cffect of quantun-mnechanical reflection
and quantum tunnelling on the recowmbination velocity predicts the
high field of wvalidity of therﬁionic etiission theory and the onset
of thérmionic-field eilission, The cémﬁlete expressicn for J-V charq-

cteristics taking into account of these twc factors is given by

aon,



29

J = Js | e-xjs{gg)—;]
Where JS _ A"*T’i Q‘FC-Z%GHF/KT)

and A** is called effective Richnrdson's constent (3.9)
( Appendix ~R)

Thus at roow ternpersture the seniconductors having
. . . 1 - .
inpurity concentration below 10 7 cri 3, the current transport
mechanism in Schottky diodes is due tc thernionic enission of

rajority carriers.

These thecries are derived considering the barrier
height is constant and contact is such that the Interfacial
layer isrvery thin. But in practice, diodes fabricated do not
fit to ‘the theoritcal expression of equation (3.9) exactly be-
cause of nonuniforwity in semiconductor space charge, thicksr
interfacial oxide layer, ninority carrier injecticn and reécon-
binacion generation in the depletion reglen, However, it is
found that all “he experimental resul s could be fitted to the

following well-accepted equation

I=1I exp (7/%;(?) for (3.10)
biases ¥ ‘> 3‘(E/Z )Where n s called the ideality paraneter
which varies in the range unity tec 1C and I_ is the saturation

current,

S0 far we have considered only the majority carriers.

The effect of minority carrier was investigated by the model of

(30)

Schar-fetter « Magpnitude of ninority carrier injection was

(55)

measured by Yu and Snow The ninority carrier injecticn(app- D)
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was measurcd to be very Bnell and current was primarily due to the
majority carriers. ilso the existence of recombination generation
L

current was detected by Y, and Snow(ﬁa) apd Sinha ) which is ip~

portant im low current 1evels otherwise negligible.

Cﬁrﬁ’énd Rho&%rick(zg)derived a model on Schottky barrier
current where interfacial layer is thick. They assunied two types of
jnterface states one is Nsa‘ﬂnd another is Nsb i;J' The oxicde layer
which was intentionally introduged was supposed to form a barrier of
average heizhtd %W Treansnission conponent of electron tunnel was

A
dependent upon yﬁ and thickness of the oxide layer, Thus the equa-

tion was derived

£ Q'ex/’k“y’ Yag | Qﬁ/( Z@,ﬂf@xﬁa ZU) ]

where n was given by (Lppend;xﬁtL ' (3,11)

U/e) (& r2riy)
1+(%/) 7 Nsa

If all the interface states cormunicates with the serticonductor,

then N —» 0 and we get
sa

e

We have neglectsd in all casecs the effect of trgps, but in
practice génerally the deep level inpurities are found to be present.,
They conttibute to change of interface states and capacitance of the

diode.

s
¥
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Lo PRELIMINARIES:

In this chapter the process of fabrication of reproidiu-
cible Schottky barrier diodes h~ve been describede. 411 of_them
were obtained by vacuun deposition of metals on cleaned surfaééé
of doped seniccnductor wafers. The vacuur systen was Edwards-306
costing unit fitted with a £iln thickness monitor having an accu-

(62)

were carried out

6

At residual pressures in the range of 1072 to S x 10”° tory,and

racy of one spgefrom  Deposition of netals

liquid nitrogen was used as trapP, Both n-type and p-~type silicons

were used., Fabrication of diodes started with =chemical cleaning of

the silicon substrates. The substrates had doped epitaxial layers. -

The current-voltage (I-V) =nd capacitance-voltage (C=V) neasure-
ments were perforned on the diodes. A ¥-Y plotter and a radio-fre-

quency brildge were used in neasurerents.

k. 2 FABRICATION PROCESS:
In general the following steps were followed in the fa-

brication procesée
1) Chenical cleaning of the substrates.
ii) Preparation of ohmic contact.
iii) Preparation of metal contact and
iv) Dicing, mounting and lead connectlon,

b, 2,1 Chemical Cleaning: The epitaxial layer side of the sub-

strates was already nirror polished é ..+ These wecre

cleaned chenically where sonle variations were introduced e.{eBO0Ie

of ‘then were slightly etched and sone were not, Thus we devide this

_______
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step into two categories.

(a) -

(h) -

h,2.2

Ultrasonic cleaning in nethanol for 3 minutes.

Boiling in npixture of nethznol and acetone .

‘Rinsing in dcetone.

Drying at 80°C.

Ultrasonic cleaning in riethanol for 3 ninutes.

Etching in tae solution of 1 part:hydrof;oric acid, 5 parts
nitric scid and 12 parts of acetic acid by volune (1 HF

5 HNOz v 12 cHy COOH) for 1=k nminutes.

Washing in deionised water.

Ultrasonic cleaning in nethancl for 3 minutes,.
Rinsing in acetone.

Drying at 80°cC.

Ohriiec Contsct: The n-type subtrates which were n¥n type had-

their backside unpolished . Well-known silver-tin contact was app-

lied.

Tin and silver were deposited in sequence of 200°4 and 2000°4

respectively at a pressure of 10"'5 torr and then allcyed in vacuun

(:Lo'"2

torr) at 600°C for one minutes

The p-type substrates were hoth p-type ond ptr- p-type -

The ohmic contact was obtained by gold or gold-aluniniuws alloy. Sone

of the P+ -p substrates were gold deposited (1000%4) in vacuum (10~

torr)

5

anéd then heated at 55000 for 5 minutes in a chaonber having a

-

pr;ssure of 10—2 torr. Lnd rest of these were given contact of alu-

pinium gold which were deposited in succession of 100°; and 1000°4 -

respectively and then alloyed at 45000 for 4_minutes in a chamber

[l o
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with a pressure of 10_2 torc. This process gave reproducible c¢on-

i

toct =nd contact with a large contact area, they were ohnic,

4,2.% Schottky Metal Contact: This was done by various netal such

a5 aluminium, gold, silver, aluninium~zold znd antimony=golds Metals
were deposited th:ough netal nasks to rive a few circulnr contacts
at residusl pfessure in the range of 5 = ZLO--'6 torr to 10';'5 torr.
Thickness of betsl f£ilm was varied in the range of 1000.°4 to 2000
and the rate of deposition was in the range iO —2OOA/ECC- The list
of dicdec-series fabrica*ted are given in jnblehgﬂxn which conditions
of cach proeess heve been shown; Gener=lly the wetal contacdts were
.zated at IZOOC to have a stoble contacte For slupiniun-gold ond
antinony-gold system, sluzinium or anticony was deposited with a
thickness of 50°4 before the deposition of gold. Then gold was de=

posited of thickness 1000° i

4,2.4 Dicing Mounting and I:ead Connection: The Schottky diodes were

separated by dicing with tlhe help of a dianond pencil and were moun-
ted on thin glass slides with adhcsives of silver preparation. and
the wires were connected on both sides of diodes with silver pastes.
L sectional view of such a diode is given in figure~4.l.-

‘VHeat—treatment of the diodes were perforied in a furnﬁcé
where they were heated at certain tenperature for 3 to 5 rinites and
were left there for about one houtrs Then the sanples were taken out
to be cooled in atmospheric condition for at least 15 ginutes. In

this way a slow cooling was achieved,
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TABLE- 4,1

§ Type of

ohriie
contact

—-n——--———q.—i--a--’---d—-—'——-i

gilver-tin
Silvef-tin
Gold
Gold
Silver-tin
Golad
gilver-tin
Gold

Silver-tin

Silver-tin

]} Schottky

Metal
contact

3ilver
Aluminiun
Silver
Aluniniun
Aluniniun
Aluninium
Gold

Gold

Gold

Aluniniun

J Pressure

of depo-
sition in
torr

{ area of § Heat

contact treatment

2

in cn

0.018
0,018
0,018
0,018
0.018
€.018

0,018

0,018

if any

450°¢C

120°%¢

0w500°C

Fe
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No, Scri-
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11 531 p
12 832 n
12 832 P
14 85% 1
15 853D

R Chemipalﬁ Type of
seni-con=
by precce- ductor

eleaning

ss (a)or

(b)

(b)
(b)
(b)

(b)

(b)

1 -

TABLE=-4,1

{Contd)

§ Pressure
0of depo-
gltion in
torr

I area of
contact

. 2
1in cri

{ Heat
treatnent
if any

- e dm am e e mm e sm R mE Mo M am o e e

Gold-Antinony 5x106

§ Type of ] Schottky
ohsiic Metal
contact contact
Gold fluniniun

Silver-tin Gold -aluni=
o niun
Gold = Gold=-
Aluminiur jluninium
Silver= Gold-
tin antinony
GOld':-

Aluninium

0-600°¢C
0#600°C

200°¢
0=500°¢

120°%¢
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Schattky Metal Contact

—
e "‘},\_Epnax.iol Layer

Silver Paste Contact

Thin Glass Slide.. .

l

ilver Paste Contact to wire

SiLICON

Ohmic Contact

FIG.4.1 SECTIONAL

VIEW OF A SCHOTTKY DIODE

i
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4.3 MEASUREMENTS :

Current-voltage (I-V) and Capacitance-voltage (C~V) mea~
surenents were performed on the Schottky diode in order to find out
the paraneters e.g. barrier height, ideality'parameter, series re-
sistance and interface-states density etc. & low frequency equiva-
lent circuit of a Schottly diede 1s given in figure -h.2 where R
represents the series resistance, R is the dicde resistance and C
is the capacitance of the éiode. R is the sun of resistance of -quo-
si-neutral region (within epitaxial layer!), the spreading resistance

of the barrier.and the contact resistance due to ohnic contact.

Le3e1 CURRENT -VOLTAGE MEASUREMENT:

I-V messurenents was performed on the dicdes both in for-

ward and reverse directions. These werec obtained directly on a X-¥:

Ty

plotter. The forward-characteristics were drawn upto 500 nV and-ré-

verse characteriétics were drawn upto 4/5 volts. The value of barrier

height ﬂB and ideality paraneter, n can be obtained from the plot of
Logl Vs V in forward direction according to the following eguation.
(4,9) Log I Vs. V plots were straight linas,

KT SA** T2
g, = ---- 1n ( mmmmmme - ) : (Le1)

The effective Richardson's constant A** is function of

electric field at-thg_interface. In the range of etectric field of

iy

P
=7

AL
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104 to 2x105

v /en, A** is given by (Appendix-B)
A** = 115 amp/cma/ oK2 vessesfor electrons

2

30 amp/ci_la/OKa sre s e for holes .

Diode Series resistance

the diode region, usually above 5 na.

(24)

3,2 CAPACITANCE ~VOLTAGE MEASURMMENT

Diode capacitance, C was neasured with a snall ac voltage
sﬁperimposed upon the reverse bias. Straight line was obtained 5y
plotting 1/02 versus the reverse voltage. The barrier height is de-
rived from the intercept Vi_of tﬁis plot and the inpurity concentra-
tion of the sericonductor is found fron fhe slope of the straight

line plot according to following équationl(h.E).

¢Br; =V, o+ vn‘+ Ki/q - AP
2 -av .

ND = em=re sme—mesmoes (4, 2)
a & d(q/cz)

Where C is the capacitance per unit area.

However, when deep level im urities are present, these
P P P '

Jevels are filled upto quasi=-Fermi level ypder forward bing condi= .

tion and their space charge density is sioply piven by Ny e But
under the reverse bias, the traps eupty down to a certain level be-
low conducticn band and the space charge is nonuniforn and their
density i1s given by"ND + Nt s where Nt is deep'level impurity con-

dentratidn; Thus Goodman(ﬁk) showad that

o

R ®as reasured by biosing the diodes far beyond
S .

1



a ( 1/c%) -2
Vi = . - for feorward bias
q D s
a(1/c% ) 5
7 Z mmmmmm e m——— for large reverse bias

q (ND $ Ht) €s ‘

(4.3)

Thus when the traps are present, the plot of l/C2 Vs, V dogs not
show just one straight line, instead it gives two straight liness
The slope of the straight lince in forward bias and sitall reverse

bias.is determined by the shallow inmpurity and a2t large reverse
bias the slope is different and is due to sun of shallow and deep

level inpurities,

The experimental set-up for capacitance measurcrnent has
been shown in fﬁgareiqaj where the biasing to the diocde is done ex=-
ternal to the bridge. GR=-9164 fadio-frequency bridece was used where
the lead capacitance correcticn were provided. Measurenent was ca-
rried out at 1 Mi because with such a high frequency the traps
cannot respend. The bridge reasures the series resistance and
series capacitance directly and these valuss were transformed
into parallel resistance RP amd parallel capacitance Cpf”Diode re-
sistmnce R and capacitance C nmay be calculated fror the following

equations:=
7

: _;__ =[_%- ( "2“"* 1) +‘w? Rsacai]/{g ;ﬁ- Y1) +-«@Ri-02]

R
c =af -L( =S B I w2 R2 02]
N N R =)
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Thus when R /R {1 and szi c® {{ 1, then

Cp (4ols)

I](

5

C

These two conditions are satisfied because under, reverse bias

Rs/R<3:1 and diode capacitance is emzller than a nanofarade
Also it can be derivsd that

(2 (V.. =V= KT/Q))}
1/¢ = SR -2 S i + 2 Ua R

0o

(4.5)

Where § 1s the area of diodé. Thus when the values of Cp are usaed
to plot 5/02 vse reverse voltage, it is observed that @?giﬁétual
intercept with voltage .axisg is changéd by an arount equai to
aua Rg though the slope of the straighf line plot remaiqja the
sane, So a correction which i1s equal to 2&282 was accounted to

2
find out 1/C «
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RESULTS AND DISCUSSIONS:

Barrier heights (QB) and ideality parametérs(n) of the
diodes have been derived from the plot of log I Vs V in forward
direétion and using the equation (4,1). The intercept and slope
of the straight line plot determihe saturation current and idea~
lity'parameter respectively. These plots of log IVs. V for the
diodes whose nmetal contacts have been nade with single netal deposi—
tion are given in figures -5.5 to 5.8, The points of these strai-
ght line plot are obtained from the I-V plots in figures 5.1.to
Sab. 411 these plots are shown for both forward and feverse big-
ses, 1/c¢° Vs reverse bias plot of these diodes afe given in figu-
res 5.9 to 5.12. The intercept (Vi> with the voltage axis has been
used to find out barrier height according to equation Lq.a). The
density of shallow and deep level inpurities have been derived fron
the slopes of the straight lines in 1/C° vs reverse bias plots acc-
ording to equation (4;3); £11 these results haove been shown in Ta--
ble-541 along with the series resistances of the diodes. The rec-
tification property of the diodéé‘éan be visuslised from fhe photo~

grachs of I=-V characteristic was Eaken frov HewlletP ickard oscillo-

scope as in figure 5.20 ¢A=F}, Reverse characteristics at higher vol-

tages and breakdown voliages have not been shown as they are not

irportant for Schottky diodes.

L



TABLE- 5,1,

Diode I Series . { Barrier Height § Ideality Impurity § Concentrat::Lon
Serics Lesistance ‘QJB’ in volt prrane ter cc.:!ncentra- of t’ra?sé if
in . o ' - tion ) any, om=
Ohns S P €1 n : NDf ;IA L
crl
ALUMINIUM BARRIER
-
510 22 0,675 . 0.68 " 3,76 3.68x1015 1.1x10%°
520 65 0.575 0,57 2.07 6.70x10Y°  2.5x10%°
521 50 04775 Qe 77 1.73 4.84x1016 X
1
523 105 . 0,660 0.625 1.90 3.06x10 > X
SILVER B.RRIER
58 64 10626 . 0478 2,80 3.824x1015 3.32x1014
£19 Lo . 0.652 0.63 1,93 j436x1015 x
GOLD BARRIER
B} 16 15
a2k 30 0,74 .0.78 1.99 3.89x10 6.1x10
830 23 0,72 0.7 1.90 2.63x10%° 2. 45x1010

T
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Interface states density has been estimated using the
equation (2.23) at thé reverse voltages. The quantity ng is the
sarie quantity as n and np 1s a sioilar quantity except in reverse
dirgption. The capacitance at two reverse voltages were calculated
fron 1/02 V8, reverse bias plots. The calculated values of inter-
fgce— states density hnve been shown in Table~5.2, The thickness
of interfacial pxide layer has been calculsted from the model of
Card and Rhoderick according to equation (3.12). In these calcu-
lations the permittivit# of the oxide layer Ei has been taken equal
to ( = 8.8542 x 10—14 f/er ), The dielectric constant of bullk
Silicon dioxide is 3.9 but that of the interfacial oxide layer is
different fron bulk Sioa, it was assuned thatéi =fo as used by

Sze(51) (50). #lso the resistivities corresponding to

and Pulfrey
Shallow inmpurities of silicon used in fabricztion of the diodes

have been calculated and shown in Table 5.2.

TABLE 5,2 Thickness | Resisti=
Diode Interface State Denzity Interfa- vity in
series Nsb in cm=2 cv-].&t reverse.. - g gial layer Jlfcm?
voltages _ n oﬁ
005 v 2.0 v
8 2.35 x 102 6.34x10 15.76 0a7
s10 3.27 x10t2 k.80 x1012 28,39 0.65
519 3.76 %1072 3,07 x 1012 33,3 1.80
$20 2.86 %1012 5.05 x 107%  11.8 2.10
s21 3,0 x 1072 4,07 x 1672 15,4 .0.15 l
s23 e N P LAY 440 5
52k . 3.ex0t? - 8,82 x1012 6,2 0,20 '
2 -

830 5.84x 10t 1.47 x 1033 3.4 0,25
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The giuminium barrier was studied elaborafely., The expe~

rineéntsal results in Table«5,1 show tha. the barrier height

obtained by I-V and C-V methods dgree faoirly well with éach others
Freshly prepaored aluniniun barrier on @ type material (510) is_
04675V whieh islSlightIY'less than the expeéted value of C.7V, Also
freshly prepared aluminivi barrier 6n p=type silico (823) the ba-
rrier Height is 0.625V whieh is higher than the nouinal value of
0.55Ve This is due to the fact thit interfacial oxide layer contains
positive chﬁfgesFE?) wﬁiéh are immobile to fhe'qpplied potentisl,
The preschce of fixéd positive charges hos also beefi neftioned by
Gard and Rhoderick (39Tf The pbsitive ¢harges were found to Be-preﬁ
sent in the form of positisuly charged Scdiun (Nat) and Potagsiun (K*)
icﬂg58)¢ Also presénce of some stable positive charges are found at

8y ﬂ‘Sioa‘interface'Which‘arises due to nonstoichionetri¢ silicon-
oxyger structure at the! interfaces If these pbéitfve dharges dre
concentratsd at the interface theém o deviation of barrier height
é{gB.cﬁnAgé given bjﬁﬁB = q §Y6/ e, where N¥ is the dengity of po-
sitive charges. Thus o deviaticn of 0.4V arising due to dfg;ldoﬁ

glves the ﬂgmbef‘of positive charges present o be of the order of

1077 enC.

Heat~treatnent ofafuhinim}natjpe-silicbnibafffér showed
that ﬂﬁh,increased=upto 0777 vihieri heated to 400°C for 45  ninu-
tes as In diode S21s And olutiinium p=type silicon barrier (520)
showed thaot gﬁp.decréased frof 04625 ¥V to 0,57 V‘whén‘heaked’atf.
4500C for 3 to 5 ninutes. In =11 cases the saiples were cooled' slovi-

1y by leaving them in the furnace at lenst for an half an Hour.

TN

ard -.’*
A
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This effect BBOWEd that heat-treatment cause some of the fixed

positive charges to be removed frem the interface. But the domil-

nant effect "°F that a high-tetiperature hect-treatrient causcs formotion of
an aluminiuﬁ—silicon phase which on cocling bee.des a silicon sur-
face higitly doped with aluminiun. Thue in o n-type barrier a p-type
pur face layer WaE forned which reduced tae Semiconducfor surface
electriec field and thus increasing the barrier height. But this
gave Dbetter reverse characteristics because of lesser effect of
image force barrier lowering. ind in p-type barrier the aluminiui
doped silicon interfsce increased the senilcocnductor surface elec-
tric field which reduced the barrier helght, consequently dete-
riorating the reverse characteristics. This bhas been varified with
diodee 831n and 831P where the sare saiple was heated at high teu-

peratures (0-60000) as shown in figure -(6.13),

Freshly preparcd gold barrier showed similar chargéteris-

tics as aluninium barrier @y with hent treatuent. showed a little

-

change because nc acceptor- like lﬁyer was found fhere. Slight che
ange of barrier-height was attributed to reuovel of some of the
positive charges in the oxide of silicon. The p-tywe gold barrier
was différedht to obtain at room temperature. L freshly prepared
p-tjpe rpld-barrier showed ohimie nature as seen in figure . =5.,2C(I)
which quickly turned to ohnic contact at 120°¢ as shown in fizure =

L E5.20030,

. Similarly freshly preparced silver barrier contained fizxed

positive charges in the oxide layer. No noticeable effect of heat-
-*
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treatnient on barrier height was observed ratl.er it gave better re-

verse characteristics.

In samples 532 and S33 two netals were deposited in succession.
Aluminiun~gold were deposited upto a thickness of 50°A and 1000°4
respectively on n~type (S32n) and also on p-Type (S.32 p) silicon.In
$32n diode the barrier was initially low but increased upon heat |
treatoent. Heat treatment upto 400°C, the log Vs. V plot { Figure-
5.,17) showed two slopes in forward direction where the straight line
at lower voltage the barrierwfs aluninium-like and at higher voltage
it behaved like a gold barrier. Heat-treatment at high tenperature
eventually turned it into a gold-berrier having high barrier heigﬁt .
ThisWas explained dueto formation of an aluniniuwm-doped silicon ine
terface between gold and silicon. This aluminiun-gold barrier(3532p)
with p-type silicon turned into good chmic conteact by heat=treat-
rent at 12000 as evident frono figure 5.,20(p). Reverse characteris-
tics in $§32n was found to be better because of the same reason as
in diode S21. This becate clear from a study of the figure 5,20(L)
and 5420 (K) where reverse charszcteristics sﬁowed éood result upto
l2 V, Sinilarly in diode~ 533p where antirony and gold were depﬁsi—
ted upto thickness lOOOA and 1OOOOA respectively, did not show any
significant changs in the value of barrier height (fig.5.19) with
heat~-treatnent. But such contact ($33n) with n-type silicon resul-

ted in ohmic contact ot BOOOC as shown in figure 5.20(0).

The ideality parareters n of the diodes were inferior coms

pared to the of near-ideal values. 4As in the modél ‘of Card and
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Rhoderick (App-B ) here also larger values of n was a function of
thickness of iﬂterfacial oxide layer. Heat-treatment did not show
any noticeable change in value of n except in S$32n and S33p diodes
where the condition was different because of formaztion of an alloy
and a layer of silicon doped with n-type gfp-type impurity at the in-
terfaces, From Table ~5.2 it is seen‘that the oxide layer is thick
enough so it WiB agssuned thet interface state density coumunicated
with silicon only. It was also observed that the thickness of oxide
layer was nonuniforn because this oxide layer had developed in at-
nospheric condition. Moreover it is assured that the interface state
density is independent of thickness of oxide layer(g?a but was found

to be slightly dependent upon reverse bias.

The reverse characteristics WCTC found to be deteriorated
in gold barriers - S24 and 830 because of their enhanced effect of
inage force barrier lowering(d@). This is due toc the fact that they
had higher doping of the substretes ¢35 seen in Table 5.1. Also doni-
nant effect of image force lowering is observed in dicde S-20 be-
cause this diode was heat-treated at hipgh tenperature as a result
aluniniun doping of silicon increased the doping of silicon surface.
For build-in potential of V,; = 0,5V, Ag is about 15 nVv and with
applied voltage of V = 1 volt in reverse direction 4% increases
to 25 mV. Thus it showg tha£ though theoritically this effect béu-
sed by "applied potential is of seconqtprder, the leakage along the
edge of the surface of the semiconductor makes it nore important )
in practice resulting in the deterioration of the reverse charac- \-

terintics,
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The presence of trgps hzve been detuicted in a nuwber of
samples as showr in Table 5.1. Their presence affected the density
of semidonductor surface~-states and the reverse current of the dio-
des. The emptying and filling of trap levels ave bias dependent.
The largest nunber of trapsdwere found in go¢ld barriers and these
diodes showed dsteriorated reverse characteristics as shown in figz.
5S¢4 because of possible emission fron the traps level unier the
influence of increased field at +he interface duec to reverse bias.
Recombinstion and generation within the depletion l;yer had not

been studied, but their effect could not be neglected because the

idenlity parameter n was larges ilso surface-states accenuates re-

(59)

corlbination »8imilerly generation also was responsible for in-

creased reverse current,

~ The efféct of minority corrier injection ratio ?ﬁbecomes
inportant ot high current density. For a certain value of current
the ratio J/Jo would be "highest for gold-siliccn barrier and the
fatio J/Jo deternines the ratio })/X; , {where J0 and ?O are two
constants thoge zre defined in gppendix -T). It was found(BO)that
in gold-silicon bafrier that in order to hove a %jequal to 5%, it
would require the current density to be 350 amp/éma. But such high
value of current density is far beyond the useable range of such

diodes. 30 the effect of ?ﬂ had not been considered,

ettt
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61 CONCLUSICNS AND RICOMMENDATIONS

Reproducible Schottky barrier diodes with controllea
barrier height have been fabricated within the limited sccpe of
our Microw-electronics Laboratory. Though the fabrication proceéss
-that has been adopted as presented in this thesis ray not be sui-
table for fabrication of discrete microwave Schottky diode,but
the results of this thesis would he exlrenely useful in fobri-
cation of thottky barrier solar cells whick is =2t present a pro~
ﬁising device for solar energy conversiocn. Author has)however,also
invostigated the ohmic contmels those could be used in further ree
searches in this laboratory. The fabrication process of some of

(60)

the authors nay seen to be sophisticnted but they are suita-
ble for fabrication of microwave diodes where geonetry - and area
of metal contact are precisely controlled. The work on Schottky

dioces of this thesis emphasised on the conirol of a physical paw-

rameter, the barrier height.

Aluminiun was found to te wmost suitcble metal because of
its barrier with n-type silicon was controllabls over a ronge of
0.67 to 0.8V and the barrier with p-type silicon was also contro-
llable but over the range 0.5V to 0.65Y, The control actiomy was
obtained by heat-treatment after the fabrication procedure. Con-
trol of barrier above 0.8V wns obtained by barrier foruéd by ng=-
tals alukiniwa and gold depositea in successinun. Gold and silvor
barrier did not show any reproducible variation with heat-trectizens

rather they were stable zfter initisl heat-treatment when a slight
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Qhaﬁge took placey, In all the cases the freshly prepared barrier
with p-type silicon showed higher value df barrier height and
With n-type showed the lower value of barrier height compared
to their known values. This confirmed the presence of fixed posi-
tiveé charges whose density wos found te be of the order of 1012/

2.
cK s

Ideality parameters of the diodes were around two, Such
high value of n was because of presence ¢f oxide Iayer that grows
on silicon when left in atmospheric condition of our country for
long time. Metal-oxide- Schottly barrier theory has been appliea
to find cut the thickness of this inter-facizl oxide layer &.The
obtained value of § varied over a range of about 3-304,thus ingi-
cating the ncnuniforn growth of oxide laoyer. Interface-state den-

. . . 12 i3
slty calculoted from the diodes were of the order of 10 "= 10 7,

-7 =2 _ . N R
ev , ¢ o They were assuped to be independent of thickness of
inter-facial oxide layer and in comiunicotion with the siiicon
only. The density of the states were found to irerease slightly
"with reverse bias upto a few voits, This was becavse of preeence
of the traps in nost of the sanples. The trap concentraticns have
been calculated. They increased the reverse current in addition to

the effect of imege force barrier lowering.

.Frow the results of this thesis it is suggested that if

an inproved value of ideality parameter is desired then one woulZd

need substrates without having an éﬁitaxiéi‘iijef but ponlished ne-

1
.

chanieally just before the chemical ¢lenninz. i near-ideal value
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of ideality parameter could be zchiceved if freshly prepared epi-
taxial layer of silicon is provided. Reduction of the diodes se~
ries reglistmmce is important. This may be attained by ohmic con-

tacts obtained!7 allspnf  in an hydrogen atrosphere.

Diocdes with improved reverse characteristics would be ob-
tainedlif the edge leékage current component is elininated by app-
lying a metal guard ring arcund the metzl ccntact, The edge effect
is significant for diodes of larzer sizes and should always be ta-

ken in consideraticn.

In order to wzke these dicdes to be useful in microwave
frequencies as discrete devices 1t would be, necessary to reduce
the area of the dicdes significantly, about 50-100 A diameter of
netal contact. Alsc fine wire-bounding facility has to be provi-
ded "n the Laboratory. For superior quality of Schottky diodes it
is suggested that Gais should be used because it does not oxidise
50 easily as siliccn zndthis is wvery important specially in the

¢limatic condition of Bangladesh.

6.2 THE SCOPE CF FUTURE WORKS:

(61,(62)

At present a great deal of works are in progress
on the fabricsticn of efficien+ Schottlky solar ccell because of its
comnparable conversion efficiency with that of the p-n junction pho=-
todiode, and the simplicity of its fabrication. Schottky solar cell

is a Schottky barrier dicde where additiocuzl features are incoryo-

rated sc that it can absorb sufficisnt solar radictionand the photom
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axcited elegptpons ctan suwriount the bariier, By proper choice of
metal and aﬁtireflecﬁion coating it nay e poésible to fabricate
such cell with higher converslon efficizncy. Sgch a program?éese-
greh can be readily token fron the information oﬂtained in this
thesis. The increased barrier height is an asset for s solar cell
because both the open circuit voltaze and power cdnversion effi-
ciency are positively affected by the increas’e 1n the barrier

height. Also the ideality parameter of a value ¢f around two would

also be advantagecus for Schottky solar cell.

(63)

Pulfrey and Mcouat heve shown that the nmoximw value
of power conversicn efficizncy cmn be attzined by fabricating a
barrier on a p-type silicon having the barrier height as high as
1Ve 3uch a hizh vzlue of barrier heilght con be achieved by the

process described in this thesis but with the addition of a step
of oxidation. Thus a thicker interfacizl laver at the interface

Wouid rgsult in a high barrier height as oxpected frowm the model

of Card and Rhoderick(zgj'

In addition to the simplicity of fabrication of Schottky
solar diode., the cust reducticn would be still uore lmportant for
its terrestrial applicntion. 5o another step involves similar study
that would be done with thin.polycrystalline silicen film. Within
the existing facily of-éhé laboratory in Zlectrical BTngineering
Departﬁ;nt, BUZT, it is well possible to study- the Schottky solar

]

cell's adaptability to polycrystalline thin silicon films. It i
therefore suggested that further researéh nay be undertaken in the

field of Solar Cells using 5ilicon Schottky diode as the basic device.
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Appendix=A

INTERFACE STATE DENSITY FROM C-V AND I-V CHARACTERISTICS(48)

The interface state model as followed by Borrego  inclu-
. . L .

des the image force barrier lowering eifect is to increase the ba-
barrier height in forward bias and decrease ¢B in reverse blas. Ass-
uming that interfacial oxide layer is very thin that it is not con-
sidered explicitly and hence the electrons in the interface states
are in equilibrium with the metal, the relationship between the mag-
nitude of the surface states charge density Q. and density of in-

terface states is given by

1 d qBS : .
T Sy ko

Since neither st nor ﬁB is a quantity which can be controlled di7
rectly in a Schotky diode, it is necessary to evaluate the.functiOg
nal dependence ofoss and of ﬁB upon an appropriate difectly contrg—
lable variable. The applied terminal voltage is such a variable sin;e
the voltage dependence of QSS can be determined from C=V characte;
ristics énd‘the voltage dependence of ﬁB can be determined from ei-
ther from I~V eharacteristics or phofo—electric measurenent, Here

two methods of evaluating the equation (A-1) will be'pgesented using,

the measured I-v and €-V characteristics of Schotky diodes.,

To determine the charge densityQ'sS és a function of the
applied voltage V. the electric field at tﬁ;linterface is obtrined
from high frequency C-V data taking into account the presence of
decep domor level, The charge denmsity Q g is related to the electric

field Eg at the interface by the equation .

Qg = & ESEs (4-2)

o @
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Frop energy band diagram of fig.A-l1 an increase in the vol=-
tage across the depletion layer AV,. uncovers a charge q N, ¥, and
a charge qlN,4W
B¢ 4% T i’Nt q ND
30 that AE_ = —em~m 4Yt + e AW (4=3)

8 s

Where Nt is the deep donor density and HD is shallow donor density.

the increase in voltage A Vbi is

LAY qg N, W

AV, =?’-13--54Yt v ——=Des Aw (A-4)

€g €s

Where Y& is given by 1

2 € v

5 t (A-5)
W - yt 7 = N
4 %p

and q Vt represents the energy difference between the deep donor
level and the Fermi level in the bulk. Assuming that the deep donor
level does not respond at high freguency depletion layer capuci-

tance € is given by 7
s€
[5
C = ——— (4-~6)
W

Where § is the arez of the diode ross-secticn. It follows fronm
»

equation (A.2) to (4.56) that

v ' 2£ v, , oc _
b Av - g N, ( RREII “5‘7'-—4\1 (ia?)

4 oV QN | N

mlo

55
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Although the change is in ﬁB with bles is small we may write

Wy 1
DV ) q

(4.8)

it

So equation A.7 by meens of equation- A.8 can be written
as Pollows:
- oo C.av s 3o SAg - -5t
Aq, =€ g-~av + 2 Af, -q N ( SR ) oV
- (2.9)
Integrating above equation between O and V, the change in

stored charge is obtained.

. 1Y 4 go(V)
eV = Q 0) = - —'S'_uoc av  + ey [ cdg,
/ §,00)
eV 5 (o)
+q N ( _;_ﬁn )< In ~5TV) (A.10)
D

Since the change is barrier height with voltage 1s usvally
small (less than 0.05 ev for a change of voltage of several volts),
the second term can be appoximated by the average value of capaci-
tance times the change in barrier height, Using this approximation

equation(A.10) can be written as :

1]

dss ) - st(€D Eé-[-Estv)‘* ES(O)]
v .
. foc w e A (0 [[B(v) ~#(0)]

qS
2
2 v ~ c(o)
S T Qe LRV TR (£.17)
%, L c(v)

The last term of sbove equation (A.1l) represents the, con=-
tribution to the surface charge density by the charge of the,déep

donors which is uncovered within the depietion region. In addition,
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We have - J0) = e e —— e = - q Nt( —————— (s.12)

assuming that the deep level is uncovered at zero bias., If the char.
ge is the deep donor level is negligible at zero bias, st(o) can

be expressed as:

Q (0) = i ’ (Ae13)

S5

Where Vbi(o) is the diffusion or .gontact potential.

The dependence of the barrier height QB upon the applieq
voltage is determined from I-V characteristics. Assuming that the
current in Schottky barrier is due teo thermionic emission, the re-
lationship between I/S and applied voltage V taking into account

image force barrier lowering, is given by

1 e

% go=q /3( Ec_)/é _ q’ _[

J = L = A T2 exp B = exp ( zz--)-1

5 K7 KT |
{ﬂ-l}'i')

where ﬁgis the image force lowering constant is given by:

- _9__ % | te15
/3-- ( ‘f ﬁ— ) - (u..l_))

The Jeakagecurrent IS is obtained by extrapolating the

curve of {n I Vsea V at forward bias (V . ;>4 KT/q) to. .V =0 :

5 2 :
g, =--= = A*f T exp [ - ﬁB(o) - qé“E@(o) ]
The change in barrier height at any voltage V can be ob~

tained from equation (A.14) and (A.16) and is given by:

‘ﬂsb‘B = g /éﬁ(vﬁ‘j‘ - KT (,n ------- o {A.17)

KT .



#arar

Using equation (A.11) and (A4.17), the dependence of Qg upon

QB is determined from I-V an@ C~V characteristics. e s 1P

known as a function of QB, NSs is determined from equation (4,1).

It should be noted that Nss can also be evaluated without Adetor.

mining, I_. Since q__ and ﬁB are functions of applied voltage v, it

follows that

dqQ
g3 . (bQSS/ DV / (2qg/ @)
,d‘gB

The numerator equation A.19 is obtained from equation 4.9 and

it is given by

2 (V% 9ln¢
)st - - _'_C_}__ + _1__ 9_' -?:21?3—— q t(-—E'"'E) Sfy-
5 Vv S q S . q ND

(Le20)

The change in barrier height with vcltage, the denomination
of equation A.19 can be obtained by taking the derivative of equa-
tion A.17 with respect to voltage. Introducing the ideality factor

n, defined as

1

— e (1'«\;2'1)
= (kT/q)

n
Where T ., I. and V V., are the currents and voltages in for-
F R F, R

ward and reverse bias respectively, we obtain

1 25

3 : 3 VF | =45 + )é 5‘{‘];"‘-" + i:aii—)-z:;‘?;]ET) (4e22)
LW e E
q R T ‘2YR exp. ( q'R .
i ( o ) -1
(A.23)
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Substituting equation (A-2), (4.22) and (A.23) into (4.19) gives

d Qs / dﬁB'

Thus Nss reduces to simple expression in terms of capacitance C

and ideality rarameter for biases of V>>4 kT/qy we have now

o aep BB L ey, e
N o= Q8] AR 5 g U2 VF___
[51=1
WE,
(n -1+ NP 2 (4. 24)
| 2,
for forward bias and :
c o1, & C
N - qs..(n“l+n /3'--—{;,}-? ) - MR W v,
58
X DNE_
B Y (5.25)

for reverse bigas
If the effect of image force barrier lowering and the effect
of deep donors are neglected, equation(a.24%), and (4.25) reduces

to simple form as follows:

C
Nss T e —— for forward bias
q $(n-1)
¢ (n-1)
= e for reverse bias
qQS ~

(4026},
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APPENDIX =B

EFFECTIVE RICHARDSON'S CONSTANT a++{(31)

- The complete expression of current voltage (J-V) charac-

teristics taking into account the effect of back-Scattering by
electron optiéel phonons at the potential cenergy maxima and the
effect of quefnfum mechanical reflection of electrons by the Scho-

ttky barrier and also the effect of tunneling of electrons through

the barrier as derived by Crowell and Sz (31) is given by
qVv
J = Jg ‘en>[( ----- )—11 (B.1)
KT
PR - (= Zgn ) (B.2)
Jo = A T. exp =
f £ A*
Where A** = _—m-ee- I . _
(1 + £_ £ Vp/U (B.3)

fp is the probability of electron emission over the poten-

tial maximum considering optical phonu~ scattering and is given by
e X '

and it is observed that for small fields (corresponding to large
-Iﬁ) and high temperatures (corresponding to small meax1ffee'path
7~ ) there is a congiderable reduction of the emission probabiy
as explained from equation- (B.4). 3 value of fp less than unity
implies that V, should be replaced by a smaller recombination ve-

R

locity fp VR. A value of fp less than 0.7 is indicative of failure

of the thermionic emission theory:

The quantity a takes the effect of the fact that energy
di stribution of carriers is further distorted from a Maxwellian

distribution because of quaihtum mechanical reflection by the b~ ﬂﬁ ny

'- T fee ke s . S - -~

= i .. . . Coe 'j R I‘ '
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barrier and alsc due to the tunneling through the bagrrier when f

is defined as a theoretical ratio of total current flow conside-
ring these two effects to current flow neglecting these effects.

\ : ' o =
fQ is a f@gction of electric field which risés rapidly near 107 V/
: Y :

PR
cm at room\temperature whichmarks the transition between thermio-

nie (T) and thermionic-field (T-F) emission.

Thus the probabilities fp and fc1 set a limit of high
field and a low field limit to apply the thermionic emission theor;.
The limit being 2x10° to 4 x 107 V/Cn for Silicon. The calculated
value of A** for metal- Si system at room temperature is given im

. : : L
figure B-l. It is noted that in between the field range 10 to

2 1 .
2x10 V/&Mﬂ , A** remains cssentially constaont..
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APPENDI X-C

THE BFFECT OF METAL-OXIDE-SEMICONDUCTOR FPOTINTIAL DISTRIBUTLON
ON THE VALUE OF IDEALITY PARAMETERT39).

At the metal.semiconductor interface a potential difference
caﬁ_be sustéined. This potential was assumed to be bias dependent
and gives rise to reduced dependence of the semiconductor surface
potential on the applied bias. This the @iffusicn potential in ths
semiconductor is altered by the presence of the insWator. This is
expected even for a charge free film, but the effect would be ncre
pronounced as a result of fixed charge (or very slow states) in
oxides on siiicon. The energy band diagran of the chemically pre-

pared Schottky barrier (MOS8 contact ) is shown in figure -C,1,

Figure~C=1 Energy band diagram of Schottky MCS contact under

zero bias ( wew=w=) and under forward bias (

)



L1

-Itris_qssumed that the contribution to ‘the value of n from ether

mechonisn: (such os o recombination currents) are very small.

The static potential distribution throﬁgh the contact is
affected by the presemoce of the oxide film, Gauss’s theoren states
that the field in the insulator and that just inside the seriiconduc-
tor are in the prdpoftionéﬁ/gi unless there is = surface éharge den-
sity at the interface. However the chargerdensity can érise throush
a net charge in‘interface states or through mobile carriers accumu-
lated at the semiconductor surfaé¢e, The charging of interface ctates
takes piace by (a) electrones tunneling between the states and the
metal and by (b) interaction with the electrones in the conducticn
and valance bands of the seéi conductors., The population of these
states is chiefly determined by the process which takes place most

readily.

The surface potential is better known as diffusion potential,

V.. whose zero field velue is represented as V.. . The change in

bi bio

surface potential may be related to the applied potential by

’

n = - v/dvbi { C.1)
where vbi is the change in surface potential as & result of iheé
applied bias V. z&Vbi and change in oxide potential A4 Vi are nega-
tive for forward bias. Using AV = =( AV, ; +4 Vi) enables equation

{ C,L1) to be written in differential forn .

e

i

o il
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— — av Do e
ot e W

Applying Gauss's Law to the surface charge on the metals we get

Av, = - % ( -%I- ) (¢, 2
‘ - = o
Also Qi + Qg *+ O = (L, i
" Thug equation- ( A3.3) becones
o5 e
v, = 2 (Aq . +aQ.) (: g5}
i
Taking derivatiwes
dVi ) __gw_ d__ ( .
) dv e * Res’ =
dqQ av._ . a9
b l¥se _Zbi__ , __Tss_
ci av, 5 av dv \
( ¢8)
Fron the depletion approximation
d
s ¢ s .
I e e v — - (.' C /)
w ®
d Vs s
7 v
It is assunmed that the interface states can be subdivided
into two groups. The states in one of these groups are in equilibrium
wi.th metal and those in the other group are in equilibrium with the
semiconductor,
For interface states that equilibrates with the nmetal,
the change in occﬁpancy is determined by change in energy of the
states relative fo the Farml energy in the metal ; that is by avi,so
4

L



87

that —===- = q Nsa' For interface states that equilibrates with
i . . . "

the semi-conductor, the change 1n occupancy 1s deternined by U:c

change in energy of the states relative to the Fermi-level in the

semiconductor; that by avy ., 80 that leSs Fay

-4 Nsb
In general dGgs ast. vy sts Vg
' Yy av 2V dv
d 1 gi q N
= q N ( =m=ee- ) sk
58 n o

(. c8’

substituting ( C .8) into expression (2.,6) and reerranging

gives

1. (b/e0) qa N, (C .9

If the density of interface states are sufficiently. saxll =0

as not to influence the potential distribution (A2.9):becones

n =14 o=———=—=—- ‘ (C‘lo)

" For the case where all the interface states equilibrates

with semiconductor, that is ng?{J, ( €.3) reduces to

3

€ )
n=14% i -("‘Tv" +q W) (C.11>

This is the result for thick oxides; sincethe communigation

of the interface states with the metal ( by tunnelling) .decrcases

with b.

&
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APPENDIX- ]

MINORITY CARRIER INJECTION RATIO‘C)

The Schottky barrier diode is majority carrier device under
low-injection condition. it sufficiently large forward bias, the

minority carrier injection ratio increases with current due toc the

enhancenent of the drift-field component, which becomes nuch 1argc%.

than the diffusion current.

At steady-state, the one dimensional continuity and curreit

density equation for minority carrier are given by

P - P P

o..p - mo_ 1 ddp ( p1)
fv”; Y D'l‘

i = A E b, - - (D=2

p = AMPaE - a Dy YR D=

Considering the energyg band diagram as shown in figure D1
where Xl_is,the boundary of depletion layer and x2 occurs at hhe
interface “etween the n-type epitoxial layer and n + substrate.

From the rectifying theory, the minority carrier density at X is

given by
. - n.2 -
P, (xp) =Py, o [(Agg--- -2 - - Explc_;;’_ - ]
D
(D 3
and N n,2 J -
P (xg ) = mSemmee W ¢ D.&) .‘

/]
I
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The boundary condition on Pn(x) and X =x2 can be stzated in
térris of trensport velocity, VT = DP/ LP’ for the minority carri?{g

_ D,
(x2 = vty = a -E; )p Eexp L(.q")mll

for L{L Lp (D5)

KR

For low injection conditibns, the mincrity carrief dri £
componeént is negligible in comparison with diffusion terr and the

injection ratio T is given by

X’ = ..-.......PL-.-..... A _5-2 ..... 2 e e e e (D_‘_‘,G):.

P n N L _ A** exp(( qﬂ___ )
? KT

For gold- n- type silicon this ratio is generally less than

0ul% at room temperature.

For sufficiently 1afgé forward hias, however the elec-
tric fiela c'a'uses a significant carrier drift current component .
which eventually determines the minority carrier currcnt. Frouw eg-

uation (3.7) (De.2) and ( D.&) we obtain for highecurrent limiting

condition.
J n.z2 ] :
¥ = - 513-_':: -5 (Yefany L (D7)
ND i 15

For example, a gold n-type silicon diode with. -N. = lO‘15

L-‘.F

cm"3 and Js =5 xlO—'? Amp/cm would be expected to have an- :l.n‘]tao:_:n

tion ratio of about 5%, at a current density of 350 a.m_p/cma. The

e
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The intermediate cases have been considered by Schar-fetter and

conputed results shown in Fig. De2 where normalization factors are

glven by
g DN 5 _
PR e
L L
D_n.2
L.
— ( p,9)
ND L JS

It is clear from Fig.( Ih?) that in order to reduce the
minority cafrier"injection ratio one nust use a metalesemiconductor
systen with large ND’ large Js (corresponding to small barrier heirsht)

and small ng (corresponding to large band gap)e..

The minority parrier stored charge per unit area (g) for
Schottky diode maderupon epitaxial layer depend uﬁon the characteris-

" ties of the epiusubstra£e interface and can become significant when
A_'the interfacemis highly reflecting. For large applied biaé!and‘negli—
gible bulk reCohbination‘fhe stored charge per unit areaqiéﬂgivenuby

=k where § is surface recombination. velocity, In
N J 6

s S
measurement the interface is not found to be reflecting but iz cha-~

racterized by a recombination velocity of about 2000 cm/secg This value
applied to 5 phms.cm. silicon=gold diode yield storage of about /3

nano scce
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