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ABSTRACT 

In this f,hesis theoretical ano mq)u'imlJlltaI illvestl9iltion of metal-

semiconductol' juncitol1 cow;Is'Ung of Aluminium dep()3ited on monocyrstalline 

silicon are discdbed. 

The films of Alluminium howe bacm depositeci on P-type silicon, in the 

'<100> and <111> ot'lentation and resistivities of 7-13 and 100 ohm-cm, by vacuum 

depositon. The silicon wafters have been h'eated chemically. The experlemtnal 

procedures followed in the work are; the I-V vharacterlstics. forward blase 

and C-V characteristics for different frequencies of superimposed signal 10kHz, 

20 kHz, 40 kZ, 100 kZ and 100 kHz. Measurement have been made using 

hp Model 4275A multi frequency meter and 4041 B pA meter IDc voltage source 

for C-V and I-V characteristics respectively. Low frequency C-V measurement 

(Quasistatic capacitance-voltage) have been tried using hp 4041 B pA meter" 

but inconsistency of the result (maybn lack of appropriate test fixture) 

We have developed all the softwat"e programmes used for the present work. 

the barrl<lr height obtained by various techniques were as follows. the 

hole barrier was obtain(ld as Bh '" 0.57 eV for chemically cleaned and oxdize 

for H hr. from I-V characteristics and Bh = O.53eV from C-V characterstics. 

The activl'! doping ocncentratlon obtained form I/CLV slope shows to decrease 

, 

as frequency increases. AI!iO th2 b;:rd;:;:" !1~ight obtained from this measurement 

shows frequency dependence. The range of the barrier height obtained Is 

(0.49 eV - 0.65 eV). 

The above result sugges.t 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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INTRODUCTION 

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

rhe earliest systemati:; investigation of metal-semiconductor contact reqtlfl­

ing systems is generally attributed to Braun [1], who in 1874 noted the dependeno 

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 {II] suggested that the potential 

barrier could arise from stable space charges alone without the presence of 

chemical layer _ The Model arising from this consideration Is known as 

Schottky barrier. 

The general accepted view of the nature and theory of Idealized rectiflng 

contacts between a metal and semiconductor is due to in large part to 

Schottky [q] and to early contribution by Wagner [5], Spenke [6], Mott [7] 

and Davydov [8J. While Schottky basic Model has remained intact Its detail 

have undergond considerable refinement and extension, and in few cases 

important and far 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 inciusion of 

field dependence of MOBILITY AND DIFFUSION by Landsberg [11] and Stratton 

[12] and inclusiong of QUANTUM MECHANICAL TUNNELING effects by Padovani 

and Stratton [13]. The 1m!'" important modification on the othet' 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 [15J. 
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TeChnologically, the fit-5t impodant contribution to tne fabrication of 

5chottl{y barrie,' Vlere made in 1940's with the development of microwave radar 

Nhen point contact fiy'~t lIsed and iJpplied "xtensiveiy, poimarily as Microwave 

:ietector and mixe,'. An excell(!nt treatment of this early work on technology 

md application of point contact diode was made by Torrey and Whitmer [16]. 

However, the discovery in 1948 of Minority carrier injection and transistor 

~ction in semiconductor cause an important and basic diversion in the effort, 

and almost terminated the activity on point contact rectifiers, While the study 

~f (M-S) contact continued for many years there after, the emphasis was now 

predominantly on the study of injection transport and collection of minority 

~an·iers. The role of M-S contact except in point contact diode was suddenly 

reduced to that of providin9 ohmic contact to semiconductors. After several 

years considerable effort was again devoted to th{l 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 fundam()nt~1 knowledge of semiconductor accumulated 

and the availilbility of ahighly advanced semiconductor technology (silicon) 

a new appt'oach to the basic problem of M-S barriel- appeared, 

ii) 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, 

iii) The newly proposed high frequency metal-base transistor [18,19] 

based on Schottl~y barrier emitter and collector junction provide added motiva­

ion fOt' further study of Schottky barrier, 



3 

The l-esultin9 new effc'lI"t probably 1-6:iev,~d an additional iml~lse from 

resulting 01 a detailed study on M--S barriers produced vacuum cleavage 

of silcon crystal in stream of cvapm-ating metals atoms r 20). This technique, 

to be subsequently applied quite ex tensively to other system as well, made 

possible the fabrication of slnlctundly ideal Sc:hottl<y diodes, with the 

usual uncertainities of interfacial films and impurities which wet'e involved 

in most pnwious expel'imental wOI-k [211. It becomes possible to fabricate 

barriers with high I'eproducible chanlcterstic by various investigator [22,23,2 1 

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. TECHNOLOGICAL ASPECT 

At present Schottky barriers are always made by the deposition 

of the metal film on a clean semicondllctol- surface. The other possibility 

namely the deposition of semiconductor film on a clean metal surface has 

also been !.!'"Ied in connection with the development of metal base transistor 

results obtained using this method have been found disappointing [25], 

no Schottky barri,jrs with good rectifki'Uon 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-S contacts_ 

i) Vacuum depositon through j'esistive 6r electron beam heating, 

ii) Sputtering in a high frequency or dc system, 

iii) plasma gun, 

iv) Eleclolytic depositon 
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v) f,lbrication of silicide contact, through heating of suitable metal-silicide 

contact, 

vi) thpnn compressiny bonding, 

DiffBrent tYP8S uf M-$ contact devices structLll-es for various application 

given below [26J 

E
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The method of pr'epargtion of M·-S contact fot~ tho pn~sent work using 

method (i) with its detail procedure is giv'"n in Chapter III. After fabl"ication 

of M-S contact different 1f;1~thod of in\:{~sh9:J'i:;O\J h~ tJ':·ecl su;;.:h as electrical, 

optical and Rutherford b"d< sc"ttet"ii;~J of jOtlS etc., are used. Among 

the above the electrical method would be discLissed in shol"t (present method 

of the work). detail is given in Chapterll!. 

2.1 Electrical Method 

This involves obtaining( I-V) cUt"ves at different termperatures photoelectric 

method involves obtaining I-V curves under light radiation with different 

wave length for analysis of topography of depiction layer one spacial case 

is determination of barrier height by fowler plot. Other measurement 

involves C'-V measurement "'nd trans,ient measurement etc. Transi.ent 

measurement involves as DEEP LEVEL TRANSIENT SPECTROSCOPY (DL TS), 

ADMITANCE SPECTROSCOPY (AS). DIELEctRIC SPECTROSCOPY OF SEMI­

CONDUCTOI~S (DSS) and THERMAL STIMULATED CURREN, (TSe) etc. 

which are Heared for mesuring position, concentration profile, activation 

energy, elactron and hole capture cmss section of Deep traps and Deep 

level DEFECTS 127J. 

In the pt"esent work I-V cut"ves, QUASI STATIC C-V curves for 

diffet'nt ramp rate at loVi frequencies and C-·V ClI'ves at relatively high 

frequency is lIsed. The dntaikod method is discussed in Chapter III. 

Present application and uses for contacts for semi-conducto'r (particularly 

Silicon) include among others; Integrated circLlit, Discrete components 

e. g. transistor, power componenents, vc;ractors, mixers, microwave generatorg, 

photo detectol's, particle detector, gamilla and x-ray det(~ctor and solar 

cells. 



3. INV[,ST!GATION .:)1' M'S COI\lTf.Cr 

In recent periods, several thccHoi",; wmoe pr.!,;ellted to exaplain the 

behaviour of M-S contdcts. 1'0 qive :-:omo, tile pf[ <:C"t of sh;,tilow and deep 

donors level was discussed b". Hobe,'( .JI)d Crowell in 1973 [23], Thet'mo­

electronic emission over the barrier of majority carders undl't· fat°ward . 

bias Rhoderlck in 1972 [29 L effect of minority carriers Rhuderick in 1978 

[3(1) in ac properties of MooS contacts, effects of charoge trapped in states 

localised at the interface by Simeonov in 1984 [31], effect of interface 

trapped charge on conductance by Barret and Muret in 1983 [32), and 

on capacitance by Werner et.al. in 1986 [33), and rec()ntly effect of deep 

traps on cacitar,ce by Shahid and JOilscher in 1987 [3 /J], 

In the wlrk presentt:d, \'Ie dGscribe the effect of shallow and deep 

acceptotO level in Metal-p semi conductor using the lines followed by Rober~ 

and Crowell [28] ,md fOI" deep 1:010 traps usin~.! the lines followed by Shahid 

and Johl\Schor [34], 

In order to verify the theory om: neeLI accurate experimental methods 

for the inv'~stigatioh of the contuct.· The main ;lim of the thesis was 

to develop the experimental m",hl,ds using the facilities availab!e in the 

department. Various methods huve been developed using the multi frequency 

LC R meter and PA meter. The methods are based on the use of the the 

hp 9000/300 computer which controls the instruments, A set of software 

programms has been prepared fot' the meaSlll'ement. They are described 

in chapter II and attached rn the appendix. 

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

with Physics Department of the DatO-'es-Salaam UnivetOsity, T'he samples 
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wen, prepared by vaccum d,'!)ositwtl ~.\c.chniqu',. Alumi'li-,,, '.Jas use<} as 

the metal and silicon as UK semiconductor. Detailed dtsel'jption of the 

technology is given in Chapter III. Fxperimcntiil r "suits ,jY'J given in 

Chapter' IV with discu%ilJl1. Fillilliy, it \'ould :)t~ found inter""ting to 

compan'l the measw'ed barrier heights to the ,-epOI'ted in Ii terature fOt" 

purpose of conclusion. 



CHAPTER II 

THEORY Of' M--S (Met"I-Semicondw:tor) JUNCTION 

In Uk first part of this chaptC't-, M-·S junction is pn'!sented and 

describes the bi.md uiH91-alil of ideal M-S junctions and offer-s a thocough 

characterization of junction barrier height. 

In the second part the current transport Is discussed. Three different 

theories o,'e presented. The Thermionic-theory by Bethe [1), describes 

adequately the current transport in high-mobility semiconductory (silicon, 

Germanium), Diffusion-Theory by Schottky [2J, applicable to low-mobility 

semiconductor (Gallium phosphide and most of II-VI compounds Zinc oxide, 

zinc suflde cadmium sulfide), and Thermionic 0.mlssion - 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 pnrt the relation between charge distribution and the 

electrostatic r,otential funciton is treated interrns of junciton capacitance. 

Three different cases are discussed. Ideal M-5 junciton Capacitance, 

effect of deep impur.ity level at low and intermediate frequency and effect 

o.f deep tnps. 

At the end of the chaptei' a relation for M-p Semiconductor is presented, 

as authol'rs modification of Crowell and Roberts model and Sahld and JOl1scher 

[I'-I-J. 

1. ENERGY BAND RELATION AT A ,M-S CONTACT 

I n this section an energy bAnd dia~_lram for foetal- '''~micol1ductor is 

presented. A contact betw~L'-1 the metal and snmiconductor can be classified 

into two, when the work function of r~etill (,,) ) i,; ,.y-eate-c or less than 
. 111 '::J 



tl1" we.d< f' Ilction of the semicond:. ctor (1' s). '01' the ca"e of n-~;ernlconcluetor 

th,.' con:ilct is il reetifil,,' When ,t >~) and "IHnie when.p < <p • 
lit 5 m s 

FOI' til" GiS" of p·-semiconductor the contact is il .. "clifire when q, < q, 
m s 

In both oases the semiconductors are non-degenerate. The ener9Y bond dlagrl 

for above are given below [II]. 

Metal 
n· tYPG ;~efrllconductor 

f)onnr le\'pl 
I;V, 

I· 

- . ~-. -, ~ - - -

9'-P",~1j! 

"-_., .... '--. -_.,,:\ 

f 
! 

4'1'11 

,- 'c' wF 
- Acceptor 
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When a metal is making contact with g semiconductol', a bllrriet' will 

be formed at a metal"seJniconductor interface. Since our aim is in rectifying 

Ii -3 
contact, wh!'re a semiconductor is moderately doped « 1 0 em ), the ca~.es 

are when a work function of the metal is less than that of semiconductor for 

p-type and worlt function of the metal is greater than that n·-type semiconductor 

[5). 

aJ An Ideal contact between a metal and n-type semiconductor 

to) 

where q<p m " metal work function 

q(X+V nJ - Smniconductor work funciton 

q(XJ - electron affinity for the semiconductor 

qV n - difference between Ec and EF 

~ - Separation, <PB - barrier height 

When a metal is making contact with a semiconductor the fermi levels 
, 

in the two materials must be ~oincident at thermal equilibrium, Relative 

to the fermi level in the metal fermilevel in the semiconductor Is lowered by ~ 

an amount equal to the difference between the two work funcitons .:q[ $hi-lX+YnJ) 

known as contact: potential difference. As 0 becomes small enough to compar­

able to the Interatomic distanco, the gap becomes transparent to electrons. 

nnd limiting value of the barrier height would be 
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(1 ) 

b) when larqe surface states is prosent on the semicon ductm" surface 

The surface is occupied to a level EF, If the density of the surface 
" 

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

ing from diminishing 6 without altering appreciably tI~ occupation level EF, 

the space charge In the semiconductor will remain unaffected, As a result 

the barrier hight 4> Bn is determined by the property of the semiconductor 

surface independent of metal wotl~ funciton. Its dependence will be shown 

Inter, 

c) Energy band diagram of metal'- 11 type and p-type semiconductor 

under diffei'ent biasing condition, 

n - TY:£ SEMIC0I1DUCTOH p - TYPE SFMICONOUClOR 

--==t" 
---.~--~~-

Er 

I) thermal Equlbilfbrium 



The Schottky barrier lowering (also rc~ferred as image forGe lowering) [1'1 

and location of lowedn(' X is shown and given "s 
::J III 

X 
m 

em (i) 

v 

The above result can be applied to a metal-semiconductor contact where 

of the vacuum permittivity is replaced by the appropriate dielectric primit­o 

tivity of the semiconductol" medium [6), and E by the maximum field at the 

interface. 

Thus, at high field5 the Schottky barrier is considerably lowered, and 

the effective metal wori< funciton for thermionic emission (q<pB ) is reduce~. 

Although th" 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 

IRter. 

The barrier heights of nwtal-semic:onductor systems are, in general, 

determin2d by both the metal work function and surface states. A general 

expression can be obtained on the basis of the following assumption (7). 

iJ 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 :Jotential across it. 



ii) the ,,,dace stal<'s pel' unit area per "Iectron volt at the interface 

are a property of the sr,micontiucto'- sur fdce and arC' indep,mcient of the metal, 

." rno(e dptailed en(~rqy balld diagram of met()1 - no-type semiconductor 

contact i" shown l:>el')W, with an intedaciai Ilyer ,)1 the ordel' of atomic distan 

incorporating Schottky effect 

_._-- --- -,------ --- -.~----- ---'or 
Qh 

" 

where ,; 
m 

. wod< funciton of metal 

;, n ' barrier height of metal-'semiconductor barrier 
CJil 

, Bo ,. asymptotic value of 8n at zero electric field 

'I, enel'<jy ""vel at the surface 
o 

/,.i, imfl9B fOr'ce barrier loweril~g 

potential acro"g ;ntci-facial lay"r 

X electron affinity of semiconductor 

1/ bi auilt in pot,mtial 

_ permittivity of semiconductor 
5 

Q
sc 

Q 
5S 

Q 
M 

permittivity of int~;-fachl laye,' 

, thickness of interfacial layer 

- space char']'" density In s8miconductor 

- :.urfao~ state density un semiconductor 

_ sUI-face charge density on Inetal 
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fhe first quantity of interst is (!1"'(ClY level of', at the surface. It o 

coincide. with the te,'ndlf'vcl bf'fure contact is made. It specified the level [8) 

below w',ich all surfare ·.',;le UII,.s1 i)e filled fo,~ charye neutrality at the surface. 

Since \ is 01 (Jl'dei' of atomic distance it will be essentially tr'anspan,nt 

to electrons. If D is "urface states density in state Icm'/eV, and assumed 
s 

to be constant over the nnye f,'om q "0 to EF , then 

Q = -q D [E 
ss s g 

(1) 

and the space charge density that forms in the depletion layer of semiconductor 

at thermal equilibl'ium is 

kT ) I t Q = [1cIL N (0,- V cA'I,' 
sc 5 D 'Bn p q 

(2) 

For thin interfacial laye, assumed the total surface charge density on 

the semiconductor is equal to Q M develope on the metal surface 

( 3) 

From Caus's law the potcent;al act'OZ,$ the interfacial layer can be 

obtained 

from the band diagram in the above figure for thermal equilibrium 

(5) 

If L is eliminated from (/l) and (~d and used to substitute QM in (3) 

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

'VBn as 

" PBn 
E = [C

2
(¢ -X) > (I-e

2
)( sl -<») -(I,\) 

m q 0 

(" " . '~l"l 
+t -----

2 

312 E 
ere (,,) ~'Xl + (1- C )( s Iq-<l' 0) 
21m 2 

C 1 - -(V + 
C2 n 

(6) 

kT) 
q 



where c­
-- 1 

2'1' NO'> s ---,--------

16 

(7) 

for V;Jcuurn Clpt:;V2d or well cleaned 5pmiconductnr can be approximated by 

(f,-ee-space) value "ince ,I, is order of 'lor 5 i\ and this leads to an overfJ o -

estimation of C
2

, For moderately doped semiconductor (NO 

5 1°'0' 
then C

1 
is of order of .01 V and the term 

o 

is less than O./IV. Neglecting the' . i term equ. (6) reduces to 

in (6) 

CZ(,I, --Xl -I- (I-C
2

)( ESI -'''oJ -/"i' ~ C 2'I'm ' C 3 (81 
;'8n . m q 

If Cz and C
3 

can be determined experimentally and If X is known, then 

from (7) 

o 
5 

C
2

X + C 3 1- ;"1' 
---Tc----

2 
(9) 

( 10) 

The two limiting cases can be obtained directly from equation 8 

i) When D ------, 
s 

then C z ---, 0 and 

q "'8 ( E -- q 'I' J -- q ii 
n --- 9 0 

( 11) 

barrier Iwight is independent of Metal work function and is detenllined entricely 

by doping and surface properties of semiconductor. 

2) Wl,en D s----' 0, then C 2 ---> 1 and 

(12) 

This is ban-iel- height for an ideal Schottky barrier where surface state 

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

term. 



2, CUHREN'] 'r RAI':SPORT PHOCESS 

The cur:'ent transport ill metc.d·-semiconductor contact is mainly due 

to mujority c(:)rriet~s, in contrast to p·-n Junctions, whet~e minority carri(~t' are 

~eSplll)si')12 fOI' the tJ'iJj)~po"t. There ilre two basic trdnspo,'t processes under 

fonvarc! biase (th" inv(!,'se pl'ocesses occur unde,' reverse biase), For metal 

n"semiconduct0l' they ilre shown below 19j. 

E 
F 

,\1etal 

-'" -- ~ 

,C'o,. < 2 

1 j' IV 

n-Semiconductor 

E 
V 

E c 

First transport of electrons from semiconductor over the potential 

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

doped semiconductol' (eg. Si ND <, 10 17 em":!) operated at moderate temperatures. 

Second Quantum mechanical tunneling of electrons through the barrier;­

important for heavily doped leg. S, ND ",) 10
18 cm"3) and for most ohmic contacts. 

I 
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-thermionic-emission theot~y Na:; derived on the iJSSulIlption. 

j) cr'l'" .'. I<T 
~) t1 

ii) thermal equilibrium is cs("blish"cJ at tlte plane that determines 

emission 

iii) the existence of net ClltTent flow does not affect this equilibrium. 

Because of the above assumption, the shape of barrier height is 

immaterial, and current flows solely depend on barrie," height. The current 

density from semiconeJuctor to metal is given by the concentration of electron 

with energies sufficient to ove'"come the potential barrier and traverse in 

x - di rection. 

J ::::-}-m 
'f' , 
E , 

tn!n 

q V dn ~ 
x J 

E , 
mill 

q V N(E)F(E)dE 
x 

where V is carrier velocity in dit-ection of transport, E . 
x mill 

(1) 

The minimum energy required for thermionic emission, dn concentration of 

electrons 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. 

where A* 

-(E·-E + qV ) 
c n 

-T<'f~--

dn 
, * 3/2 

Q II [,Jln) ( E - E ) e 
1)3 c dE 

J 
s->m 

~ 4ilqm*k' 
- h 3 

(2) 

effective Rechardson constant neglecting effect of 

quantum mechanical (eflection and optical phonon 

scattering. 
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For mult;ple valley semiconductor for a sjn~Jle enet'yy minimum 

~!'~(l 1m *tn ,1, 

m 1 y z o 

, 
t I. 1m >':m *11 

L x Y 
(3) 

where 11,1 2 ,1 3 ~ are di,-eetio," cosines of normal to the principle axis of the 

eillipsoid. 

m • m *m * = com()onent of effective mass tensor x ' y z 

for holes for a maxima at the center as in G.~, Si, GaAs, the two 

maxima at I< = 0 gives rise to isott-opic current flow from both I ight hole 

and heavy hole. 

A* 
A= 

rnA: + 01* 
eh hh 

m- (4) 
a 

Since barrier height '-emains the same- for electrons moving from metal 

to semiconductor, the cUtTent flowing into the semiconductor is thus unaffecte, 

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

from S·' M when thermal equilibrium prevails i. e at V = o. 

J 
m' s 

The total current density is then given by 

J m-)- s 

J = JSTlexp(1tr) - 11 
-q<r 

where J ST - A*T' exp[ I<'~ I 

(5) 

(6) 
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The Diffu~iun theol'Y VJi-15 derived on ti'e as:,urnpUon 

i) ,I >'kT "Bn 
ii) effect of electron collision with in the depeltion t'egion 

iii) carrier concentration at x ~ 0 (interface) and X " W (depletion 

end) are unaffected by current flow. 

iv) the impudty concentration of semiconductor is nondegenerate. 

Since current densities in depletion region depends on local field and 

concentration gradient. for one dimension in X direction. 

J = J "(l( N Ie + D ~!:'.) 
x n n n oX 

(1) 

Where N n mobility of electron, D n Di ffusion constant, V( x) electrostatic 

potential. 

Assuming steady state condition, and condition (ii) as 

n(O) .. N c 

n(W) .. n = Nc exp [-qV n/kTJ 

qV (x) = 
x' (Wx - -- 1 - q <jJ 2 Bn 

5 

(2) 

Integrating (1) from the interface x .~ 0 to end of depletion region total 

current density is given as 

(3) 
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It is a sy"thesi£, of Thel'lIlionic Emis"io!'! and Diffusion approaches, 

derived ft'om boundary condition of lh(!rmionic Recombination Velocity VI' 

near a metal-semicondllctol' interface, The !lIodel for metal-n semiconductor 

contact is given below incorporating Sdwitl<y effect. 

T 

), '1.»),41 .t. 
" '"'iX,a''' 1)1 ; . 

. I ~ • 
! 

VI '"'' 

Where qlji(x) electron potential energy and qq (x) the quasii-fermi level 

Since carrier diffusion depends upon potential configuration we consider 

the electron potential energy q4'(X), and q(VBn » I<T so that charge density 

is that of ionized donors, On the region X to W the CUrl"ent density assoc 
- In 

ated with the im ref is given 

d1' n 
dx-

by 

and for non degenerate condion 
(Ec(x) "EF) 

n = Nc exp[" I<T 1 

-q(q, -+) 
= N c 

n 
exp[ I<T 1 

(1) 

(2) 

and if the portion of the balTier from Xm to interface acts as Sinl< for elect! 

we can have the current densit.y in terms of an effective recombination 

velocity V R at \n' 



Nhere n 
m 

J '," ~ q (n ~ n ) V R 
I '11 (\ \ 

(3 ) 

concen tn-: l iO(l at )( . "Ill 

II o N exp[ --q :'f3' /I,ll 
(' - II 

quasi- c;jllilibriuo1l concentration at X 
m 

,pew) = -y -(3) 

IntegrClting (1) from X to Wand usin9 (2) with condition in (3) the 
m 

total current density would be: 

J = 

where YD 

IN 
- [ I -~ 

n kT x r.1 
m 

(4 ) 

(5) 

- effective diffusion velocity associated to transpol"t of electron 

in region W ---> X • 
m 

,,' 
j V exp[ -m*V 2/2kTJ 'V 

_~ox x ax 
~---~~~----.. -----~--

"' 
f exp[ -m*V x '/2kTJ dV 

x 

= effectiv" thermal velocity 

A*T' 
~ 

qN 
c 

If lYe consider two limitin9 cordltion for (4) 

( 6) 

1) Y
D 

» V
R 

then preexponential term is dominated by VR and thermion 

emmisson most neady applies eq. (2) of 2.1 

2) Y D « V R diffusion theot'y most nearly applies, eq. (3) of 2.2 



IncludirHl the im"ge force effect for Nxl, for the calculation of\!D 

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

- Ex T6;~; -x 
's 

and n to be independent of tield t then result (If (5) 
m 

( 6) 

(79 

The complete expression of the J-V characteristic considering the electt'on-opti 

phonon scattering [11), crossing the potential energy maximum and in addition 

quantum mechanical reflection and tunneling by Schottky barrier [17.] would 

modify the Richardson const. A* in thermionic emission theory [1), and 

look as follow. 

( 8) 

The current density (8) was derived ft'om assumption. [3) given in 

(2) and (3) by using the current density equation or "ohm's law" relating 

current to the gradient of Quasi -fermi level q</>. When transport occurs 
n 

the approximation is made that the mobile can'iet- density still given by equilibrium 

fel-mi-distribution, but EF replaced by q(i'n (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 [131. In principle the current density can be determined 

using the Boltzmann transport equation taking into account all scattering 

mechanism that limit the transport. 

The Boltzmann equaton has been solved [14], within the semiconductor 

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 



.. ) ". I 2 '" " '\ ,'. -!i" 

1.4 

tD ~ Debye exti-in,;ic len~lth of sHmiconducotr 

IV depleton width 

carrier mean free path 

when, in the first condition it resemble to J-V derived [1 J and in the second 

condition resemble to J-V derived [2J and intennidiate case to J-V characteristic 

of l3], but recombination velocity found to be twice as that of [141. 

2.4 Tunneling Current 

For heavily doped semiconductors (N
D 

> 10
18

cm-
3

) for operation at 

low temperatUl-e the tunneling CutTent become mot-e dominant. The expression 

in sect. 2.1 eq. (1) would be modified to include both thermionic and tunnel-

ing [15 J componf2nts given below 

A*T 
I{ 

A*T 
+ 

1< 
f 

o 

and from metal to semiconductor 

--q Ip A*T t3n 
J

m
_r s~ -'-k~ exp(--i('r) 

di; (1) 

F T(n)(l--F Jon 
5 m 

T(U exp(-(/kTJdi; 
o 

F T(n) (1+ )dn m 5 
(2) 



whel'c .' ,'I are height measured above and below potential maxima 

reps'ectively in fi<j ( ) of set 7..3 

-F .• F. fenni distribution funci:iotl of metal and semiconductor respectively 
JlI ::> 

.- T (r 1 and TIn) transmis"ion co-efficient ilbove and below the potential 

maximum. 

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

I f tunneling mponent dominates the cun'ent flow for high doping 

and low temperatures, transmission coefficient has the form given by! 16). 

T(~)'u exp[-qq'B IE I 
n 00 

and thetunneling current J
t 

has similar expression 

h ND ~ 
where E -- ~ ( ) 

00 2 ;: m' 
's 

(3) 

(4) 

The theoretical re$ult for J-V characteristic of Schottky diode can 

be generalized taking II efect as 

1) (5) 

n = _q_ dV 
kT d( InJ r - ideality facto!" (6) 

3. CAPACITANCE - VOLTAGE CHARACTERISTIC OF SCHOnKY BARRIERS 

3.1 Capacitance-Voltage Relationship fo\" Shallow Level 

When the capacitance voltage (C-V) relationship of metal semiconductor 

diod is considered, the ionized doping concentration in the semiconductor 

depletion t'egion is customarily aS~'Uined to be constant or to vary smoothly 

withdistance into the semiconductor (on a scale comparable to debye extrinsic 

iength) . 



If we COllsidct' fOl' the previous (;ontact 9iven unclel" the abrupt approxima-

tion, th::-it is 

p (x) -
'-iN" 

L' 

-.~ IV 

Il - 0 x , 0 (1) 

elV E (Ix - - 0 x ;, 0 

where ND ionized donor concentration, charge density, W depletion layer 

width. The result of depletion layer width is similar to one-sided abrupt 

p+ -n junction [17], given as 

where V- bias, ,­-x 

v _ kT) 
q 

seminconductor permittivity. 

(2) 

The space charge pet' unit area Q and depletion layer capacitance sc 

per unit are of the barrie,- are given 

c co 
q, ND -5 

(3) 

(4) 

3.2.1 !-ow and Inte!mediate Frequency Capacitance-Voltage 

Reh!ion _of Schottky Barriers in P~~nce of Deep Levels 

The existence of deep impurity levis throughout the semiconductor 

may affect the C-V relationship [17 J. These levelS can lie below the fermi 

leveL in the semiconductor bulk and therefore electl'ically inactive,· Near 

a metal 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 fennilevel in p-lype semiconducto.. over the portion of depletion 

laylHo ch{)r9(~ in both j' and p gerniconductor, Such levels have clearly evider 

efhcts on the shape of potential barrier and C- V ,-elationship. 

The caSe uf Metal-p type semiconductor contact in the presence of 

deep acceptor implwitiEos level has ben considered in line to reference [17]. 

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

3.2.1 !:-ow 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 r 17] is metal-n semiconductor Schottky potential energy 

barrier is given below 

'.'. 

! 
. , 

, 

i\ n 
" ~ 1_' -. J / \, 



where qq, - bardl>r em-TC]Y 

q til - energy oi conduction band relative to the fermi level in the 

semincondttctor 

qtjJf' Cle' ·s 
values of q decep in the bulk and at surface of the 

semiconductor ,'espectively 

Ej' E
2

, E
3

, Eq - absolute energies of de"p imput"ities level measured 

from conduction band. 

The quantity resulting from an incremental change of DC bias 

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

electron concentration, and near points within the depletion region where 

each of the impurity level passes beneath the fermi level. The integral 

f 
dp(x) , 

o dijJ- IS the low f,'equency capacitance per unit area of Schottky barrier, 
S 

as shown in fig (2). 

From poisson equation 

- p(x) 
£ s 

(1) 

Integ,-ating (1) from deep in the bulk \)1= \)If to the interface \)I = \)I 5 

we obtain the electric field strength at surface of semiconductor 

= -E 
5 

( 2) 

and using the result with Gaut}'s law the net charge per unit area stored 

in depletion region, 0 is s 

Os ~ 

tjJs t 
= [2Es fp(tjJ)d\)l 1 

\)If 

( 3) 
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The "'lpac;tancr,' pel- unit aned of Schottky batTier, C at band bendin 

(~I,_" '1',.), and at " '''''quc,n"y at which <111 ,he impurity level may respond 
_> I 

in semiconductor is then obtai Ilprl 

, d <I, ) ,- (5 

5 

The validity of (4) require:; [17], 

(4 ) 

I, contain no appl-eciable contrib, s 

ion from minority carriers, only effects of ionized impurities and majority 

carriers Charge. 

The flat band capacitance per unit area c
f 

when we apply a voltage 

which makes IV s -) IPf , i. e., p( !j,s) --> p (i)! f) = 0 can be obtained by expan 

ing p (i)!) in tailor sel'i%, and u5ing (2) and substituting in (3), flat-band 

capacitance per unit area 

do 
s 

d~)-
s 

= (5) 

In a range of band bending, where p(~)s) may show appreciable vari. 

ion, over small changes in ~I S due to submergence of impurity level at the 

semiconductor surface as If 5 decreas'~s, p ('jls) will be dominant in determinil 

C in (4). Infact, it is this variation in p (!)! ) which should prmit the use s 

of C-V relationship for Impurity Level Spectroscopy [181. 

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 [171 

. I 

I, 

:.; '-j .yJ 
_'''I 
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dn As seen 'IF,. becol1w appreciable within any pa,-ticular portion of deplet-
~ 

ion re(]in mi1inly because chat~l'o. ,change in a single impurity level, or for the 

case of a level lying above fenOli leve! in the bulk because of change in free 

electron 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 imput'ity level lying below the fermi level and with the electron at 

the edge of the depletion layer. 

The capacitance associated with 4
th , 3

rd
, 2

nd 
energy levels our four 

level system for a single value of DC bias, 

~d 
= f cr- dx 

o s 

d 
d- dx 

5 

that associated with free-elction change. 

Xz d 
C

2 
= f d-

x
3 

s 
dx , and 

C r' dp 
1 =)( d-' dx (5) 

2 iJ!s 

dp 
XI' = (i=1,2,3,11) are naturally chosen point of minimum-­di)is 

The response ti,me associated with each of the peaks '£ (1 =1.2,3,4) 

to an instantaneous inct-emental change in bias is given by 

(7) 

where C electron capture coefficient 
n i 

n
i 

electron concentration when Ei and EF coincide. 

• 



Therefore from the above (7) condition 

11 '~<' 1 2 « f3« TI~ (8 ) 

If the ac frequency of the sum preimposed signal is 1'1. (for convenience) 
1 

sati<;fies t.he condition (11]. 

1V.«211 
1 r. 1 1-

( 9) 

is applied then both jth 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 neal- points where these level crosses the fermi-

level. Then x = xi determine a plane parallel to the interface beyond which 

(i.e., x > xi chat'fJe respond to the ac signal and for x < xi the ith and 

deep lying level does not n'!r.pond to the ac signal). 

If we apply an ac modulation voltage I)~,s' at a frequency wi' charge 

change 60., OCClli'S beyond X., In addition there is a change in Iji, o(J at 
1 I 

Xi change in charge is given by 

o(J . = (do )1 6 ~ = U) E. 
1 01!1 !/J.' 1 

1 
(9) 

from Gausls law 

6 ~} "" IS1}i+ XD E. s 1 1 

X. 
= olji + "-'- 6<:. 

L 1 

~J . q,. 
. I 

d 1 
here x. = r E "- £ f 

d-
I , 

o(qJ) 
~, ~J 

5 5 

(10) 
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Then the capacitance pel' unit are;) dl d fr-eqllcy W 

-1 
C 

W. 
I 

d ~JI 
- ~r!,v 

y 

+ 
j 

( 11 ) 

It capacitance C may be charactedzed as being two series capacitor when w. 
I 

band bending greater thall ~'i occu,·s. 

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

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

I f we neglect the contribution of holes to the total space charge and 

assume charge neutrality exist deep in the bulk of semiconductor and maxwel 

Boltzmann stastics apply to electrons in conduction band and fermidirac 

statics apply to the impurity atoms. 

p(x) ~p(~) ~'-l(E N.f.(~;) -r N.[l-f.(lvll 
d J I a I I 

( 12) 

where LN. and i: N. sum ove.'all impurities species which are donor 
d J a J 

and acceptor species respectively. 

1 
fi (lJi) = lTg. exp~t~-~(q-'i)ir--=E~.)·/kT ) 

I J 

probability of ionization of donor 

impurity species. 

In the above case acceptor impurites are included for some possible 

existence above midgap and of course to make the distribution generalize 

(I'll. Using (12) for the total charge density for the model the total charge 

stored in the depletion region is frolll (3) 



where u s 
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\ 
.-" N.[lf.(LJl 

.. 'J J I f 

a( .;, - 'I, J I ' S If 
.' -~kT---

kT 
band bending in unity'" of q 

The flat band capacitance c f fl'om (5) 

2 4 
l:{N.[l-f.('Vfl] 1 ) 
I\. I I . 

( 13) 

(14 ) 

If it assumed that all donors are ionized in bulk i,e fi(ljJf) -> 1 

or no acceptor or none of the acceptor ionized then C f can be rep res en 

as CD (as paraliel plate capacitor of distance LD). It is a convenient p 

meter for normalization. 

C 
D 

Ar. 
--kT----! 
[ -;;r-~-J q tN. 

d I 
( 15) 

Then for the given charge distribution (12) the C- V relation for the ca, 

of a numbel- of levels and for a freqUf!ncy at which all levels may respo 

so called low frequency capacitance using(13) in (3). 

C :::: 

cont. 

and also llc' - V r",lation from ('16) 

-q('/J -'I') s f 
[exp[ kT ( 16) 



j L~ 

---,----, .. -~.--"---~---.------ .. - ------------". - .. --~-----.-.-------.- ----,-- ------------u 
(17 ) 

( J N/iI'Y
s

) --)~ Nj[l-f/!'s)! q: Nifj!",) ~ Njllfj(4'fl!Je s 

for large values of u i.e. u » 1 (correspondjng to large values of reverse 
5 5 

biase voltage) and <lis is large enough tlHlt f. ~1P 1 -> 1, for all impurities 
I 5 

level (17) reduces to 

(18) 

In a similat- 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: 

Co 
C 

Wi 

-
CD 

1I s du 
---+ f ( 191 
c (~" 1 

1 

I /2 u. [u-u
int 

+u«.(o/) J Z 

I 

exp(-u) [ a N/ilo/f )- a Ni(l-fi (4'f1! - d~a Nilnfi(o/) 

L d Nj 

is the low frequency capacitance per unit ilrea at a 

total" band bending (0/ (-o/fl • 



!L DEEP TRAPS AND C-V RELATIONSHIP 

Silicon always has SOOlf' bulk InJpS levels located in band <Jap near 

mid <Jap. Thus, bulk traps originate from re»ldual impudties such as nickel, 

iron, mangar,ese, 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 nand p type semiconductor [191. 

A bulk trap must change occupancy by only one unit of chat"e, 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 ven;a. 

Net only deep dopant levels affect the C-V relationship 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 bl"ing a change in observed cpacitance from static point of view within 

the depletion region of Schottky diode. 

The model of [20] of Schottky batTier diode fot" this purpose is given 

below where (iJ depits the band diagram of metal n-semiconductor with the 

trap energy level and (ii) shows the distribution of trapped charges and 

space cha rge is depletion region. 
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where N
D

, Nt .- shallow donor level and trapping level density 

E
F

, E
t 

- fermi-level and trap level energy 

V D' V - diffusion potential and applied bias 

E. - position of fermilevel deep in the bulk below conduction 

band 

T1 - position of ET below conduction band edges 

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



37 

The application of small voltage causes some of traps levels to move 

with respect to the fenoilevel at position x "Jo where trap levels crosses 

the fennileve!, this owuld change the occupancy of the deep trap levels 

which result in modirication of depletion loyer charge distribution which 

affects C-V charactersitic r 21 J " 

If we observe the static processes, using poison equation 

o<x< ,~ 

- e - N 
£ D I!, < x < W 

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

N x , NTc' 
-e { D--

2 
- NT I!,x {< )(,2 ) 'v '" - -

~ 

And using condition 'i' ~ VD-V at x = VI 

x = II 
", 

(1) 

(2) 

( 3) 

As voltage changes by Il V, the con-esponding capacitance for incremental 

charge l!. Q, given as low frequency capacitance 

1 
1-s/m 

where' C,,, = <: IW high frequency capacit~n'ce 

s = NT/ND compensation ration 

m "W II!, 

( 4) 

,(': 
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The incremental capacitance ,\C -, Cer Cnr is given <:g 

c c 
co c = 5 

~ ~;! m mls -1 

The depend"ncfl of rn on dpplied 6i",,", can be, found from equ. (2) of Zne 

part and suutitued in (5) gives us the deptmdence of incremental capaciti 

per unit area as 

where \-I = g~~~-V) dimenfi;hless energy parameter 

Modification of Crowell-Robert Model for P seminconductor 

We derive C-V relationship for metal-P semiconductor using o-owell­

Robert model [17] for metal-n. Sem1conductor contact. We assumed the 

effect of minority carrier afe negligible for the contribution of space Ch2 

charge neutrality exist deep in the bulk, that fermidaac statistic holes 

apply to impurity atoms, and Soltzman stastics apply to in the valence 

band. 

The charge distt'lbution is given by 

p(x) '" q~ ~N.(l-f.(ljI» - E N.f.(.)!) 
u I I a II 

1: E d N
i
, a Ni are sum over dOf10r and acceptor'impurity species 

1 -(j1JrE. 
fi(ljI) '" l/a+ r. exp{-kT I) 

1 
" probability of ionization of acceptor impurity. 

from equ to ~ the total charge stored in depletion region Is 



and the recip~<ocal of nOHmlilHd ';llpadimlcc f,qi."wed is giv<m from oqu 
\II 

as 
C I 

[ DJ C 

The result Is identical except trivial substitution d -) 'a, a -> d change . ' 

in f.{III) and In slgo of u here down In p type but up In n-type. 
IS. 

The model we used Is given In the figure below. where 1jI " hole potential 

energy. IjJ f d€,pth of Ev from fermilevel. IjJ s band bending at surfaces. 



the present analysis is given below in iine '8ith fJ.;j. Where NT is the dens! 

of traps (hole), Na is unfio(m density of shallow acceptOl", EF fermi energy, 

V and V d are applied and diffussioli poter,tial, Ii). andt; position of hole 

trap and fermi level above Valence band and f1 We small-signal displacement 
, v 

of transition region. .t is position where trap level cut fermi level. Flg(a) 

energy band diagram (b) space chare dlstrlbuiton 
_~.,,-,--,- ~-'''.-... --.. ,,'',-- E (,. 

/" 

b) 

We use static analysis as done by [20] to show the incremental capac!' 

tance due to chargine Qf traps. 

From pol non equation 

d2~ 
'" :Elxt 

dy. E 
S 

d
2* -q/E [ NT-Na ] 

-'1 " dy. S 

o < x <9- 1 

d 2,p 
dx' " +q'E N 

5 a t<x<W 2 
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NT 2' 
~, -- (1, (N x' /2 N Zx t ----r-• I F~ 11 r S 

:1< x<W 3 

111 -- --q It: (N_--N ) ;{2 U 
I 11 

S 
t < x < 0 4 

and at 'II ~J V -V and at T] -- E x " = x = Ij! =---"' 0 q 

N VI' ==> VD- V " q / _ a 
(; ~ -
s 2 5 

6 

from equ. (6) 2 '" 

from equ. (5) -dV'" q/£ CNa2W - N,.t)W gives u!, the increment in width 
s 

fOf' slowly chnnging applied biase, and corresponding Increment in charge. 

llQ '" qN /jW a 

and resulting capaeitance under this biaS is low frequency capacitance '1.. 
gives as 

<: /'" 
110 -~--

C " "},-,," NT 9-
1- ww·-

a 

and the high frequency capacitance Ch '" E / for fast changing applied 
f 5 'II 

blase is the same as in the absence of traps (holes). We may write for 

the incremental capacitance.ll C as C - C
h L f f 

(; s/W 
- 1 -- 7 

1-5/11'1 
m/5-1 

, w-
where m " r;> 1. 

f 
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We can solve the dependence of m on applied blase V through W from eq. (5) 

and substituting in (7) we obtain incremental capacitance per unit at'ea 

due to charging of traps. 

S = --::::.-.---
S2 - S + I.I(I-S} 

where 1.1 = 

The result is same as obtained by [20J for n,·type case. 



CHAPTER III 

EXPERIMENTAL EMTHOD 

, 

In the first Pill'l of this chapter, fabrication of the sampl" (metal­

semiconductor cO>Hactj usinC) Edwards 306A Vacuum chaber coating system an( 

the natu,-e of samples at-e given. Oxidation and cleaning pl'ocesses are 

included as subparts. 

In the second part the featUl'es of the measul'ing instruments such 

as LCR multi frequency meter, PA meter and DMM (Digital multimeter) al'e 

discussed, The chart of the measul'ing instruments interfaced with the 

computer is given in App(I) and HP--IS (Hewlett Packard - Interface Bus) 

commands pertaining to each measuring instnmlent 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 measUI'ement set up and collecting data . 

. 1. f'ABRICATION OF (yj-S CONTACT 

Samples were prepared from commercially fabricated hyperfine silicon 

wafet-s made by Wacker--Chemitnmic GMBH Company (lVest Germany), labeled 

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

were as follows: 

Polished One side " 
Growth Fz " 
Di'lmeter (mm) 50.8 " 
Orientation <111> (100) 

Off-Or( degj 2.5 1 0.5 " 
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Thickne5$ ()lin) 2BO"20 " 
Resisti vity (Ohll,-un) 7-3 100 

Type PIB PiA 

The contact metal used is aluminium. Silicon wafers were placed 

in 306A Edwards vacuum chamber and aluminum (At) deposition were made 

on the wafer by evaporating A Y. -6 at a pressure of Gx 1 0 mbar. The thickne 

of the aluminium deposited was measured by using fiBm thickness monitor. 

Variation of Our sample is in "',sistivity, orientation shape and areD-

of top contact, thermal oxidation iime fOl' growing Si0
2 

layel'. 

Specification of sample prepared according to the above condition 

Shape of upper resistivity oxidation Sample No. contact Orien t"tion ohm-cm time(hr) 

Grid 
<J 11> 7~J3 

2 Grid <'<(10) J6: 2'j 

3 Grid <TOO> JOJl "*' 4 Ci fcula,' masi< < 1111 > 7-1:3 

5 Circular mash < 11'1) Y"lill 1t 
6 Citculal" <11,0/ 100 
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Since the wafel-s have been V'pt fcll' i) Ie,ngel' time ill ~he labol'atory 

val'ious contaminations al'e possible during handling. Since there wel'e 

no set of cleaning materials, we used the available and simpler chemical 

method. 

Some of the wafers were etched using 40% concentrated HF (for remov-

ing inorganic contaminants on the sudace) 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 containe,- (Since HF attack glass). 

1 2 0 'd t' P (Si02 F' ') . XI a Ion rocess onnatll1 

For investigatin~of small thickness of Interfacial layer of Si02, some 

of the wafters right aftet- cleanin9 were taken to the furnace fOl- growing 

si02 layer on the wafel- at diffen~nt 'emperature. The wafers are kept 

on a ceramic plate, which can resist heat in the working temperatures. 

The source for oxide formation was used atmosphedc ai!- which enters to 

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

facility for measuring the grown oxide (si02) as 

i) weight gain method 

ii) ellipsometry 

iii) multiple beam interferometry, etc 

we have used the chart prepared by [21 L for the approximation of the 

thickness. 
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1.3 Evaeonltion System 

Thin or thick film fabrication by evaporation is most conveniently 

introduced by looldng at H proto type evapor<>tion systom such as one given 

below which resemble our;;,. f>; vaccurn Ch<lfllbm' evacuated to -5 
10 torr 

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 thermal equilibrium with the wire. When the vapour source is heated. f 

or example by an electric cUl'rent the vapol' pressure of the evaporant 

becomes substantial and liberated atoms are sent out into the vacuum chamber 

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

Vacuum 
icharnber 

Pump -~ 

1 
t 

. \ 
Substrate 
Thin film 

~,t 1 

I 

~ ____ ~ _____ Evaporated 
species " , . • . . . 

~l 

Evaporant -----r-------~~J------~ Vapour 
source 

Fig (1) Principle' design of an evapouration system 

This thin filll'ldeposition can be regarded as consisting of three different 

steps. 

i) the first Involves transition from a condensed phase to vapor 

I , 

phase of evaporant. Theoretically, this can be described by Thermo­

dynamics of phase transition. 
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ii) The second step is the vapour transport from the source to the 

substrate which can be ilscounted for intcrms of Idnetics theory 

of gases. 

Iii) The third step is the condensation of vapor on the substrate· 

and ensuing film growth. 

2. EXPERIMENTAL TECHNIQUES 

2.1 Feature of Measuring Instruments 

The set up of our measuring instruments Interfaced with the computer 

system is given in App( I) • Where LCR multifrequency meter, pA meter 

and DMM (Digital multlmeter) are used to take C-V and I-V measurements 

of our Schottl<y diodes controlled by hp 9000/310 computer having memory 

of 2MB. 

Measurement can be done at high and low frequency ranges. For 

high frequency l'ange5, c.-v measurement hp lI275A LCn multi frequency 

meter and for I-V measurement hp 111408 pA meter/DC voltage source are 

used. Low frequency C-V measurement can be done with hp InllOB pA 

meter with certain mo~lificatio of the instrument test fixture, due to some 

problems this had been done during the period of the worl( 50 we have 

omitted this part of measurement. 
. -7' 

2.1.1 LCR MUltifreguency Meter 

The hp Model lI275A Multifrequency meter is an instrument designed 

to measure impendance, capacitl'lnce, inductance, resistance, di5pation factor, 

quality factor, conductance, 5uceptance, re!'ctance <lnd phase angle of circuit 

elements in 10 frequencie; 10,20,lIO,100·,200.and 400 kHz, 1,2,lI, arid 
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10 MHz" In our measurement we used j (5 ,~i\pacity to measul'o capacitance. 

The range of cllpacitance jc; from,Q1 f iarad to 12'19.<) micro farad. The 

Instrument. hilS built in pnlgnlltHui'lble Bipolar OC POW()I' supply funcitoning 

In blase range :t35V. The ten test signal frequencies have a frequency 

accuracy of 0.01 %. The test slgna\ is a sinsodial signal and can be set at 

desired amplitude in the range of 1 mV rms to 1 V nns by the oscillation level 

control a,"!d multiplier button. The LCR multlfrequency meter can be remote 

controlled via HP-IB remote commands from a key board and can operate as 

Listner and Talker. Its HP-IB .. dress was set to be 717. The essential Hp· 

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

2. 1. 2 E.,A Meter I DC Voltage SoUl'Ctl 

The hp Model 4140B pA Meter IDC voltage source comprises a high stabi 

pA (pico Amp meter) with 10-15 A resolution (Max) coupled with two prograt 

DC Voltage Source (V A and VB)' The pA meter has a basic accuracy of 0.5 

over wide measurement ranges. One of the two programmable DC voltage 

source (V A) can op~rate not only a programmable DC voltage source but 

as aunique stair case and accurate ramp generator. The DC votage source 

has an output range of .:t100V in 100 mV steps or ±10V in 10 mV steps and 

their amprate can be set h'om 0.001 Vlsec to lV/sec at .001 VIS 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 (l) as 

a universal pA meter. The measured current and capacitance dIsplayed in 

Display A and applied bias in Display B. 

The hp Model 4140 B pA meter I DC voltage s6urce interfaced to hP. model 

9000/310 computer as shown Tn App(l). Its HP-IB adress is 727 and can 

be remotelly controlled via HP-IB command from a key board and can operatE 

as a Listner and Talker. The essential HP-IB remote commands codes for 

hp Modei 4140B pA meter are slImmarized In App (III). 
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The hi-> modo! 31178 A Digital Muliimetel- (DMM) is able to measure voltagE 

and cun-ont both AC and DC, and resistance. It has a display section wher. 

the measlinad vallie with the unit is displayed. It is able to make DC volt 

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

In our work DMM is used as a DC bias monito!" of tjle sample kept in 

the test fixture of LCR meter. The DMM is Interfaced with the hp Model 

9000/310 computer as shown in App (ll). Its HP-IB adress is 723. It can 

be remotely controlled Via HP-I B command from the key board and can operat 

as talkel' and LI!;tner. The few esential HP-IB Remote command codes for 

hp·-model 3478A DMM are sUllimarized in App( IV) . 



3. MEASUREMENT n,CHN!~UES 

3.1 Software Pr.29.ram~ 

We havo developed ;:J val'i~t')1 of softwnrc progn;hHnH f(H' pA meter I DC 

voltage source for I-V and Quasi static C-V mea1'ut'ements using HP-IB reml 

command codes of App(III}. And obo for LCR inultifrequency mete,' for 

C-V measurement using the Hp··IB command of App(II). In both cases 

a main software pt'ogi'amms were developed consisting of different subprogr~ 

Each subprogramme has unique purposes such as 

i) to take I-V and C-V measul'ements. Each respective devices unde 

remote control \'(ould be set for the required measurement under ,HP-IB 

commands, this time they are set as Listncr. When they at'C triggered 

to start measurement from remote they act as talket·s (give measured values 

Then measured values would be kel;>t in the memory of the computer as 

one-dimensional array e.g (l{"LV{k) and C(*}). 

e.g. 30 SUB Measure(Nmc{*LV(*LLow,upp,Fr,SI) 

ill To plot e><,perimental result. The measured value stored in the 

computel" mamol'Y would be plotted as requil>ed by tim statements In the 

~ottlng subroutine. 

e.g 110 SUB plot array (N,I(*),V(*l.Low,upp.S$,k,Fr) 

iii} To Pt'in9 the data and graph. The measured values and the 

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

HP-IB address 701. 

e.g 50 SUB Pring (N,I(*),V(*),Low, upp,s$,k,Fr) 



Allhough the above is the ,.I.ructur'l! of Uw main programme for taking 

measw'ement, commands which check the InAlI'aey of the dilts of hp Model 

4140B pA Metm' sLlch as "se,'!ai spoolin9" and z{,ro offset command for :ln$\lI'I"9 

zero sti'OY ~pocitanGe are included depen(ling on the situation. Of course, 

subprogramms fOl' least square fit and othors are aslo incorporated. The 

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

3.2 Measurement Procedure 

In this section we would try to discuss the method of collection of 

the data for I-V and quaslstatic C-V measurement using pA meter/DC voltage 

source and C-V measurement with LCR multi frequency meter. 

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

I-V and Quaslstatic C-V measurement using pA meter Is taken in 

dark. This is supplied by using hp Model 16055A .Test fixture made specially 

for pA meter. Since there was no manufactured sample (waf~r like) holder 

which could easily hold the waf'<tr, we have fabricated OUl' own holder. 

it Is comprised of a flat copper plate for an ohmic contact on the substrate 

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 control the contact pressure 
>.,j-' 

was Included, It was done by simple touching. 

i) I-V measurement 

The bias supplied by single stall' case generator (V A) of pA meter 

to the sample is displayed on Display B and the measured current on Display 

A. These measured values would be stored as one dimensional array in 

the computer memory and fi.rl<tmr,'~El1t.:· can be done by using the 

software programme. 
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3,2,2 LCR Multift'equen<:y Meter 

We w,ed the LCR multifrequency meter hp Model 4041 A for relatively 

high frequency meilsurement, starting from 10KH
z

' The sample placed 

on our fabricated sample holder is connected to hp Mode 4266 test fixture 

disigned specially for LCR multifrequency metel', The programmable built 

In Bipolar DC Voltage source Is used to blase the sample. The desired 

test signal frequency, amplitude and blase Is set from the key board via 

HP-I B remote commalld~~ of App! III) • The measured capacitance and voltage 

across the sample are displayed on Display A and Display of LCR multifreqUi 

meter and DMM rtjspectlvely. The measured values are stored in the comput 
, 

memory as one dimensional array of cacitance (C( *) and votage (V (*»), 

which can be developed for plotting and printing using the software,: progra 

developed using HP-tB remote commands of LCR multi frequency meter of 

App(lI) , 



CHAPTER IV 

EXPERIMENTAL RESULTS AND DISCUSSION 

On this chaplet' we pI'esent the experilnontai result for different 

samples. The I·'V curves with associated LOG( 1)- V curves for forwaro 

current for the measurement of barrier height is presented, while only for 

two samples the C-V and lIcL V curve is presented, because out hp model 

4275A LCR multi frequency meter shows COF (capacitance over flows) signn 

in the rest samples. 

In the second part discussion in reference to the result with compari! 

between samples in resistively, area of top ohmic contact, and obtained rest 

are discussed, 

1. EXPERIMENTAL RESULT FOR I-V MEASUREMENT 

The measurement represented aro description of samples I-V plot fron 

-IOV to IOV and Log(Ij-V plot of forward current from .05 to IOV. The 

intercepts on Jog<!) aXis wet-e from least square fit method for the evaluat­

Ion of saturation current and baniet' height. At the end of ihis seciton 

the I-V data and least square for selected region are attached. 

53 



SAMPLE No. 1 

.' __ 1-' 

Log(I)-intercept '" -6.21 <l>hS(holbarrler ht) '" 0.49 eV 
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SAMPLE No. 2 

Top View 
Orientation := <100) 

Type '" AI-pSi 

I~- ...... -----.. -~ -~ ------~---- -- -------.,;-----.. -----.. ----------'------, 

1 
I i 

--'_4'" I { .. til'" _{)OO!~: 

! 

--. i..., 

r \ 

r I 
e I-

me -.'i_~:- U r e men t 
t IZ .4A Ji\ 10 n 

-- 12·0 

'll 
t b I .-=_-_::......:~----.-

l __ _ 
--"70 1 t age ~ voTt s) 

Log (I) _.\ ntercept '" .. 9.17 <PhB (holebarrier ht) = 0.5beV 

; 

i 
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SAMPLE No. ;{ 

Top View (lIff~ Contact pt " G·-2 

'l.:..tL/ Resistivity " 100 ohm em 

Orientation = < 1 00> 

Type" AI-PSI 

"-,', 

.' . 

I 

Log(l) Intercept'" -9.13 4>hB(hole barrier ht} = O.S6eV 



SAMPLE No. 11 

1--V Char8ct<lf"istic 

Top View Contact pt-~ 2C Orierntation '" < 111 

Resistivity ~ 7-13 ohm-·em Type = AI-pSI 

-, 
r-----..>~-----.----="-~-.. r----~~---

I 
I 

·~_1iV. 1 I_di'/' .00031 T-V me suroment -< . -
I .!d6'A 

·1 ii,S 
I I I 

'-- I 
u I H 
r' 

I 
r I 
e I 10{) 
n . 
t I 
~!~ 1-"=1 : ! 

~IO ,s 10 -

-5·5, LOG(I) - Vt-V - _ - _ -~ 
OI! -5.55900213063 ------
MI -17.6552129618 0Mx.-5.5~· . 
V iv' .4975 { div* .004776538557 ____ 
MA (Xl. '52 - L<N" p. IG 

/ 
A~' ,.' '-' 

I 

Log(I)-intercept = -10.40 <PhB(hole barrier ht) = 0.59 e' 



SAMPLE No.5 

I··V Characteristic 

Top View (~~ Contact pt '" 1 A 

~~!jj) Resh;tivity "7-13 ohm-em 

Orientation '" <111 > 
Type " AI-pSi 

r-·----~-· --. _._-' --•• -- ~--.----.~.----. 

V_~iV' 1 I_div' .000415 I --V me tr' su r f3 rnent 

I )t105" 
bo 

c 
u 
r 

r 

Log ( I)-Intercept" -7.67 4>hO(hole barrier) = O.52eV 



Top View 

r 

e 
n 
~ 

.. 

SAMPl.t No. 6 

i-V Characteristic 

15t~ Contact pt ,c 1 A 
o ~ (1)1':} 

> ~' ~,~! Resistivity '" 1 00 ohm-em 
A-.1--

I-V m8~c:.urern8nt 

Orientation = < 1 00> 

Type "' AI-pSi 

Log(I}-lntercept "' -9.73 <P hS(hole barrier) = O.51eV 
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2. EXPERIMENTAL RESULT OF C-V MEASUREMENT 

Experimental result of C-V measurement are presented only for 

~ 
I 

Sample No. 1 and No.3, because the capacitance of our samples as mentioned 

earlier were beyond the capacity of our hp model 4572A LCR multi frequen,cy 

meter. In this section we presented the experimentla result of C-V,and 

1/CL V curves of the above samples for different frequencies of super­

imposed signal in the biase range -10 to lOY. Also a single &- -V 

curve is presented for different frequencies in the blase ran'ge -1.5 to .5 

for the evaluatloJof barrier height and active doping concentration. A least 

square fit method was used for the evaluation of <P hB (hole barrier ht) and 

NB 8active doping concentration). With the experimental result (curves) 

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

slope of l/C L V are given. 

" 
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SAMPLE No.3 

c- V Chanlcterlstlc 

Contact pt =: G-2 

Resistivity'" 100 ohm-em 

; 

Type =: Ai-pSi 

Fra'l 11 
Fre<.j 12 
rt'&l 12 
FreQ l3' 
Freq 15 

IOK.IIt­
'2.C t;rt~ . 

4t1 tflt : 
2,001(\1" • 

... , 

.···i~·\{141. .... ' 

Freq II 
Freq 12 
Fr"'~ 13 
Fr,;q 1,,-

jU 

-: -' j 

.. ' . 

II) 
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J", I ~IQ idv"f,l: 1 fl· 4(j L<l\j'·1.5 "Ur,," .~. v 
t,;.7..

1 
Di'lg. 1 Y, lICIf"':?urv- ;>.5£>18 lI1"-2 

t /--
I 
J r :,j 

, . 

, 

V1nt '" O.35V <Pan'" 0.65 eV 

.slope " -1.89 Na'" 1;55 x l013/eml 
" . --'''-~----'' .--------.---;-:--~.---......, 

Sampls ideY'~ I f-j. 40 LQ'.j'''1.5 VIJpp' .''::.'1' t Fr-eq 12 
DIV- . i V,lICAP'2.0[V- 2.SE.18 lIf"2 t Kill/if?. 

i;H&' 

. . 

Vlnt '" .32 

slope '" -2.13 

.. 

~~-,----N. -

1 
i~5 

.. 

---t Volt 
<Pan'" .62 eV 

NB = 4.13 x 1017./cml 



70 

2~1r; 1&1)1: 1 N- 40 Low' -J.5 'f':;':'!" 
0('1".1 V,I/';iti"-2.nf'/< j,[,>W lIf"? 

- . 

,-I· 0 

V int '" .29 

Slope" -6.16 

.5 V 

o .5 

.p Bh = 0.60 eV 

I. 
I 

'\ 

NB = 4.17 xl0
12

/cm3 
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SAMPLE No~ 6 

c·", CIHH'ilctel'istic 

Contact pi .~ 1 A Orient<ltlon '" <100> 

Resistivity'" 'iCl0 ohm~cm T"ne "' AI~pSI 
- F f-< 

-- .~-. ~--~'-'-' ---
:JMpfe ident: lA u- tOO I.ow-t iV tlpp- 10 V Froq J1 lot.lh 
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c,: ·· .. ·,2.0·:· ...... · .. ·· .... ·· .. ·· .... ·,! 

.. 4.Q ... , .. ........... .. 
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~ ....... ----...l' )" .~-

-10 -5 0 10 
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Hj··;;.;::· :-- . 
. ::;:-, " -"-', . '", '. . 
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. .' . . 
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o S' 10 
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Vint " .25 

Sippec = -9.211 

i GIlSIC f?.-,t . 

n 

. ' 

, 
i 

.' I 
" 1 , 
·t , 

I 
" \ 

t 

,. '(Oli...,,, .. ,_,c,~~.,; 

<P Bh '" (J.56 eV 

Na '" 3.18 x 10
'3 

.,~ .-, 
I 

10 ;. ! 
. ( 

L--~-~---<~-;-'r'-'-""""""""---"""'" *'_ ..... _'_'~"--. ·'_'~_··.;;I.;.,t..l' 
.!Ii t ;~'Jl 

v. " '1 lilt .~ 

Slope = -1.0 

\Jolt ...,. 

, 
cj> Bh "0.52 

13 
'" 2.94 x 10 

• 

I 



V int = .19 

Slope" -1.18 

_ ,;J 

i 

,. 
i 

~~·~~~ .. +!~~~-~~Q~--~--~.~n· 
\loti ........ ~. 

</l Bh = 0.5 eV 



· Y(-fMJt~ 2. 3';H2~1Sru52£ { ! '1 
X~ltHi;r~c<;"t • , 3496-993';-6500 Vi) i Ie 

~;Mple' It: I N- 4Il L~"·"1.5 Vtlpp' ,5 V , 
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3. l)ETERMINATION OF BARRIER ht HWM I-Y CHARACTERISTICS 

In this Set;;tlofl the result of I-V curves given earlier for different 

samples am p"e:>entf,d. tlem Ai-·pSi jutlcl!.z>n wa5 forward biased by putting 

a negetavie voltage to the metal. Log(l)··Y was plotted for blase 0.05 to 

lOV. "least squaref it method is used to find the satw"atfn current. From 

the known area of (Al 0.2 em' and assuming the Richardson constant (A**) 

30 A - k. for holes [23J ciii'k' we then derive the barrier hts fOt' holes (Yah) . 

qp '" kT [In(AA**T' }-Inl 1 ev 
Bh q s 

The result of the <P Bh for thesamples were 

Sample No. 1 == 0.5 eY 

Sample No.2'" 0.56 eV 

Sample No. 3 = 0.56 eV 

Sample No.4'" 0.59 eY 

Sample No. 5 == 0.52 eV 

Sample No. 6 == 0.57 eY 

In all cases as we observed from I-V characteristics the diode shows 

good rectifing nature. Comparison of our results to theoretical I-V curves 

reported in literature has not been done, since observed Ideality factor has 

no agreement with results reported in literature. 

4. DETERMINATION OF BARRIER HEIGHTS FROM C"V CHARACTERISTICS 

C-V and 1/C2 ... V,,curves is measuref for different frequencies of the 

signal. For l/C'-V curve which were plotted fOI" single frequency, teast 

square fit has been made and voltage axis Intercept gives (diffusion- potential 

V»). From the distance between the fermllevel and valence band (V p) 

expected for OUl' samples and COl"1'6ctlng factor kT /q gives the result for 

the barrier hts of holes as 



</ISh ~ VI) + V + 
P 

kT/q 

Sample' No. $ Bh (eV) f-requency (kHz) 

:1 0.66 10 

0.62 20 

0.6 40 

0.56 10 

0.52 20 

0.50 40 

. 1 
From the slopes we found by least square fit for ". - V curves we find 

active doping concentration (N S ) of the semiconductor as NB '" 

For different frequencies the value of N B is listed below. 

2 
q E sslope . 

Sample No. Ne OO 12 /cm3 ) Frequency (kHz) 

3 15.5 10 

4.13 20 

4.77 40 

6 3.18 10 

2.!l4 20 

2.94 40 

The least square fit result is attached with C-V measurements. 

( 



5. DISCUSSION 

From the result of I-V chanu::tei"lstlc of Sample No. I~, 5 and 1, from 

point view of the top COflt,<'!ct area, The set-j<Hi resistance effect is much 
\ 

pronounced In NO.II, and decretlses In No.5 and less in sHmpie No.1 as 

discussed by SZe[24]. This hilS resulted in the different barrier hts for the 

samples, due to the shape of top contact areas, despite the fact that they 

have the same nature as given in their speclficaiton. 

From the result of I-V chal'acterlstics of samples No. 3 and No.2, 

the measured barrier hls are the same Which shows the Independency of 

the b;trrler hts on doping concentration for non-degenerate semiconductors 

as reported by Archer and Yep[25]. 

For sample No. 1 and 2 which differe" In orientation as spaclfled In 

their specification shows two typical I-V characteristics for sample No. 1 

the I-V curve shows saturation for blase greater than +7V, this may be 

due to space chat'ge limftation effects as discussed by Sle [26]. Sample 

No. 2 I-V curves »hows 110nsaturatlon nature of reverse current for 

VR > O.3V is due to generation current ill the depletion region, since 'image 

force lowering assumption gives nonphysical image force diei,ectric constant. 

at room remperature as reported by Yu and Snow [271. 

The last part I'emaln to discuss results of C-V characteristics of 

Sample No. 6 and No, &. In both cases the C-V dependence on frequency 

is identical, i.e for the forward blase th~ capacitance decreases as 
, 

frequency increased and reverse happen for t /C2_V curve in the reverse 

bias region. Both Indicates the fact that charge carriers, deep impurity 

levels (acceptor), tt-aps would follow the low signal frequency and reach 
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to equUlbt'lum ionization state which could contribute 1.0 the depletion layer 

chargH, this hf1§ been also dlsl.'IS!led by Nk()lI\on and g"GKS ['18], Observed 

and reported by· Crowell and Robert [l.'IJ. 

Barrier hts from C-V measurement oJ1the ;jVerage for Sample No.6 

aod No. 3 are 0.52 oV and 0.62 eV respectlv(;ly. 

Barrier hts from I-V measurement on Sample No.6. and No. 3 

are are 0.119 eV and 0.56 eV resp1lctlvely. 

From pellUl,<'of information glv@lla by SEa [30] where evaporated AI 

iJil deposited <)0 Vacuum-cleaVed SI give <i>Bh for hole as 0.58 eV • 

• 
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COHCUJSiON 

Our modification of Robert and (;r01l1C11 [F'H and Zahid and 

Jonscher {to] model (if dGep Impurity leve! uno chep tt'llpS of metal-n 

semiconductor respectively for til" pUl'pOtlP. of HH" present work on met;;ll-p 

esemiconductol' Schottky diodes obserVt~d to be In agreement with experlemental 

result. 

It has been established that the barrier height of vacuum deposited 

t Aluminium on p Silicon is relatively high (0.119-0.65 eV). It has also been 

confirmed that the barrier obtained udar these condition dpends on frequency, { 

and the harriet: height measured using both I-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 signal Increases. 

The fabrication of Aluminium junciton to nonocrystalllne silicon was 

successfully carried through and technological application should be studied. 

\ 
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AprEt~iDIX 

SET UP OF MEASURING INSTRUMt:NTS INTEIH';'.CEO Wl'fH THE COMPUTEI1 

key board add 727 

1. Main hp 9000/310 Computet", color monitor, CRT 1 

2, hp 4275A, LCR MULTI FREQUENCY METER, Add. 717 

3 •. hp 4041B, pA METER / DC VOLTAGE SOURCE, Add. 727 

4. hp 347M, DIGITAL MULTI FREQUENCY METER, Add. 723 

5. KEY BOARD, hp 

6. PRINTER, hp , Add PRT 2 0/' ff 70'1 



FUNCTION 

86 

APPENDIX ill 

IlEMOTE PROGRAM COfylMAND CODES 

hp liQI11I3 pi'. MeterlDC VOL1AGE SOURCE [3IJ] 

FI 

I-V F2 

___________ ._ C-v _______ '=-~ ______ ~.~ 
LIMIT 10-2A 10-12A H02 HI? 

AUTO RAGE ___ ------------------r-------.--------
Intgration SHORT, MEDIUM 11, 12 

time LONG 13* +-===-------- -- -"---------- - --
I TRIG 

SWEEP 

CONTROL 

V A MODE 

VB MODE 

VA I Limit 

VBI Limit 

Zero set 

I NT, J~XT I J!lAN ___ 

AUTO START 
MANUAL 

PAUSE 

ABORT 

-,-
_r'-

-' 
/.r 

-,_r,r~ 
_1 1.. 

~ ......... -.- ..- .. ~ . .-

---------
100fJA, lmA, lOrnA 

" " " 

Tl *, T2 . ----
WI 
W2 
W3 
'117 

Al 

A2 

A3 

! A4 

Bl 

L1* , L2, L3 

Ml *, M2, M3 

z 
----{-~"'"-' -.--- --f---------------

SRQ 

Mask 

TRIGGER 

KEY STATUS 

OFF, ON(1), ON(2) 00*, Dl, D2, D4 

ON(3) 

E 

K 

----,._--------------------'-._---------



APPENDIX IV 

RMOTE PROGRAM COMMAND CODES 

hI' 3478A DiGITAL MUi.JIMElEH (DMM) 

Function DC Volts 

AC Volts 

DC Currents 

AC Currents 

Digit display 3t digits 

d 4* digits 

5t digits 

Range Auto range 

30 mV 

i 1300 mV 
-----~--~--

Fl 

F2 

F5 

F6 

N3 

NlI 

N5 

RA 

R·-2 

R-I 



, .. 

\ . 

:;. ; I~ . 

4(' (;lr ... , ..... ,. .. ".,0',., I" '-:';,1"" ':':- I "2(11:, 
-: (, ?: >: ,', 

1:: I:, ~>r.l.: 

.;.j. 
':'I:(J. 
::'I:!~L 

p:':' : 
'::'. !: Ft 

i .-, 

I .-, t· 

r,Te):, I, ~~I",-: ~lt~S'"': ~·.;{'-ll_i" ~'(f~'E~' r~·!:"~!.·;<.Yr~·' T~f"E·7'. T~t'(Erl({!"E.' ll,'n ~.('p I.~~ .'!.:: 

~:!,r!:' 
, :, fl 

[4') 
: t:::tj 

·::lIp ,.t,,< ~" . ~.i Ii, -<-- I ,",',j.., 

:~ ... :;(:!~ j;-~'r'-:i~t>-, f'ro::-~ 

Ef~IPI)~' "':(~i-.lD!"..E ::.r'E!·!T· 
P'!:'M(l!E ., i ";: 

~ ",' ':~ ,:, •. }t!'ptyr .~:..".: (J'~ E' ~ ,~,.~ ~1I:'t,j2 II 
1'?~' f)1JTP'}~ "'~.I;C'I 

~~Q ~E~0TE ~~~ 

2(1"(' l)tYrplJ'! ...,:~:. '; "F1PH~I.q'; 
]1') !f-1PT,''!' H "'1';.,. 'I 

!r.{pl.t'!' HL(,,~ .. t.lp~ .. ,?I' Lt:'::~;PF :12(' 
~?'3' ?~~"'I~' H-::EL~>:"~ .~~£·~.'i_t!-:~V:;Y ~\I ~'!'~~~R£'2' !.~! TH~ RRr~';KE~'TE~.' II 

PR"!}l,! 
-?R~~'i'r 
PRHI'l' 

::?I} ?R!~I~ 

" ll)l:-Hz 
Jl40(!1~H~' 

, 
• 

1 
, , 

1 ~: , 
~~!t.-Hz • t') • 4(!l.:Hz • " ". 
H-1H~ .. I" " "'LMH~ 'l~ 

28~~ PP.INT jl!(, f7')t·r!,,'~~{tJE PRES:= ; '~r;:n~ 1 'I'lU'!"" I i":EY" 
'2~!1 ?CllJE£ 
30D PR!~IT SHR~(l?' 

.. 1 ')(fkH::! , 14 " 

.' 4t<tH: " 1 ~~ . 
21~DJ.-H~ 

! f)~'Hz 

:·l~ PR:'!T """"'F'~ :'h,,\ "·!.:! •. ·"h .. ··,."~o,·,··'·!.o·,;"" ... Hf.Tpp"".:C[FP;"'..I" 
-?2(! Fr~'a' I~~Pl_t~ i'FP.E!;!UEN~·Y'?;' t; ... 

~?~ !F f!'2~ !HE~l 
34':' 
.2': fJ 
?H 

DIS.r .. ,: EP'E';'JII 'F;; ,;,~.J(z~1 ~·~I.1r~!L!-H!LE. T?Y AGPU·] I h 

I!J(~ IT:' 

~''it!' 

18(1 
;:~I} 

4Q(' 
:~lQ 
4:i (1 

"':!? -0 
4"1(' 

.;'~'3 ~ 
4'; (r ' 

'~?'1 
·48(' 
,:!'? 'j 
~·(i~ 
.:;', n 

52(' 
'C;? (1 

54(' 

EN['- !.F 
PP.I"j~ '!'f-l.tj'<Yr"E(' .!':''''!.', UFrt;~;' :Fr 
:r~"~IIFU'~{lfJL·-·I-F.r 1 

':ll)TPt''f C!;",~';--:: 

~I:I~: ! --,;!. :(1 >'1 

J~L,-,('+l, ~-, \', ··r~ .. l ''''':iJpp'' LOF' 

:_t~~IP(ilT~I[I:' ? I 
,-r~'~'li~t~ (l':'~lJ: 

. ~!.).'}. .; .... II~I ;1 ~.iJ~'~:H~_! nll 
(I'-''I'!);_''!' '-!";: f'l~~ ~. 

,)tr'1'?lJ~' "!",:",. "£" 
£~')TE:? 'J 1 .., :. (~ .. l;' 
!F ("j"~, ~.'" 1(, "~"HE"! 

1-1, 
?~E~) 

I~C'T':( t:" fl 

~t'iD ~F 
f>:! I %1~, 

'~H:!::~: ,"",~-~ t.:'1' 
Ih _! -''l..{)~~i r;~'; ,5,~ (: 

::.?~ :"::.!.~~ .. <\-: ~':'J.~ ~f'F.t'=", ,I· !~i'rr" ::~+"l:" 'I~~~..:. 

s~(: H£vT ! 
t.:Oi, ~I!~P 

':::l'~' 01-.~,~", i"1 ~" ,-',.J.. • .', " .. .t' ',' :""' 

., 

• 

• 15 ." 
': ';1):' ,. 



, , 

~ 
,-. , 



t;: :~~)-\:~ f). 
2Q 
?Q 
40 
·SO 
6~ 

"'0 
eQ ' 
~Q 

100 
!.10 
120 
t3Q 

J.40 

IS 0 
lEO 
17Q 
180 
l~O 
200 
210 
220 
no 
240 
25') 
260 
27(1 
2eo 
290 
3QO 
?lQ" 
320 
:'aO 
'340 
?S!l 
36() 
27Q 
%0 
390 
400 
410 
420 
4'30 
440 
'lSQ 
460 
4?Q 
'180 
490 
'50(' 
510 
520 
'330 
540 
S50 
SSQ 
'570 
5130 
590 
GO(' 
1310 

" €AMPtE PR!)'~Rf't1 
!1.-'\:Cao~ci.f.anC'~)'"2 (,'!i' U(tLTA!~E r1e.a-~tJtem~r~~ 

ll,)ith "[liM'!' £C'URRE FIT ·.For S1~l'eS. rn~"ro:ept 
. ,. 1 ('_I,IS ' ," 1/(,~2-()" HEASUREHENT ,:'24SA !-IP LCR METER 
DIM C(1'2S0).U(1!2S01 
K~O 

. Y.§K+l 
LOH£!SUIf b H FROM. "Slope" 
(~ALL Mea~. ,~f~~ (~li'j\: i.) (:1:', .o': (.{,. ,I : LQI,'J.' Upp j SIS ,.K; Ft ) 
CALL Plot ur (i-tm!)( "'! ,,~U:O ..lie ,L,)", ,Up}!, S$ ,r ,Fl:' 
PAUSE 
GCLEfII, 
INPUT '''rh~ initial. index number at the linear 
~egme~t of the cur\'e Hi • 'l,Nt 
INPUT "The final lndex number at ~he 
ll.neat segment of the C'Jf'}e Nfu " ,Hf 

'3CLEAR 
'~ALL L~H (t)( *i .. ,~( <,:' ,Ni ,Nf ,11, Int ,Xm,'{m ,!)( 1) ,+20) 
X_inter~ept~·!n~/r 
PRINT lI£lopo- .11 :.H] '.'Y __ inter~ept :1:

11 ~X_int6rCept; lI{)ol't;sU 

PAUSE 
'.0'1'(, 130 
INPUT " NEll FREQUENCY? YIN" S r 
IF S~#"Y" THEN 7Q 
£>IS!:, "l'hy~ Dept f!Atr" ;[tA'rE~(TIMEDAT!n ;TIME$ITIHEDA'I'E) ,."VC"2 '), ,1),LCRHe!l'u 
£1-1[' 
SUB Hea~._c(N,I.)(*) ,C(;') ,Low,.lJpp,S$ ,K,F!) 

IF S$~"Y" THEN Fre<:j 
INPUT "SAMpr,~~ !DENT! ", Id~ 
REW)TE ?l? 
OUTPUT :'17: "(.(,!B lC1DOM2" 
OIJ'l'PU~' 717;" E" 
REMOTE 1'2'3 
OUTPUT 7n·." FlRAN4" 
WPIJT "N?".N 
INPUT "L!:l" I Upp>:>!! " Lo~, I Up., 
P1WIT "SELECT FREQUENCY BY FI(;lJRE9 IN THE BRACKETTES'" 
PRWr 
PR!N" "to;-liz ': 11:0 
PRINT "40QkHz'; 16:0 
PRINT 

2QkHz (2) 
HUh (17) 

40kHz (13) 
2l-1H1. (9) 

PRINT "'1'(' CON'l'INUE PRESS 'Contin'.le' KEY" 
PAUSE 
PRINT ':liR$ (12:0 , 

100kHz (14) 
4HHz (19! 

200kHz OS)" 
lOHHz (20)" 

PRINT "S(tnlpie id!mt' "; Id$, "Ns" ;N, "tow~" ;Low; II,)", "Upp"" ;lJpp; "I)" 
Freg'lNPlJT "fREQUENCY"" ,Fr 

IE' Ft"20 'l'HEN 
£!ISP r;FfiE~!!l ;Fr ; "NO'!' AWULABLE, TRY AGAIN'" 

, f,JA!'!' :. 
G0TO f'Ct:rq 

END IF 
PRHl1' TABX'{( GO ,K +1) ," Freq"-tFr 
Fdu"F" ~(,IHL$(Fr:O 
OTJTPTJ'r 717; Fr $ 
FOR I~l TO N 

J~ Lo(~+ (! - 1 ).' 0-1-1)'" (Upp- Lo(-)) 
lJm[rP.('UND(J .3:r 
U~wOnL$(1 O*U) 
Dia-e!}~II!H II·StIJ$:$:IIE-l()1I 
OUTPUT 717;Bia!$ 
OUTPU'l' 717; II Ell 
EHTER 7P:,A,B 
IF Q'1.E+l0 'rHF.H 



>0'-.'.:' ·i~;~f'-\~~~~~~;'~~Wlr~;;'.·:' '. 
~,1J(\i·' . . ~'OT(t no 
IJ\;~' £NI) iF 
6"~ (~(!)~rl 
-B71J Of! ),,,,1 ~C( I ),\,;~ 
6eo ENTER ~23:D' 
~90 I.)q \n!KIL(l'B' 
71)(1 ft!i;;P "t'IIJ!-:S'E appro:'o ~ !t·iT~. 2?<:kr·I.' .. I'~t::(:. 

~>l '.i. HlJ~/i ~ d~ J) !ll",!;,\:~~jl ~('( I) 
nQ NE~'l' l 
".'2Q [lISP 
n(o (JUt?!)', 7J.?;"BI OEO(.I}" 
::'<\Q !NUT." 
750 SUBHlrl 
-:<€fJ -:UB Pl~~'_3.rt'!_!·ir.! .. r), ~.\ ).~~*) ll)e }L/)''''iUpP}S~JK,Fr) 
?7(1 IF S€:~-"yjr .1'HEN Pen 
:-'BQ Ue-t1AX(C(*)', 
79 (I tie' r'IW1J!~D 11 . 6 *I.J~ .1) 

~OQ GUm' 
810 UIEWPORT O.120,24,10~ 
920 l~lNDOl,! LON, Upp; 0) y" 
830 AXES (Upp-LoI,)/20,Ue'20,O,O,5,5 
840 PRINT .. [)!()~ 11 :. (Upp·~ Lot.,:' /2 0; il (.1; !/';AP"'2 ,!lIt,Jm l

' ;,tJe .120 ~ ill /fA2" 
8SQ Pen" 
960 PEN K 
B7(t F(!P. t{:i> 1 TO NTl! 

Bel) '1.1Arr .1 
B90 PLOT U(T),C(T) 
'?Ol) M(,I.'! 1)(1').0 

910 NEXT T 
no PEN 1 
9?,(. FRAME 
'?4Q "IJBEHtI 
95~ 
%0 £IJB !'"H !YJ*) ,y(..,) ,tii ,Hf, Slope ,In~en'ep+, ,Xm, Ym,Xi ,Xf) 
970 Sx ~rll (, 
~et)· -S~ ... I) 
~9Q Sx2=(! 
1900 S}IEO 
1010 FelR I~Ni T(O Nf 
1020 Sx¢Sx+X(I) 
103~ S~2uSx2+X(I)A2 

!04Q SY4S~+Y(I) 

1050 S~y~~xy+t(I)*Y(I) 
t060 NExT 1 
107(1 NaNf-Ni +'. 
t(l80 tlo pe"" q,(J-Sx,!-Sx*S~}) / ~H*Sx2 .. Sx·'2) 
1Q90 Interceptc(Sx2*Sy-Sx*Sxy)/(~*Sx2-SxA2} 
211)0 XmuS:~ "N ./-. 
1110 Ym'Slope*Xtl,qnl,erc~pt 

1120 U!EWPOeT 10,128,25,100. 
1130 WINDOW Xi*1.1,Xf 1 l.1,O,Yfl)*1.1 
~14Q PRINT I'Xi""~Xil~Xf"';Xf 
1150 PRINT 'V ' l) ·";Y(l),·Y(Hl'·";YIN) 
1160 AXIS ABS(X I HI-X(1)l/25,ABS(Y(1)-YIN))/25,O,O.)5,5,2 
11"0 PEN 2 
! 1'30 
1190 
1200 
1210 
.!.2'2t) 

FOP. I ~.li '1'0 Nf 
PL')! >'( n ,'if I' 
NEXT' I 
PEtm~' 

PEN 'I 

! graph of the experimental data , 
,h 



,0 
4(­
~o 

H 
::'0 
tlO 
·~o 

lO~ 
no 
120 
130 
140 
150 
lSQ 
17 0 
180 
190 
20(1 
210 
22Q 
230 
2'10 
Z5Q 
2€{' 
2?Q 
280 
290 
300 
310 
320 
?30 
340 
350 
36(r 
?-70 
380 
390 
41)(' 
410 
420 
430 
440 
'l'50 
4H 

1I1:'t}!~~ I<;r!'~:,r~' I,:I "'-"~'''''I;. n"/NN;'~Eq£lJREt~ENT t}~ IHG 41 ~ll) 
r'IM 1-~?[51)~ :(!(1"~lrl .'.,1(1'5 1) I 

Dr~ ~1(150) ~1(150) 
(LEAP. ::>2:'-
')U'!'PlJT "'2:>: "nRHlBA191L2M3" 
INPUT "Sample: EI :ldt 
INPU'lt II LON7 JJ 

• Lo~" 

LOW~·'fPS"&UALt(Low~ 
INPUT '1f1pp'"'' }Jpp 
Upp~u" PT" &!.IAU ('-'pp.' 
HlPU'!' "S.tep'~" ,Hep 
5'\ ep~q" PE" &I.lAU (S+,ep.' 
Ho lQ.$m H PH"Si.fAU 0: 2) 

. INPUT "dvJdF'" ,Rete 
Rlli.e $-" P')" ~()AL$ (R<l1 e:O 
(IU'rpUT 727; LOH$ ,Uppr. 
!)llTPU~' n:> '. Step$ .. Ho ldS 

. OUTPUT :>2:>; R'l\1 e $ 
OUTpU'r :'27', "(H" 
(iUTPUT 727;" 2" 
r-o 
1w I +1 
EHtER :'2?A$ 
C'( r:o .. IXIUAH 4 .. 13 J)' 

Q(I)·UAL(A$r16,211) 
Cl(ll-[lR(lUHD(C'(!) ,3) 
'H ({ ). DRr)UHl)( ()( 1) ,.3:0 
DISp (,1(1),Ul I 1),O' 
PRHI'l' r, ('l( n Y1( 1) 

IF AH2,.2JO"L" 'rHEN 22(' 
PRIHT "TO (!ONTHIIJE "pre~s«'continue"KEylI 
PAUSE .• N 

PRINT (,HRS(12) 
flISp 
INPUT II Dr) YOU NEED GRApH'?Y /H" /~$ 
IF G~u "N" ~'HEH 

GOTO G80 
EHrI IF 
'PLOTTING 
\J~~I1AX(('l (~)! 

()e~DROUHDf 1. 6HJc ,l) 
GlHI'l' 
PLOTTER IS CR'f .. " HI'rEp-HAL" 
GRAPHIC": ON 
PHI 'i 
!10',·IE 45. ~ (! 

~A !1E1'E!Ul'C' I.lOLTAGE ~OUR(,E" 

"'. 



" !.y. 4?O 
<tao 
490 
50(1 
'510 
'.i20 
'530 
540 
'550 
560 
~?t) 

seo 
590 
600 
>31Q 
620 
oS~Q 
640 
ESQ 
66Q 
€?O 
691) 
690 
:'00 
710 
no 
:-;,gO 
?40 
"'SO 
?6Q 
??Q 
?tlO 
;~Q 

800 
910 
82Q 
B3Q 
S4Q 
9SI) 
!lGO 
970 
eeo 
e90 
900 
~tQ 

'L~BI1L, >I~.-() msae<lrelOent" 
Y.QUE 2 .. $5 
LabIJ1$~IICPPAC'ITRHC[" 

FOP. Z& 1 TO 11 
i,ABEL· Label.HZ,Zl 

NEXT Z 
HOI)E 45,23 
Lr~l:lEL "I.lOLTAG£ (''>0 It r. ) II 
PEN! 
~JIE(,JP(tRT. :' .. 12Q ,2B ,10(' 
l~ltmO!J Lo!; ,IJpp, -1}e/20 /Je 
AXES (Upp-tol.))i20 ,Ve/20, 0,0,5 .. ~ 
PR!NT "(~_di<j~" ~ 'Jc,-20 ,~ II!) _di'J"" ; (lJpp·-L,-w;' 120 
PEN 4 
FOR I-I TO MAX\.!) 

I~AI,), .1 
PLOT !Jt(]) .CI!I) 
H')!'!E !.ll H) .. Q 

r!EX'r r 
PEN 2 
FRAME 
PRINT 
INPUT nDO YOU HEn' PRIHTlHG?Y/n" .. S$ 
IF S~ ... IIN" THEN (lOC' 
!PRINTING 
PRINTER I!: I'P.T:I,)ID'l'H 16(1 
PRINT "Sample'''; Id$ l 'l'ABO?) ; "L()~1 ,Upp" ;Luw ;Upp) "voH~" ) 'l'AIH8Q) ; DATE$(TIHEJ)AT£) ; TAB' 
PRINT "Cap,,<>i~ar,,:,~-,p .farad" ; "()oH age h,olh " 
PRINT 
FOP. !~1 TO ~!AX(!: 

PRINT TAll~20*I -15) :,1)1 (!) ,TA9(20*1-9) ;Cl( I) , 
NEXT I 
PRINT 
PRINT 
PRINTER IS CRT 
!NPU'l'''DO YOU t~F:ED GRAPH '1'(. BE PR!N'i'ED"'Y·'H" ,IH 
!F R$~"tln '!'HEN 

(l(,LEAP. 
PRINT (1IR~ <; 12) 
PRINT "HEA9,UREHEN'I' STOPS HER.:" 
PRINT "'l'Hmw. yOU" 
r,:OTO ))one 

END T.F 
DUMP GRAPHICS t~Ql 

.~ I) ~ ~(~MPLE PR(II]P.Fl!1 
'2 t! ~ FOP. Ll:Uj (!', f)!.. r,! ~!Ef~STJREHE.HT t r1.1~tn{ L£P.c;T S':!U('fP.E F!':' 
~O .' 'L(n](!)-fJ' t1EASUREHENT 4140B pA HETER'DC 
40 OPTION BrlSE '. 
~O DIM Ael501 .11(150),1)1(150) 
60 D!t-l 1'150) ,t}(150:' ,[1(15Q', O~(,~(,', 



~ft~~~~~.,tmf·;qf.S'}W[~~;~~i_L'· ,- c'­

~~i+~~~tf~'''2-'': 
;,.",'70"''''''''0 d' mr'i'''H'!'' 7""'''':·~!lr.?'' . ,- i:;' ~ <-.. ~.. • • .,..'; I:!. .. 

91) . INPlJ'I' "Snmpl<"", 1>3$ 
100 J.HPU'l' ';'[.0(\'''''' ,Lop 
l1U LaM'··P8"~0AL'(LDN) 
120 H1PUT "IJl'P'?", Upp 
1'31) tJpp~~UPTHs,.t.1nLtt:L'pp) 

140 INPU! "9T!P~·,Step 
L 50 €·t it pt oS ~I PE.1f ~(jAL/H ~·tep) 
160 Ro1d$~"PH" &(,lAU(, 1) 
170 Pelal'$-"PD"I,OAL$( ,:'.) 
180 i)UTPlJ'i' ?27;Lol'*.,iJpl'$,!Hep$ 
1?-0' OlJ'l'FlJ'( 7Z:';HoldS ,DelayS 
200 OUTPUT ?2:>; "(,,1)." 

21(1 . ~{~O 
2~(! Xe X+l 
230 ENTER :'27;AB 
24Q l(X)AIAL(AH4,BJ:! 
250 ~(X)·UAL(A'[16,211) 

2130 !1(X,)· .. DI10·1JN['O(X) ,3' 
270 1)1(X )mDRCIUND( l.J(Y i', 3) 
280 IF r1(X'~O 'I'HEN 
290 Il(XI-I-15 
300 aOTO 32V 
W) END IF 
321.1 I)(X)~LOG(ABS(!10~)) 

3'30 lJl00.AR\lI,()1(X)) 
340 DISP XHX) ,(II (Xl ,A?: 
150 PRINT X,Il(X),Ul(X),D(X) 

'360 IF MfZ ,21'," "L" 'l'HEH 22(1 

! RESOLU'i' ION 

~70 PRWT "TO CON1'INUF. PRESS'continue'K£'(1I 
3BQ PAUSE 
390 PRINT r.'HRH1Z) 
400 DISP 
410 HIPU'f "DO 'IOU NEEl) G!lAPll'ti/N" ,G~ 
420 I~ G$~"N" 1'HEN 
430 GOTO 1000 
440 END IF 
450 'Plotting 
460 !Ue-HAX(Ill*)' 
470 1)e-.DROlJNI)(! . SoH)", 1 f 
4llO Mi-t'i!Nl.Il (fc)) 

490 Mi"'!)ROU'~O(t .6*"11 ,1) 
SOO GHHT 
~10 PLO'l"l'ER IS CRT!" IHTRRHAL" 
S:2 0 GRAt'IH ('5 (1/01 
5$0 PEN 5 
540 HOUE 40,95 
550 LAllEt "LOGO) (,J, l) " _,._.U, 

- -S-~1Y-~·HO.(lE 3 f:: . 
!70 ! Labal'·"('urr_nt" 
seo ! FOR Z~l TO ? 
'590! l,AllEL Lah" H [?, Zl 
600 !NEXT Z 
e10 HO!,IR?2,:N 
62Q LAlll!r, "Vol ~" 
630 PEN ~ 
,,4Q INPUT '!SltlY'f('l! ~ (poHh'JC numbel' cOlresponch to ()'O)" ,SN 
650 U' S,·" ~Q THEN L"ABSWpp) 
B60 IF S",'·Q THEN U~AB!HLo{,,) 
(;?O IF SH>O THEN Lvi,OII 

SeQ IF S."O 'mEN Ur.Upp 

~.' 



);llQ·· .. ·PRIH'l' "t1RX(X)~" ;~lflXCn, "Low" ;L')W. "UP"-" ;Upp 
"<'eM 'tHlE TyPE i' 
)::\;glGIJQR X"l '!'(I Hi~X 0:) 

",Y: "9401$117' .1 
' .. ' '~!!O PLOT u~ ()() ,i)(X) 

· ae'rl' . MO!JIt In (X)~ Q 
$i>~ . NEXT X 

. 9!~(), PElf 2 
..~90 li'~A!1f: 

.-{lll\) I tOADSUB L~H FROM ".sl':lpe" 
\;':'!i'!O PA\Jst . 
';:;j'~~Ql,lCtEAR.. . 

...... ;0.',' •. "'lI,,·· .. , .. "."'.i.'tlht"" "."" ... ""."i'· "1 h" ·'l'n". 1 i.ll ." ~ '" "f "" LI' Hf j"i~'Vi"~.'~~'fi'iC~'iMi"'~"r~ '~~ .11" ... , " n .. ¢?1 num"e.\I .,l,N •. ~ ,nl~ 

{t.;'~~,,~;lt~itti:~;ietfi{lI f,WIl *;'JI ( *) ,Ni i Ni, M, I Tit i Xbl i '(Ill) 
\;j,4'H.'Wiit~:'i'tl \oI~'litCpV! ht . . 
r:'(~'~D;~tI~.\f(;;';il!iWT .. tlloPii'''·· 'M "Y In·6'rc~pt .. ,,· Tnt 
!ii'~!l;~~~~ :~~~f. n :," I .. - ' , 

"'1000 PRINT 
1010 INPUT "1)0 '(1)lJ NEED PRINTING'?Y/N" .'3$ 
1020 IF S$","!'!" THEN Don~ 
10'30 !PRINT!NG 
1040 PRINTEI1 IS PRT '.WIDTH 160 

\\. 

1050 PlnN'!' "Samp!!!:"; rd~ ,Will.:>7) ; "Lo;) ,UpI''' ; LO~1 ;UI'P; "1.10 th "J TAlHllQ) ,DA'I'EHTIHEDATE) ,TAB( 
1060 PRINT "VOLTAGE/!,JoH" ,"CJ.lRREN'l'/flmp~." 
1070 PRIH1' 
lOBO FOil Xu'l TO Hit~(X) 
109(,1 PRINT 'l'AllC:>q'\X-1S' /,1 (X) ,: '!'An ( 2 0 kX- 9) .. H (X) , 
1100 NEXT >: 
1110 PRINT 
11,20' PRIN'rEp. IS CRT 
1130 INPUT "DO YOU ~1E:1W aRr1PH TO BE PRIN,'ED,?'f.'N" ,R$ 
1140 IF R~~IIH" TlllW 
1150 GCLEAR 
1160 PRItt'!' C.Hf:~ C 12) 
117Q PR!N'r "!1'Ja1".lreme!i~ stop hero" 
1190 PRHiT '''l'HANK YOU" ",,;., 
1190 ,GOTO Done 

. 12QO EH£I IF 
1210 DUMP GRAPHICS t7Ql 

TnQDorieTENF _ 
1230 SUB [,~ H ('1,(*) ,Y( k) ,Hi ,Hf ; Slope, Inhrcept ,Xm, 'I'm) 
1240 SxyuV 
12'50 Sxto:lJ 
1260 Sy,:iuC 
12:"0 !lyuQ 
12BO FOR 1"I~i TO Nf 
1290 ex~Sx+X(I) 

1300 Sx2~Sx2+~~!)A2 



r~~~;:J~t::~t;t',~~:~i,'\ "~ , 
~ff~?~1;:~~~1 ,CJ:-~-X1;~"~>-\11-Y( T )+Y(I) 

',?<V'J<'ll~O '.W!Y.'!' r 
"\ 13<10 NwN* .. t1i~ 1 

" 1'l',>l)~lQP~ (N!c'3x y~ S:(*S'})fl;HI:Sx2 -Si<:"~ I 
. 1:lS0 Illt erc~)lt" (Sx2*Sy" !l~:*Sxy) l(WSx2·' Si:"2) 
'1370 Xill~$Y:rf(. ' 
1380 Yili,S!opf!*X"l?Intttn:ept 
1'390 t)I~(,Jf'i)R:r ,10 ,1213 ,2'3,1"0 
1400 WINDOW k(l),X(N),Y(l),Y(N) 
'!41IlflX~'2 OW~)-X(1)) l25 , (Yo.)" V(Nn /2') ,0,0. ,'5,5,2 
H20' ?EN :;' 
14311FOR Ia 1 TO Ii ' 
1440 PLOT XU),Y(I) 
1'l50!10VE ~{(1).0 
1460 Hl':xr r . 
1470 PENUP 
14M PEN? 
1490 FOR r~l 1'0 N 
1500 1'[,01' XU) ,Slope.k(Y,(!)-XrnH'x'rn 
ISH NEX1'! 
1520 SUDENfl 

! ':rwtf'Jf..E PRO(jR~\M 
! !!:'R ':'PSER')VrIOH OV IWllERTS & (·!W(~ELr. 1'C"2 I}~, '.Is (1/ band bClndi q" ) 
I A pro9!!lrn to pld gn,ph~ for fourimp'.I~ii." donor level aenliC'ondudor 

'.\$1n'1 s<ioprogr!'ll1'1 ('de 

~(! 

~(t 

30 
40 
50 
SO 
70 
90 
90. 
100 
HO 
121) 
130 

H::!l ,N31 ,1'141 ! rati" of the impurities of 1£2 TO El Of del'lp 
~ 'J • h"l1(lh' il'lPI,IO, t I' It''le is 

n· ! £n~r9'" of the :lhallo.) lev~l in 10:1' nurnber~ 
E2~ , En.n'g,J of the deep l""e-l in 1o:T' nurnben 
n~ ,E4- !£nergy of tieepel' leveh in ·their ordt:l:, 
P,if- , The potentia! of Fermi le'le1 in 1o:T numben; 
INl'U'f "N21" ,1'131" ,N41~ ,E1 ~ ,E1" ,£3:' )l<!c ,P'l.if~?" ,1'121 ,1'131 ,N41} El, \!·2, £3 ,E4" Psii' 
GINIT 
PEN 5 " 

l<1Q 0SIZE '3 
150 HOVE 60,80 
160 LP.IlEL "£1 ~";E1 

'170 MQUE GO,'?? 
180 LAflEL "1£2 ·;E3";E4~";,~2;l!3;f.4 
190 HOI}11 60,74" 
200 tilBr!:. "N2lNl ~ ;N'/H1 2 ;t·WNtu" ;t121 ;N31 ;N41. 
210 HO~IE60 ,n 
220 LABEL "hif ~II '.P'ilif 
n,o, ,V!~HPOP.T L ).!t~ .~2!l ,~e 
240 f;J!NDOfJ <!, so " -2,45 
250 AXES l,2,O,O,S,5,Z 
260 PEl!-l 
270 VIEhlPORT l,S,2!;,2B 
280 ~XES .1,3,0,0,1,1,10 

-~ ~"" 

.. ~ ~, .,-,'. -- -

" _00.. I '.'" 



S:{(f 
?'4f) 

'-l~-~ 
-.~Q ' 
3yt> 
'390 
3"99 ' 

" 'WO 
'1H 
420 
4'30, 
440 
456 
4S0 
4?O 
,'ISO 
490 
500 
510 
~29 
53Q 
'541) 
5liQ 

_ , 560 
, ' .. '0 

, ,,'5$0 
"""')$;0' 

'eiio 
" ,,'~'t~ 

620 
~JO 
1340 
eso 
660 
6::'0 

" seo 
690 
:'00 
nn 

" ?'20 
.' no 

:'40 
?SO 
760 
:->71) 

?ao 
?,90 
soo 

,~up OF!' 
):,01(1; E 

~i')Vt~ >:, _. 1. 
LABEL ::<. 

Hl;X'i' x 
tOR({ fj 

FOP. Y" 0 TO lQD STEP 2(' 
H~}rr -. S l't 
[.m)Ef. Y 

NEYor y 
CLl!' ON 
Li)I~DS1JJj '~dc Fll0i1 "Cdc" 
FEN 2 
K"0 
r.~K~l 

PEN K 
HOVE O,f! 
P'OR !J,,~1, £'-6 '1'0 40 sn,P ,'5 

CALL Cddh'21 ,N31 ,N41 ,U~ ,Ei ,E2,r.B,E4 ,hif ,(!UI:2) 
PL01' lj ~ ,t~(]c2"2 

NEWt ,lh, 
HtPu,\, "DO 'IOU, NEEl) GflAFIl li'OR NKf,) PAR.HHE'fltll?, '{(N ",ItS 
I!i'R~~"Y" 'l'H{i:N , ", 

, INPUT "tll2 Ji13 ,Ni4,El,E2 ,l!3 ,E3,P15if'?" ,N12 ,Nn }Nl4,IU"E2,E3 ,E4,P$if 
G(lTO 4~!l 

END H' 
~ND, 

,SUB Cd(:' (N21 ,N3~ ,Wll"Ue ,El,EZ,In ,£<1, Pdf, Cdc:n 
I SubprognHfi [,,, four donor ire.pud t II level ll~m~c()ndl!dor' . 

Q·',LS*l.£··tG !'.clll'r~te ,of fOTl eled~ol'l 
!1'~i!;"Q)<P~ifiK'l' j P~if i'l il) K'f 
! Ps- is~(l*Pz.i~. /K'f 

P"$ i"}t« l.U~ +P$ir) 
Fl1ul/(1·7*~~P(-(P~i~··El))) 

F2~"'1 /( l t 2k EXP(· 0>,,'1 ~·E2))) 
F3~~[1 (l +2~I:XP(· (Psh ·E3)) 
F4s~! "(1 +2',EXP( - (P'!,i~·E4\ i) 
Flf-l/(lo2AEXP(-(PsiF·El))J 
F2f-l / (l t 2*EXP(-IPlif-E2 1 )) 

F3F-l/(1+2*EXP(-(P,if-E3»)) 

.. ' ... 

.,-
. , .. ~. 

, II 

P4f·!/ll·2~EXP(-(Plif-E4))) 

NUIn"?*(1-,":11+N31+H41 )*(U~*( loU2ttN31tH41 )+):.Q{KHf/Fls) 'N21.*LOIl(Ii'2f/F2~ htl31*tOO(F 
D~TIO'''~ «Fh .Nn*F2~,.tfH*f3~ oWll *r'l~)· (FH+N2VF2f oN31*!!3f+N41*F"!f )*EXP(·U.) )"2 ' 
(\\,,2" Nllffi/!:>e nom 

SU!!EtW 



39Q 
'lOp 
410 
420 
430 
<140 
4'50 
46Q 
470 
4~O 
490 
'5f)Q 
510 
520 
530 
540 
SSO 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
740 
7SQ 
760 
??O 
780 
790 
aoo 

t~F.X1' X 
LORG 8 
FOP. Y"O 'rO 100 STEP 20 

HOt}! -.5, Y 
LRBeL Y 

NEXT Y 
CLIP ON 
LOADSUB (,dc FROH "(,de" . 
PEN 2 

.K=O " 
K-r.+l 
P.EN K 
HOVE 0, Q 
FOR Us=1. E-6 TO 40 '5T£P .5 

CAL[. CddN21 ,N31 ,N4l ,Us, E1, E2 ),3E4 ,l'",f /'dc2.' 
.pLO'r Us ,CdcZ/2 

NEXT Ue 
. WPUT "DO you NEED GRAPH FOR ~IE~1 PRRA~lETER? YIN ") R$ 
IF R$~"yn THEN 

INPUT "N12,N13,N14,El,E2,E3,E3,Paif?",N12,N13,N14,El,E2,E3,E4.P.if 
GOTO 490 

END IF 
END 
!SUBPROGRRM 

SUB Cdc(N21,N31,N41,Us,El,E2,E3,E4.Peif,Cdc2) 
! Subprogram for four donor impurity leve 1 $emicondudor 

, 

Qe1.6*1.E-19 ! Charge of an elec+.roYl 
.!P~if:Q*hif/KT I PlIif is in KT 
!P~i5cQ*P5i5/KT 

!'si~u(TJS·P5j.f ) 
F11·1/(1+2*HYP(-(Psi.-El))) 
F2~-1/(lo2*EYP(-(PDil-E2))) 
F3s-1/(1+2'EXP(-(P.is-E3))) 
F1s R l/(1+2*EXP(-(Psil-E4))) 
Flf-l/(1·2'EXP(-(P5if-El»)) 
F2f N l/( 1+2+EXP( - (Ps i f-E2»)) 
F3f-l/(1·2*EXP(-(Psif-E3))) 
F1f- V( l'·2*EX?(· (P5i f -E4») ) 

! Psia l~ in kT number~ 

Hum-2*( 1 +N21+N31 +N41 )*(TJs*( 10 H21 oN31 +N41) +['OG( F1 f/Fls) +H21*LOG(F2UF25) oN31 *Lt 
t'enom- ( (Fl. oN21·1oF2. +N31 *n" oN41 *F4s ) - (Flf .H2 PF2 f .N31 *F'3 f +H41 *F4f ) *flXP (-U5 ) v: 
Cdc2-Num/Denoffi '., 

SUBEND 

• I.' 


