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ABSTRACT

The current transport mechanism usually assumed to be valid for
metal silicon Schottky barriers is thermionic-~emission. However,
Crowell and Beguwala, using a thermionic-diffusion médel, suggested
that significant deviations from the behaviour predicted by the
thermionic—~emission theory should be observed on low barriers,
especially those formed on silicon of low impurity concentration.

The barrier height of titanium on n—type silicon is 0.50 volt which
is lower than most other metals, and should make the effects predicted
by the thermionic-diffusion theory more important for titanium contacts.

Titanium contacts were prepared on n—type silicon with impurity

concentration from 2 x 1020 m_3 2l m—3. Most of the diodes

to 3 x 10
showed nearly ideal behaviour at low applied voltages and the current—
voltage characteristics could be represented by the relationship
I—”—ISG-XFC_L_\_/ | — exp -V
nKT kT
with n values as low as 1,0l. It was concluded that tunnelling,
interfacial layer and surface effects were insignificant for such
diodes. However, at higher current densities, many of the same diodes
exhibited deviations from ideal behaviour which were equivalent o
n values as high as 1,25, or which could be interpreted in terms of a
rapidly decreasing saturation current ISQ
Similar effects were observed on magnesium and aluminium contacts
on silicon, but at bhigher applied voltages, corresponding to the
higher barrier heights of 0.55 and 0.72 volts.
The main features of the experimental results agreed well with
the predictions of the thermionic—diffusion theory for band bending
between‘/s = 9 and ‘/5 = 2. At the upper value offg , the predictions

of the thermionic-emission and thermionic-diffusion theories were



almost identical and the diode behaviour was closest to ideal with
n= 1.,0l. The lower value of‘/g represents the limit of agreement
between the measurements and the thermionic—-diffusion theory. Two
possible mechanisms are outlined which could explain the discrepancy
below;/g = 2., These are phonon scattering of electrons hetween the
barrier maximum and the metal)and the effect of the reserve layer on
the shape of the potential barrier at very low band bending.

The results demonstrate the conditions under which the thermionic=
diffusion theory rather than the thermionic-emission theory should be

applied, and suggest a practical lower limit on /}9 for the range of

applicability of the thermionic-diffusion theory.
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CHAPTER 1

INTRODUCTION

l.1 INTRODUCTION

The work described in this thesis is concerned with the preparation
of titanium contacts on n-type silicon, the measurement of their
properties, and the explanation of their properties in terms of the
existing theory. This chapter surveys the historical development of
-fhe theory of metal-semiconductor barriers and their fabrication, and
relates this work to previous results in the same field. The importance
of titanium contacts in present day microelectronic devices is

outlined.

1,2 HISTORICAL SURVEY

Since 1874, when Braun reported the rectifying behaviour of
metal point contacts to various semiconductor orystalsl, the papers
published concerning metal-gemiconductor device research have been so
n&meroua that an exhaustive list will not be attempted. However, in
this survey the reader will be referred to several thorough reviews
which have been made by previous authors.

Henisch, in his book Rectifying Semiconductor Contacts2, reviews
the experimental and theoretical developments up to 1956. Following
the formulation of semiconductor transi+ i Lheory, based on the band
theory of solids, by Wilson3, theories of the transport of electrons
over the barrier were developed. Wagner4 and Schottky and Spenke5
proposed that the current was limited by the processes 6f diffusion
and drift through the barrier region where a surface potential

barrier was present due to stable space charge in the semiconductor6.

Bethe7 suggested the alternative that the current was limited by the



rate of emission of elec¢trons ovér the barrier from the semiconductor
into the metal. Bardeen's work8 suggested that the presence of
surface states on a semiconductor would reduce the dependence of the
barrier properties on the difference between the thermionic work
functions of the metal and the semiconductor. Schult29 formulated
a model of current transport across the barrier which linked the
thermionic-emission model of Bethe with the diffusion model of Wagner,
~ Schottky end Spenke.

In 1966 Meadlo published a review paper surveying many of.the
recent experimental results for barriers formed on freshly ocleaved
semiconductors, but he did not include details of barriers formed on
éhemically cleaned surfaces, although there were a vast number of
papers being published at that time. "The influence of surface
preparation on barrier properties was demonstrated by Turner and

12 44 1968.

Rhoderiokll, and Smith
Meanwhile, on the theoretical side, Scharfetterl3 had predicted
levels of minority carrier injection which were largely verified by

14 15

the experimental work of Yu and Snow™ s Crowell and Sze™ ~ presented
a synthesis of the thermionic-emission and diffusion theories of
carrier transport which incorporated image force lowering of the barrier
and quantum mechanical tunnelling scattering of carriers. Their paper
also included a quantitative check between the theoretical and
experimental values for the Richardson constant39 for emisgion of

électrons over the barrier, and a treatment of the influence of an
interfacial layer on the barrier properties.

The'tunnelling of carriers, especially important through the

narrower barriers formed on more heavily doped semiconductors, was
discussed in many papers by Stratton and PadovanilG, and Rideout and

Crowell17 between 1966 and 1970. Perhaps the most complete treatment

was given by Chang and Sze18 who also included the effects of carrier



diffusion expected for barriers on lightly doped semiconductors.

The review paper by Rhoderickl9 gshowed that by 1970 a more |
accurate comparison of experiment and theory was possible becéuse of
the fabrication of diodes with near-ideal characteristics. This was

20, 21

the result of using the guard ring technigue to minimise edge

effeots22 and the formation of metal silicide-silicon junctions to
remove the problems associated with an interfacial layer.

In the book'Semiconductors and.Semimetalg 23, Padovani gave a
complete review of the mechanisms of carrier transport across metale
semiconductor barriers, particularly with regard to the thermionic
field~emission and field-emission regimes. However, some of his
predictions about the diffusion of carriers through the barrier region

24

were revised by Crowell and Beguwala ' who used different bouhdary

conditions.

In 1973 Jdger and Kosak25 experimentally demonstrated the importance
of minority carrier effects at high forward current densities. Green
and Shewchun26 used a numerical method to solve the two carrier problem
including recombination with the same boundary conditions as tﬁe
thermionic=diffusion model of Crowell and Szels. Using different

27

boundary conditions, Demoulin and van de Wiele ' presented an analytical
solution of the same problem, whilst Card and Rhoderick28 showed that
the influence of minority carriers would be enhanced by the presence of
an ilnterfacial layer.

Of particular relevance to the present work are those papers
concerned with titanium-silicon barriers and those which deal with
contributions to the diode ideality factor or 'n valuse' and its
variation as a function of the external bias voltage applied across the
barrier. Atalla29 first mentioned the use of titanium as a barrier
metal. Zettler and Cowley21 used several metals, including titanium in
guard ring devices, and Cowley30 later analysed the behaviour of titanium

diodes on both n and p-type silicon in terms of the thermionic-~emission

3



model of current transport. However, Cowley did not fabricate devices
on high resistivity silicon. Saltioh3l measured barrier heights on
n-type silicon of various impurity concentrations,and Saltich and
Terry32 fabricated titanium diodes on both n and p-type silicon, and
showed that the barrier height waé very dependent on the presence of

33

an interfacial oxide layer. Burton, Portnoy and Leedy -~ used an

unusqdlfabricétion technique which gave anomalous results with several
contact metals including titanium. Diodes fabricated by the Plessey
Company34 hadlcharacteristics which, for the most part, could be
explained in %erms of the thermionic-emission theory although there

were some unresolved anomalies.

Contributions to the diode 'n value'! come from image force

15 35

lowering™, edge effectsze, the influence of an interfacial layer--,
carrier recombination in the barrierzz, diffusion effects reducing the
current below that expected from thermionic emission24, and, for diodes
on heavily doped silicon, from the influence of tunnellinng’ 36.
Demoulin and van de Wiele suggesfed that minority carrier injection would

reduce the apparent n value.

l.3 SCOPE OF THE PRESENT WORK

The work described in this thesis includes the measurement of the.
barrief height of titanium on phosphorus doped n-type silicon of
impurity concentration between 2 x 1020 m-3 and 3 x 1O21 m-3. The
accuracy of the barrier height determination from the current-voltage
characteristics is estimated as + 5 mV with a total range over all the

-diodes measured of 25 mV., Although Saltich31

investigated the barrier
height over a similar range of impurity concentration, he used the
capacitance~voltage characteristics to determine the barrier height and

quoted the accuracy of his resulte as + 20 mV with barrier height values

ranging over 60 mV,



A particular feature of the present work is the detailed
investigation of the theoretical contributions to the diode ideality
factor or n value. Most of the mechanisms contributing to non-ideality
are gtrongly dependent upon the applied voltage and the impurity
concentration in .the silicon. The experimental results reported here
show that it is possible to deduce which mechanisms are dominant by
studying the voltage and impurity concentration dependence of the n
value.

For most of the diodes measured in this work, the current-voltage
characteristics are well described by the thermionic-diffusion model
of current‘transport with the addition of image force lowering of the
barrier height. The formulation of thermionic-diffusion theory used
in this woik ls very similar to that given by Crowsll and Beguwala24.
From the measurements, which extended to current densities as high as
4 x 105 Am-z, deductions are made about the regions of applicability
of the thermionice~emission and thermionic-diffusion models., The

30

previous work by Cowley~ on titanium barriers used a maximum current

.density of the same order, but his measurements were confined to

. 8ilicon of impurity concentration greater than 5 x 1021 m_3.

l.4 IMPORTANCE OF TITANIUM CONTACTS IN MICROELECTRONIC DEVICES

The traditional metal for the formation of contacts and
interconnections on silicon integrated circuits is aluminium, which
has a high conductivity and good adhesion to the silicon dioxide
surface. However, two defects of the aluminium metallisation system
are electromigration, and the formation of etch pits when aluminium

76

diffuses into silicon "« These problems are overcome in modern high

performance integrated circuits by using a barrier metal, such as

17,34

titanium, between the silicon and the aluminium o Titanium is

also used in the high reliability beam lead prooess78 because of




its good adhesion to silicon dioxide and silicon nitride.

The relatively low barrier height of titanium n~type silicon
diodes has led to their consideration as power rectifiers, bepause
they have a lower forward voltage,at a given current density, than

most other metal contacts .



CHAPTER 2

THEORY OF THE METAL SEMICONDUCTOR BARRIER

- This chapter will discuss the physical model of the metal
n~-type semiconductor barrier with particular reference to the
processes determining the current-voltage characteristics. The
theoretical basis for methods of measuring the barrier height and

other parameters of the model will be presented.

2.1 FORMATION OF THE SCHOTTKY BARRIER
© 2.1.1 Idesl Case

The formatioh of the electrostatic barrier between the metal
and the n-type semiconductor can be visualised as follows. When
the metal and the semiconductor are electrically neutral and isolated,
the energy of an electron at rest outside either solid will be equal
to the vacuum level shown in Figure la where EFS and EFM represent
the equilibrium energy levels inside the semiconductor and metal
rebpectively. When the metal and semiconductor are connected
electrically by an external circuit, electrons flow from the
semiconductor to the metal until electronic equilibrium is reached
when the Fermi levels EFS and EFM are equal, The metal has a net
negative charge and the semiconductor has a net positive charge so that
there is an electric field in the gap between them, Figure lb, As the
gap is reduced, the charges collect at the surface and, in the case
of the n-type semiconductor, the positive charge consists of a
layer of uncompensated donor ions which has a thickness related to
the doping dendaity and is much thicker than the corresponding layer.

of negative charge in the metal. As the gap S decreases the space

charge layer in the semiconductor builds up, and the bands are bent

7



as shown, Figuré~1c, so that eventually the majority of the potential
difference appears across the space charge region rath;r than across
the gan., If § is of the order of 1 nm then the gap is essentially
transparent to electrons which canvtunnel through. For the ideal
contact when the gap disappears (Figure 1d) the barrier height ¢B

is given by ¢B = (¢M —sz) where ¢M and'XS are the metal work

function and semiconductor electron affinity as shown in Figure la.

2.1.2 Barrier With Surface States

Experimentally it is found that the bafrier height ¢B can be
almost independent of the metal, especially on a freshly cleaved
semiconductor surface.. In this case the surface states arising from
the termination of the semiconductor lattice play a major part in
determining the barrier height. Figure 2a shows a semiconductor
surface with surface states which are filled up to a level ¢SS by
electrons moving in from the conduction band, causing a depletion
région, band bendiﬁg; énd:é béilﬁ in barrier even without the presence
of a metal. In this case when the metal and the semiconductor are
connected, the Fermi level of the semiccnductor must fall relative to
that of the metal by an amount equal to (¢M - X3~$%) as before, but if
the density of surface states is high eriough to accommodate the
additional charge without appreciably altering the occupation level
¢SS’ then the space charge in the depleﬂian region will be laigely
unaffected. Thus the barrier height will be a preperty of the
semiconductor surface and independent of the metal work function.

In practice the conditions at the curface will be intermediate
between the two extreme cases and the berrier height can be expressed

37

in a form such as .

¢B = 9!(¢N "XS) + (l "'¢><) (Eg - ¢O) cevee (1)

Where Eg is the semiconductor energy gay and ﬁo is the value of ¢SS

O
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which would make the semiconductor surface neutral. In the case where
the metal and semiconductor are separated by a thin layer of oxide,
thickness S- , rermittivity E;x and the depletion layer space charge

is much less than the charge in the surface states, then

A = € ox
eeo 00 2
E“+1SQ (2)
/J
where DS ig the density of surface states per electron volt per unit

area of surface.

2.1.3 Image Force Lowering of The Barrier

The variation in potential through the barrier has been considered
as solely due to the semiconductor space charge (Figure 3a), and is

given by the expression
Ver = W (A= —3) ~Vs  fr 230, (g
s (2. €5, (V&"‘VF))'/z

where V(x) is measured relative to the Fermi level, )\.. IN

>
is the width of the depletion region, g is the magnitude of the
electronic charge, ND ks the density of donor atoms in the semiconductor,

é,; is the permittivity of silicon, and V_ is the potential difference

F
bétween the Fermi level and the bottom of the conduction band.

Expression (3) is obtained by solving Poisson's equation
_BY L3 8

Y > 3= €

for the abrupt approximation to the charge distribution that

JJ____. 1ND j.'cr O<x< A and f:O Jcor' .I.>}\

where fi is the electric field in the barrier. In fact there will be
a region near x = A\ where the ionised donor atoms are partially
compensated by mobile electrons, which is called the reserve

layer where O <f < (LND and it can be shown 46 inat

10
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ite effect is to alter the bracketed term in the expression for 7\
to (Vg = Vg - k17q) where k is Boltzmann's constant and T is the
absolute temperature.

However, when an electron travels through the barrier and
approaches the conducting plane of the metal, it experiences an
electrostatic field (in addition to the barrier field already
discussed) as if there were an equal and opposite charge located at
the mirror image point, considering the plane of the metal semiconductor

Jjunction as the mirror. The attractive force experienced by the

electron is given by F = -q2 _— which gives an additional
4 Tv (2x)° €si
| 2
contribution to the potential of V = 1 shown in Figure 3b.
16TV €81 x

The sum of these two potential distributions is shown in Figure 3c
38

and 1t can be shown that the effect of the image force has been to

lower the barrier by £§VB which is given by

3 KT ra
AVB = q' ND (VB- VF - /q) * esoee (4)

8 TYZ 6513

at gero applied bias,

2.2 CURRENT TRANSPORT ACROSS THE BARRIER

2.2.1 Summary of Mechanisms

Figure 4 illustrates the most important conduction mechanisms
for a Schottky ﬁarrier on n-type semiconductor.
(a) Flow of electrons with sufficient energy from the conduction
band over the top of the barrier into the metal.
(v) Tunnelling of electrons (with insufficient energy for
process (a) ) through the barrier.

(c) Injection of holes from the semiconductor surface into the

12




neutral region (followed by recombination with electrons
in the bulk semiconductor or at the ohmic back contaot).

(a) Recombination or generation of electrons and holes within

the depletion region.

Which of these mechanisms dominates the behaviour of the Schottky
barrier will depend upon the semiconductor doping, the barrier height
and other parameters resulting from the design and technology used to
~ fabricate the diode. Mechanism (b) is generally insignificant at room
temperature for semiconductors of doping density ND less than

1023 m_3 and so to a large extent can be neglected for the present

study where the maximum doping density is 3 x 1021 m-3

2.2.2 PFlow of Electrons Over The Barrier

There are two possible processes limiting electron flow over the
barriers The diffusion theory 4y 5 suggests that the current is
limited by the rate at which the électrons move through the depletion
region by the processes of drift and diffusion. The thermionic
emission theozy7 assumes that the current is limited by the supply of
elgotrons with sufficient energy to be emitted over the barrier into
the metal.

The influence of each limiting process will be determined by the
degree of scattering of electrons by other mobile carriers, fixed donor
ions,or phonons, as they pass through the depletion region. In the
limiting case where the mean free path of electrons is greater than
the thickness of the barrier, then the thermionic emission or diode

theory will be valid.

24243 Thermionic Emission Theory

The current-voltage (I - V) characteristic, as given by the diode
theory, 182

I = A% ST exp (-qu/kT) [exp (qV/kT) -1]
13

ceees (5)




where A% is the Richardson constant and S is the diode area.
Assuming the semiconductor has ellipsoidal constant energy surfaces

39

in momentum space, the value of the Richardson constant A¥ is

2
A% o (Alig—g— ) ZE:-(IZ my m_ o+ m2 m, om + n2 m_ my )%----o (5)

where h is Planck's constant; 1, m, and n are the direction cosines
of the normal to the emitting plane relative to the principasl axes
" of the ellipsoids m_ my and m, are the components of the effective
mass tensory and the summation has to include all energy surfaces
participating in the emission process. This relation is derived from
the conservation of electron transverse momentum.

Equation (5) is known as the 'ideal' diode characteristic and it
is usual to compare the current-voltage predictions of other models

by writing them in the form

IalIs [exp ( qv/nkT ) = 1] cesee (7)

and then calculating the value of the parameter h, which may be a
fqnction of applied voltage. In a similar fashion, when characterising
practical diodes, it is usual to plot the logaritlm of the forward
ourrent as a function of bias voltage and evaluate the 'n value'! from
the slope of the plot.

BEquation (5) predicts that the reverse current will saturate to a
kT/

constant value when V << - B

dependent upon the external bias through the mechanism of image force

¢ However, the barrier height V_, is

lowering. TFor reverse bias, equation (4) becomes

3
a” N,

T
(vp-vp-v=-5/ )| %

AVB - veees (8)

8TN? €43

and the result is that the reverse current does not saturate but

inoreases slowly for increasing reverse bias. Crowell and'Sze15 showed

14




that the effect of image force lowéring in the forward direction can
be included by writing the current-voltage characteristic in the form
of equation (7) where the m value is a slowly varying function of the
bias voltage

-1
h-l-dVB l—dVB ..(9)

av davVv

In addition to the image force effect, there are other mechanisms
causing barrier lowering, of which tunnel penetration of the top of
the barrier, and surface state penetration of the barrier have been
reviewed by Padovani23 and the influence of an interfacial layer37
" was discussed in sub-section 2.1.2 . The apparent lowering of the

barrier height caused by tunnel penetration of the top of the barrier

can be expressed as

AvB - X, [ 2Npq (VB-VF-V-k’I‘/q)//€Si} % eeess (10)

where Xo is the tunnelling length.

i

Surface state penetration of the barrier resulté)in a lowering of the

barrier given by

Avy = a é‘_max 1n(qNss/€__Bi émax) ceves (11)

where Nss is the surface state density, d is the penetration distance

of the surface states and éimax is the surface electrioc field, which

for an ideal- Schottky barrier is given by 40

Emax - |:2ND<1 (VB - VF' -~V = kT/q) / E-si] % vesso (12)

Comparison of equations (8), (10) and (11) shows that each

barrier lowering mecdhanism has a different dependence upon electric

15



field and so, in principle, it should be possible to decide which
mechanism is dominant by studying the reverse current-voltage

characteristic.

2.204 Diffusion Theory

The expression for the current-voltage oharactefistic derived

from the diffusion theory is given by4o

a3, 0, [ o (V) - 1]
I= veeeo (13)

A
\f exp (-qV(x)/kT) dx

where Nc is the effective density of states in the conduction band
and V(x) is the potential measured between the conduction band and
the - Fermi level in  “the -metal , The above relation is
derived assuming that the Einstein relatigg) D, = ’/Jn k’I‘/q holds
throughout the barrier, where Dn and )Jn are the diffusion
qoefficient and mobility for electrons. The interesting feature
of‘expression (13) is that it shows that the current-voltage relation
is sensitive to the shape of the barrier and the position of the
quasi-Fermi level, because of the appearance of the term V(x).

Several treatments of diffusion theory 41, 42’.43 have discussed the
effect of variation in the shape of the barrier but very few have
questioned the assumptions made about the position of the quasi=Ferml
level. The quasi-Fermi level is a hypothetical eneigy level which has
the significance that, if inserted in the Fermi-Dirac distribution

function

F(E) = [1+exp(E"EF) ]"1
KT

it gives the correct concentration of electrons (e.g. L F(Eo) ) even

16




though the system may not be in thermal equilibrium.

Rhoderickl9 has shown that the difference between the diffusion
and thermionic emission theories can be more clearly understood by
considering the behaviour of the quasi-Fermi level for electrons.
Away from the junction, on either side, the quasi-Fermi level would
be expected to coincide with the Fermi level in the metal or
semiconductor, assuming negligible voltage drop across the bulk
" metal or semiconductor. The usual assumption made in treatments of
the diffusion theory is that the quasi~Fermi level at the junction
coincides with the metal FPermi level as shown in Figure 5. On this
bagis, the conduction electrons just inside the semiconductor are in
equilibrium with those in the metal and their concentration does not
change when bias is applied. The assumption for -the thermionic-
emission model is that the quasi=~Ferml level remains flat through the
junction and so the concentration of electrons at the top of the
barrier does change with applied bias. However, the electrons which
are emitted over the barrier are not in thermal equilibrium with the
conduction electrons in the metal. These 'hot' electrons have a
quasi~Fermi level higher than the Fermi level in the metal, but as
they move into the metal they lose energy by collisions, so that
eventually the quasi~Fermi level and the Fermi level coincide.

Returning to the expression for the current-voltage characteristio
given by equation (13), it is possible to evaluate the integral if
the quasi~Fermi level at the interface is assumed coincident with the
metal Fermi level as discussed above, and if some form of potential
distribution through the barrier is assumed. Using the potential

distribution derived in sub=section 2.1.3

V(x) = aliy, (N\x- xz/,z) - V3 and nej[ech?ﬁ ¥ Gown

esi



Figure 5
Energy level diagram
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Figure 6 Energy band diagram for an epitaxial Schottky
barrier showing hole and electron barrier heights.
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equation (13) becomes

(14)

- SPN 10 £ oy ()
kT €5 KT || = exr[‘z’»%‘ﬁ:;—")J

where VD - VB - VF - k?/q. For reverse voltages aéd small forward

voltages vD -V Z> k?/q and so the exponential term in the denominator

" can be neglected and equation (14) reduces to

I=5¢*DN. [ ¢ (v.-V 2 |
THPR DI ool entt) -] g

2,2,5 Thermionic~Diffusion Theory

A synthesis of the thermionic emission and diffusion approaches
can be made by using an alternative boundary condition at the metal=-
semiconductor interface which does not involve assumptions about the
position of the electron quasi-Fermi level9’ 24. A detailed treatment
ofithis épproaoh is given in Apﬁendix A but the main results are
presented heré.

The current-=voltage characteristic is expressed in the form

I= S%NC Vc ex")(— ol,VB) exF(ﬂ) _— l e (‘6)
Ve kT
| + A kT
where A is an effective collection velocity for electrons reaching

the top of the barrier, V4 is the effective diffusion velocity related

to the Debye diffusion velocity vy by v, = YD where D is the
[

| D(B%)

- Dawson functionso’ 51 and }3 is the band bending in units of kT/q.

/B = fl/kT<vB_VF_k'ZI__V> (see Pxo\cﬂenc&um)
19



For high values of‘f? and heavily doped silicon, v, D% v, and

equation (16) reduces to the form of equation (5) of the thermionic
A¥ T°
e XN,
consideration of quantum mechanical tunnelling and phonon scattering

emission theory if v, has a value v, = . However,
of electrons in the barrier region suggests that this value of v, is
an upper limit. Image force lowering of the barrier can be included
by replacing V, in equation (16) by the term (VB - ZXVB).

B 4,

If the current-voltage equation is written in the form
- Loest(0fg)| - oo ()| )

it is shown in Appendix A = that over a limited range of voltage,

IS can b2z considered constant and the parameter n has a value given

by
: N A 3 |/ ‘3‘/
Lo Lo, Ar(gé +-~-..(\7)
n Sy *’D(/ﬁ&) 4 8“262 1
where é‘ = VD/ as defined in Appendix A.

c

2.2.,6 Hole Injection

The Schottky barrier current is mainly carried by slectrons
because (as shown in Figure 6) the effective barrier for electrons

is q VD = qV,~-q VF whereas the effective barrier for holes

B

isqV, = B ~qV

a g P and in general g VB <f.Eg.

At high current density, a voltage develops across the resistance
of the guasi-neutral part of the epitaiial layer., This increases the
minority carrier injection ratio Z’ (ratio of minority current to
total currrent) because the diffusion of holes across the quasi-neutral

region is aided by the electric fisld which has developed in this region.
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For the low injection case, before the drift component of the
hole current becomes comparable with the diffusion term, the injection

ratio 2{ is given by13

——

2 >D
~ = 1M PFZ ~ )
Tt T, Jo Nl ATep(22) L

. where Dp and Lp are the hole diffusion constant and diffusion length

respectively, and n, is the intrinsioc carrier concentration.

At the other extreme when the drift component of the hole current

dominates the diffusion term

2
B'=== EIEL = lji} [if
J-n ' Np }J n

The density of holes in the epitaxial region at X, is given by

| 2
p(x;) = n° T  if it can be assumed that the hole concentration

N

o (18)

I

——

p s at the interface is constant, F(O)=!E36*P(&!£)
' Np kT
and the quasi-Fermi level for holes is constant through the
dépletion regions The ooncentration of holes elsewhere through the
oepltaxial region depends very much upon the rate of recombination
of holes in the bulk and at the epitaxial layer-substrate boundary.
A recombining interface at X, would require the excess hole concentration
to be zero there, while a reflecting boundary requires the minority
carrier current %o be zero at Xy The reflecting boundary condition
is often taken as an approximation for an n = n+ epitaxial boundary
at low cﬁrrents. In the limiting case of a perfectly reflecting
interface and a bulk lifetime of infinity, the injection ratio drops

to zero and the distribution of holes through the epitaxial region is

given by -F(x) = Y\;z T exp J-M R (\‘1)
No T 1 Ny D,
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Recent‘work28 has shown that the injection ratio can be
considerab;y increased by the influence of a thin interfacial oxide
layer. When a voltage is applied to the junction, part of the
voltage can appear across the interfacial layer which has the effecf
of lowering the effective barrier height for holes, If the
interfacial layer is thin enough so thét the holes can tunnel through,
then the hole injection current will increase at the

expense of the electron current., Quantitative calculations are

O

difficult but it has been shown experimentally that although the
effect is almost negligible for an oxide of thickness § = lnm, it
increases dramatically above l.7am so that an oxide of thickness

g = 23nam can increase X by a factor of upto 103.

2.2.7T Generation and Recombination Currents

Under reverse bias, any hole electron pairs generated in the
depletion region will be swept out by the field and contribute to the

. 2
generation current which is given by 2

C

Lgen = g ceen (20)

T

where { is the lifetime within the depletion region, and the only

voltage dependence is coniained in the depletion region width A

Lo o (V= Voo V=7 )2

so that

ereee (21)

As th

[

reverse bilas increases, the depletion region widens and the
generation current increases. The temperature variation of the
gensration current follow: 1 the intrinsic carrier concentration
R .
ng X exo ( g/2kT>’ and c£o when the temperature dependence of the
reverse current is plotted, if an activation anergy of E@/g is found,
),

it sugszests that the generation current is dominant. However, for

diodes with low barrier height V_ and long lifetime T, the thermionic
> = ’

B
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emission current generally dominates the current-voltage characteristios.
In the forward direction, holes and electrons can recombine in
the depletion region without needing to cross the whole barrier. This

recombination current can be expressed as
— s \S v
Lo = Y\?‘— eXp (%{kT> ceees (22)

for forward bias greater than 3k2/q. If the recombination ourrent
is dominant then the temperature dependence of the forward current
will have an activation energy close to (Eg —3V)/2. If the current-
voltage relation is written as eguation (7), then when recombination
ocurrents are dominant, an n value of 2 will be found, whereas pure

thermionic emission gives an n value of unity.

2.2,8 The Influence of an Interfacial Layer

When a metal is deposited on chemically cleaned silicon, a thin
interfacial layer of oxide generally exists between the two44’45.
Although this prevents intimate contact, it is usually so thin
(,L an) that carriers can tunnel through it freely. When the voltage
across the junotion is changed, a small part of the change will appear
across the film with the result that the change in current flowing
will be smaller than that without the presence of the interfacial
layer. Hence the current-voltage oharacteriétic will increase
more slowly than exp (qv kT)e If the interfacial layer is so thin
that the ocoupation of the surface states is determined by the
position of the metal Fermi level, then the current can be expressed

15,35

in the form of equation (7) where n has a value

h= 1+ SEs veees (23)
N (Eut g d1))

23



g. is the thickness of the oxide layer, ézox is the permittivity

of the oxide and DS is the density of surface states in

equilibrium with the metal. The value of n varies slowly with

bias because of the voltage dependence of 7\ s the depletion region

widthe.
The effect of the interfacial layer on minority carrier

injection has already been discussed in sub=-section 2.2.6.

2.3 MEASUREMENT OF BARRIER HEIGHT

2+.3+.1 Current=Voltage Measurements

If the diode characteristics follow the thermionic emission
model then from equation (5) and including barrier lowering, we can

write

I L exF(kT> = | veeee (24)

where ISZNSTZCXF(‘T,(VB -’AVB) | esses (25)
| kT

Using a theoretical value for A* we can then calculate (VB - ZSVB)

from Iso An alternative method is to measure the temperature

variation of IS’ then plot In (IS/T2) against 1/'1‘ and deduce

(VB - ZXVB) from the slope. Although this technique does not

require the value of A* to be known, it does assume that thermionic

emission is the dominant mechanism throughout the‘range of temperature

measurement and that the barrier height is independent of temperature.

In practice recombination or tunnelling currents soon become important

"as the temperature is lowered, and at higher temperatures the

tﬁermionio emission currents become so large that series resistance

in the bulk silicon becomes important or diffusion may start to limit

24



the current.

If the diode behaves like the diffusion or thermionic-diffusion

model, then the calculation of barrier height from the current-

. voltage measurements is not straight forward. If some shape for

the potential barrier can be assumed, based on other evidence like
capacitance=voltage measurements, then the voltage dependence of the
saturation ourrent (defined by equation (24) ) can be calculated
and the barrier height deduced.

The defermination of which voltage dependent barrier lowering
mechanisms are operative in the diode is of equal importance to the
measurement of Barrier height. The relative importance of the
mechanisms already discussed (sub-section 2.2.2) can be found by a
study of the reverse current-voltage characteristic. If the
logarithm of the reverse current IR is proportional to
- k?/q - Vf% then image force lowering is dominant. Tunnel

(Vg = Vg

|
/-
penetration of the top of the barrier will cause ln(IR)c<:(V£‘V;"%F—\DZ

Recombination generation currents will be proportional to

ey
(vB -V, - k?/q-v)z and will be difficult to distinguish from the

F
effects of surface state penetration of the barrier, whose dependence

upon voltage is given in equations (11) and (12).

2¢3.2 Capaciltance=Voltage Measurements

Althouéh the depletion region forms a barrier to the flow of
mobile charge oarriers; small changes in the applied voltage across
the barrier cause changes in the charge stored in the depletion region,
and the barrier can be treated as a voltage dependent capacitance.
In the simplest case of a Schottky barrier. where the charge density
in the depletion region is constant and due only to the ionised donor

atoms, the capacitance is given by C = Esi O where A 1is the
A
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depletion region width given by
v
T 2
= (26N VKL V)
7\ S(B F /«\/
%Ny

‘ = __——_—2 (VB’“\/F~ k%*\/)
CZ CLN)E'.SLSZ | | ..,‘.. (26)

and from a plot of 1/02 vs. bias V, the donor concentration Ny » and

built in voltage V v, - V.

n = V3 — kT/q can be ohtained from the

slope,and intercept on the abscissa respectively., Unfortunately
it is not always'possible to obtain the linear plot expected from

46

equation (26) and Goodman has treated some deviations from the
ideal case given above. Two of the most important causes of non-
linearity are a non-uniform doping density Nb, and surface stiates
whose charge variésiwifh dbpliéd voltage. Smith and Rhoderiok47
have described a technique for measuring capacitance-voltage

characteristics even in the presence of traps which would normally

cause a non-linear plot.

2+.3.3 Photozlectric Method

VWhen monochromatic light is incident upon the barrier, ~ithex

throu

o)

rh 2 thin metal layer or from the back surface of the silicon,

¢

a photocurrent may be generated if the photon energy is great enough

to generate excited electrons in the metal hY :> q V,, or great

B’
enough 1o ganerate hole electron pairs in the depletion region

hYy % . By measuring the photocurrent as a function of wavelength,
the barrier height can be found.

Altnoush thisg method has bheen described as the most accarate

. A . : ).
and the most direct’ ', it is also subject to subtle errors’  if




trépped electrons are present or if photons with an energy much
greater than the threshold are used. There is also some doubt as

to0 whether the barrier height measured for the photoelectric process
is the same as for the current transport process when no photons are
present. For low barriers, even with no i1llumination the reverse
current flowing is large and makes the detection of the photocurrent

more difficult, so that this technique was not used in the present

BtU.d,Yo

2.4 ADDITIONAL BARRIER MODEL PARAMETERS

In order to predict the behaviour of a metal semiconductor
diode accurately, not only is it necessary to have a model of the
current transport mechanism, as discussed in section 2.2, and a value
of the barrier height, but also several other parameters ;esulting
from the practical fabrication of the diode structure., are needed.

The series resistance of the bulk silicon cannot be neglected
at high current densities, although ite effect may be very small on
heavily doped silicon. To minimise iis effect on lightly doped silicon,
a thin epitaxial layer of the required resistivity is grown on the
surface of a heavily doped substrate crystal., Because the width of
the undepleted region of the epitaxy (or quasi-neutral region) is a
function of voltage, the effective series resistance will be voltage
dependent. Figure 7 demonstrates this effect. If RS(O) is the
series resistance value at zero applied bias, then its value at an

applied voltage V is given by

(Xem =N (V))
R.(V) = R.( e (
(V) = R,(0) (Xerr -2 (0)) 27)

where Xpp1 is the width of the epitaxial layer.

A second parameter which also becomes important at high current
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densities is the thermal resistance of the diede, O, Tor steady
state conditions, it is found experimentally that the diode
temperature rises linearly as a function of power dissipated, at
least up to 10 mW , such that

AT= OLV
where AT = T - TA , 1is the temperature rise.

The thermal behaviour of the diode, including transient effects,

s discussed in Appendix D. Knowledge of © allows the diode

fute

behaviour to be predicted to much higher current levels than is

possible uging an isothermal approximation.
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CHAPTER 3 .

PREPARATICH OF SPECIHBNS

All processes during the preparation of the specimens were
carried out using chemicals of [Llectronic Grade under conditions
of high cleanliness, which have become commonplace in microelectronic
device fabrication, It is not appropriate for this thesis to list .
all the plant and equipment used in the laboratory during the
preparation of the specimens. However vhere any stage during thé
processing was considered critical, all relevant information will
be given.

The preparation of specimens can be divided into the following
headings:-

Siliéon wafer preparation

Metal deposition and photoengraving

Post wafer processing

341 SILICON WAFER PREPARATION

The various wafers used in the investigation had a surface layers
of epitaxially grown silicon of different thiclmess and electrical
resistivity, all of which had a low crystalline defect density and
required no mechanical or chemical polishing befors use. The
wafers were supplied by Texas Instruments, Bedferd, except for two
supplied by Plessey Company Limited, Allen Clark Research Centre,
Towcester.

For fabrication of titanium and magnesium dicdes, the silicon
wafer preparation consisted solely of a cleaning yprocedure prior to
metal evaporation directly onto the surface of the wafer. However,

20, 21

for aluminium diodes a guard ring structure” was fabricated by

the procedure belov.

o
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34141 Silicon Wafer Cleaning

The purpose of the cleaning procedure was to remove organic
and inorganic contamination from the surface of the wafer, and to

44, 4 formed

minimise the thickness of the silicon dioxide layer
on the surface of the wafer.

(a) Ultrasonicallywash wafer in trichlorethylene for two minutes.

(b) Ultrasonically wash wafer in methanol for two minutes.

(¢) Rinse wafer in de-ionised water (of resistivity greater than

10 Megohm cm.) and spin dry.

(d) Clean wafer in a mixture of one part concentrated H,80, and

one part H202 for five minutes.

(e) Rinse wafer in de-ionised water for two minutes.

(£) Dip etch wafer in a mixture of six parts de-ionised water and

one part of hydrofluoric acid.

(g) Rinse wafer in de-ionised water and spin dry.

At this stage the wafers were rapidly transferred to the vacuum
evaporation system for the deposition of titanium or magnesium metals.
Aluminium diodes required the formation of a p-type guard ring
structure (Figure 8) in the n-type epitaxial layer and so further

process stages were involved as detailed below,

%els2 Oxidation of Silicon

The purpose of the initial oxidation deseribed here, was to
form a mask on the surface of the n-type silicon wafer, against
diffusion of a p-type impurity (boron).

Immediately after stage (g) of the cleaning procedure, the
silicon wafers were loaded onto a quartz glass boat and pushed into
the centre of a tube furnace at 1080°C (Figure 10). After 15
minutes oxidation in a dry oxygen atmosphere, steam was added to

tﬁe gas  flow through the tube to complete the growth of the silicon
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dioxide to a thickness of 0,35 Jme Finally the gas flow was changed
back to dry oxygen for five minutes to prepare the wafers for the
photo-engraving stage, where a clean dry surface is essential for

good adhesion of photo-resist52.

3e1e3 Photo-engraving and Etching

Kodak Metal Etch Resist (KMER) was applied to the surface of
the oxide covered wafers using a rotating vacuum chuck. After
'application of a few drops of KMER to the surface, the chuck was
rapidly accelerated to 4000 r.p.m. which produced a 1 }nn uniform
coating., After drying the KMER layer on a hotplate at 90°C for 15
minutes, the wafer was exposed to ultra-violet light. This stage
was carried oﬁt with the wafer firmly clamped to a masking pattern
(Figure 9) on a Kodak high resolution glass plate using a Kullicke and
Soffa m§de1 686 magsk alignere. The unexposed KMER was then washed off
by applying the developing reagent and rinsing solvent from aerosol
sprays. A 20 minute bake at 150°G completed the polymerisation
of the exposed KMER so that it would protect the underlying oxide
against the etch.

The unprotected oxide was then removed from the surface by
immersing the wafer in buffered hydrofluorié acid at room temperature.

This etch consisted of four parts of 40% NH,F solution and one part of

4
HF, After etching, the wafer was rinsed in de-ionised water and then
the photoresist removed by two successive applications of stage (a)

of the cleaning procedure. Stages (e) to (g) were carried out and the

wafer was ready for impurity diffusion.

3¢1¢4 Impurity Diffusion

Figure 11 shows a schematic of the 970°% tube furnace system used

to .deposit the 3203 glass on the surface of the wafer from which the

boron would diffuse into the silicon11attice53. The glass was

deposited all over the surface of the wafer., Where the silicon had
33




been exposed by the,pfevious etching.stage, the reaofion

3203 + 81 — 8102 + B
~ took place producing free boron which could diffuse into the lattice
and become electrically active as.a p~type impurity.

After removal of the wafers from the deposition furnace, the
excess boron glass was removed from the surface by a two minute
etoch in 6 : 1 de-ionised water : HF,

The final stage of diffusion was a further oxidation stage to
regrow oxide over the whole surface of the wafers and also, because
of the high temperature involved, drive the boron impurity atoms
further into the silicon lattice. This oxidation was carried out
in a tube furnace at 118000, and after removal from this furnace,
the wafers were ready for a second photoengraving stage to cut
cqntact windows through the oxide to the silicon.

34145 BSecond Photoengraving and Etching

The procedure used was exactly the mame as that used in Section
3.1.3 except that the masking pattern appropriate for the etching |
of contact windows was used. After removal of the photoresist and
cleaning, the wafers were then ready for transferring to the vacuum
system for the evaporation of aluminium.

3.2 EVAPORATION OF METALS

Titanium was the principal metal under investigation but
magnesium and aluminium Schottky barriers were aléo fabricated
to enable a more general evaluation of the theories which were.
developed to explain the behaviour of the titanium diodes.

In the case of titanium and magnesium, a thin barrier film
of about O’I,Pm of the metal was first evaporated with the aim
of getting a film of high purity. A second evaporation of about

I}Mm aluminium was made, to which aluminium wire could be bonded at
' 34 |




a later stage in the processing to facilitate evaluation of the
devices,

The titanium was supplied in the form of 1 mm diameter wire
of 99,9% purity from Koch Light, Magnesium wire of 1.5 mm diameter
and 99.9% purity was supplied by B.D.H. The aluminium wire 2 mm

diameter and of purity 99.998% was obtained from Johnson Matthey.

3+2.1 Evaporation Equipment
Two Edwards High Vacuum Coating Units, model 12 E 3, were used,

each with a 12" diameter glass bell jar, liquid nitrogen trap, oil
diffusion pump and rotary backing pump. Pressures during evaporation
ranged from 10_6 to 1072 torr.

Metal films were evaporated from tungsten filaments in a
shuttered system, with substrate. heating for the silicon waferse.
Pigure 12 shows a schematic of the jig, inéide the bell jar, most
of which was fabricated from stainless steél. Titanium and
magnesium were evaporated in one system which had an additional
heat shie¢ld round the filament to minimise heating and hence

outgassing of the remainder of the bell jar system.

34242 Bvaporation Technigue

The technique of evaporation was similar for all the metals.

Prior to loading of the silicon wafers, and the metal charge, the
system was pumped down and the filaments were outgassed by passing a
current through them, in excess of that to be used during evaporation,

for 30 seconds. Each metal charge was prepared avoiding direct handling
and was ultrasonically cleaned in trichlorethylene, acetone, and de-
ionised water followed by an appropriate metal etch to remove the surface
layer, Silicon wafers were loaded after the preparation previously
described and the vacuum system was pumped down with the minimum delay.

5

When the pressure reached 10 ° torr. the metal charge on the
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filament was oufgaséed for 30 seconds at a current just below
that needed to melt the charge. The rest of the,vacuuﬁ system was
outgassed by using the substrate heater to raise the temperature
to 250°C.

The system was then allowed %o cool and when the pressure
stabilized below 1072 torr. the metal éharge was evaporated.
Since freshly evaporated films of both titanium and magnesium act
as excellent getters for residual gas, both these meials were
evaporated slowly at first until the gettering action was detected
by a fall in monitored pressure. ‘The heatiﬁg current was then
raised and the shuftez'opened;to deposit the film on - the silicon
wafers. However with aluminium, thé filament current was raised
to a high value immedia%ely and as soon’ as the metal started to
mel+t,the shutter was opened. After evaporation, the
bell jar system waé allowed to cool to near room temperature
before the system was opened to airs

32,3 Film Evaluation

Film thickness, during evaporation, was monitored using an
Electrotech Equipments Ltd. Film Monitor P 1001. This equipment
gave a direct reading of the conductance across a glass slide
positioned close to the silicon wafers inside the bell jar system.
In order to convert conductance measurements into film thickness,
a value of the sheet resistivity is.required. The appropriate
value is usually somewhat higher than the bulk resistivity
because of film impurity or thin film scattering effeots.54

After removal of the samples from the vacuum system, film
thickness was measured using a multiple beam interference method.S5
This enabled the value of sheet resistivity of the deposited film

to be compared with the bulk values reported in the literature.

The equipment used to observe the interference pattern was a Leitz



Ortholux micfoscope with Multibeanm Interference attachment and
sodium vapour lamp. The schematic arrangement is shown in Figure 13
and the appearance of the fringe pattern in Figure 14. The thickness

of the film t is given by

t = EL %7 where f\ = 589 nm for the sodium vapour lamp.
D 2

Titanium films of between 34nm and 136 nm were deposited with

resistivity values between 69 and 79.P.13_ ¢, The bulk value of

resistivityb6 is 43/1.(1 cm but thin film values vary videly. Singh

57

and Surplice”' obtained films with resistivity between 100 and 170)1
) cn for their films whereas Friebertshauser and McCamont58 uging a
rapid evaporation technique obtained films with resistivity in the range
44.5 to 65.5)1_CL ch.

The magnesiuwn films of between 701&1 and 200 nm thickness had
resistivity values between 5.8 and 6.9)u.11. cm. These are to be
compared with the bulk value of 4‘4'f"(L cm59,

The aluminiun fiiﬁé Wéfe ébnsiderably thicker at‘1.2‘Pm.

The substrate temperature,measured by the thermocouple shown in
Figure 12,during the evaporation of aluminium onto silicon and titanium
waé 200°C, However during the evaporation of aluminium onto magnesium,
the substrate was held at 100°C o prevent the formation of intermetallic

59

compounds” ”. It is well known that metal films evaporated from tungsten
filaments will contain traces of tungsten54. Examination of an
evaporated film of titanium, using an elecﬁron microanalyser at the
Plessey Company, Allen Clark Research Centre, failed to detect any

tungsten. It was concluded that the tungsten concentration must be less

than 1%, which was the sensitivity of the probe.

3.2.4 letal Photo~-engzraving and Etching

The procedur: . used for selective etching of the metal to form

circular areas of contact to the silicon was very similar to that
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described in section 3.1.3 for selectiye etching of silicon dioxide.
Shipley AZ 1350 H photoresist was used to protect the metal during
the etching stage.
For the fabrication of aluminium diodes, the following etch
was used at 50°C and the etching time was about two minutes.
80 m1 Phosphoric Acid
4 ml Nitric Acid
18 m1 De-ionised Water
The overlay of aluminium on the titanium diodes was etched as
above but once the etch had exposed the titanium it did not remove it.
At this stage the wafers were rinsed in de-ionised water and transferred
to the following mixture which etched away the unwanted titanium in
about 30 seconds,
10 ml Hydrofluoric Acid
. 20 ml Hydrochloric Acid
60 ml Nitric Acid
400 ml De~ionised Water
A similar procedufe was used to form the magnesium diodes with
al&minium overlay. In this case the aluminium etch did remove the
magnesium and so both metals could be defined in one etching stagee.
In all cases, after etching the metal, the wafers were rinsed

in de-ionised water and the photoresist removéd with acetone.

3.3 POST WAFER PROCESSING

At this stage each silicon wafer surface was covered with a matrix
array of circular metal contacts of various sizes, and to facilitate
measurement and evaluation of individual diodes the following process

sequence was carried out:e-



3.3.1 Scribe and Break

Using a diamond tipped scribing tool, a regular array of lines
ih two orthogonal directions, were cut into the surface of the
silicon wafer vhich divided it into groups of six diodes. The silicon
dust produced was blown clear, and the wafer was placed face down

on a filter paper. By rollihg a %” diameter copper pipe over the
back of the wafer, the wafer was broken into 'chips', each of which °
had six diode contacts on the front surface. Ths chips were visually

inspected for defects such as cracks or scratched metal and the

satisfactory chips were bonded tclgold plated header cans. (Figure 15)

3+3.,2 Chip Bonding

The chips were attached to the metal headers by a eutectic bond
between silicon and gold or using an adhesive resin. The eutectic
bond required the formation ofvan alloy between the back face of the
chip and the gold plating on the header. The header was placed in
a heated jig at 406061Qi£h'a.nitrogen jet blowing across the surface
and the chip was placed on the header and 'scrubbed' into contact
using glass rods to position the chip., When the formation of the
alloy was observed, the bonded chip and header were removed +to
cool.

The attachment of chips by adhesive resin was used for the
magnesium diodes which could not be heated above ZOOOC because of
the possible formation of intermetallic compounds with the aluminium
overlsy. The method was also used for a series of titanium diodes
to check if the high temperature used during eutectic btonding was
altering the diode characteristics.

"he epoxy adhesive used was Dupont 5504A silver epoxy which
gave wn eleétrically conductive bond. The curing cycle was 16000

for 1€ hours.
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3.3.3 Wire'Bonding

Aluminivm wire of 25/Pm diameter was bonded between each metal
contact on the surface of the chip and the top of an adjacent post
on the header. A Hugle Industries Inc. Model 1300 ultrasonic
bonder was used so tha£ the diodes were nct subjected to a further
heating cycle. A metal or opéque plastic cap was then fitted over
the top of the header to provide mechanical protection for the
diodes, The electrical characteristics of the diodes were measured

by inserting the leads from the headers into the appropriate test jig.
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CHAPTER

MEASUREMENT TECHNIQUES

This chapter describes the equipment and methods used to measure

diode forward and reverse current-voltage characteristics, forward

. AC resistance, capacitance-voltapge characteristics, activation energy

plots (from current-temperature characteristics at fixed voltage),

and thermal properties. The theoretical background to each method

,j of characterising the diodes has already been given in Chapter 2.

| Presentation and discussion of the results is given in Chapter 5.

- 441 CURRENT-VOLTAGE MEASUREMENTS

All current-voltage measurements were made with the diode under

test enclosed in a light-tight metal alloy box to avoid photoelectric

generation of hole-electron pairs. At a very early stage in the

| measurements it was realised that the diode current was very sengitive

- to changes in ambient temperature. In order to minimise this effect

the metal alloy box containing the diode was surrounded by a 50 mm
thick layer of expanded polystyrene and the measurements were made
in a thermostatically controlled rooms With these precautions, a
mercury in glass thermometer in contact with the alloy box indicated
temperature variations of less'than i,O.1°C during a series of
measurements. Typical recordings of temperature fluctuations during
electrical measuremsntsare shown in Figure 16, Thus apart from any
self heating effects at high current densities; the diode temperature
variation would be expected to be within + 041°C of the mean recorded
temperature for each set of measurements.

For diode currents greater than 10)uA the measuring equipment
(listed in Table.l) was connected as shown in Figure 17. The

expected accuracy of current and voltage measurements using this
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TABLE 1

Measurement Equipment

Equipment Type Specified Accuracy
(a) Voltmeter Solartron Digital |+ 0.05% of reading
Voltmeter IM 1450 - + 0.05% of full scale
() Voltmeter Solartron Digital |+ 0.05% of range
Voltmeter LM 1420 + 1l digit
(é) Voltage Source |Stabilised Supply

¢ 300 mV Circuit (Figure 19)
> 300 mV Solartron Trensistor
Power Supply
Type AS 75T7.2 ,
(d) Standard 100 H. Tinsley & |Maximum Error 0.02% at 20°C
Resistor Co. Ltd. Type 1659
(e) Electrometer |Keithley Type 610C |+ 2% of full scale
(f) Electrometer Vibron Type 33B2 + 1% of reading + 0.2 mV
(g) Universal Wayne Kerr B224 + 0.1% of reading
Bridge
(h) Phase Sensitive| Brookdeal FL 355
Detector and MS 320
(3) Oseillator Solartron Signal
| Generator CO 546
(k) Capacitance Boonton 724 (1 MHz) + 0.5% of full scale
Bridge + 1% of reading
(1) Capacitance Boonton 75D (1 MHz)| +(0.25% +(10% + 0.5)pF )
Bridge ' x1 range

+(0625% +(103G + 0.05)pF )

x0.1 range

(XN




arrangement was usually better than + 0.1% but in all cases better than
iIO.S%. During use, the digital voltmeters were calibrated using their
own internal voltage standards. After the measurements, these were
then checked against a Muirhead Standard Cell type D402 which was
specified as being calibrated to within + 0,002% by the manufacturers,

For diodé currents below 1O‘PA a different arrangement was used
as shown in Figure 18, To minimise spurious leakage currents, P.T.F.E.
insulation was used in the construction both of the jig to hold the
diode under test and also in‘the stabilised voltage 'source.- Before
assembly, all insulating components were washed in non-polar solvents
and handled with rubber gloves to avoid ionic contamination. MNeasurements
made with the diode disconnected, suggested that the total leakage path
had an impedance greater than 101011. . For this arrangement[the
accuracy was limited by the Keithley Electrometer at = 2%.

The stabilised voltage source (Figure 19) was developed from
published circuits6o, to give a continously variable output between
zero and 300 mV, Two low temperature coefficient zener diodes provide
a reference voltage, and a feedback 2loop using a high gain opeiational
amplifier ensures that the output is held at the reference voltage for a
very large range of loads. Short circuit overload protection is
provided by the current limiting transistor T3. The circuit proved
able to supply a voltage constant to within 1 part in 1000 over a

period of several hours, much longer than that needed to complete a

set of measurements.

4,2 AC RESISTANCE MEASUREMENTS

The presence of series resistance in a practical diode makes
determination of the diode behaviour from current-voltage measuremenfs
more difficult especially at high currents. The measurements of diode
AC resistance can then be very useful in providing additional information.

The full theoretical expression for the diode AC resistance RAC =d Vﬁ

t——t—
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ié derived in Appendix B. An approximate expression, derived from
equation (7) of Chapter 2, which has often been used by other workers

is

Rac = Re +_nkT
CL(IM‘F Is) veese (29)

The measurement equipment was arranged as in Figure 20 and is
illustrated in the photograph Figure 21. The universal bridge was of
the transformer ratio arm type which allowed application of a steady
DC bias to the diode under test while measuring its AC parameters.
FPigure 22 is a schematic diagram of the bridge comnections but does
not show details of the internal bridge circuits used to balance the
puﬁput signal. Measurements of the voltage across a standard resistor
in series with the DC bias supply enabled the current through the
diode to be deduced.

Although the bridge did have an internal source and detector,
these were not used as the internal signal amplitude was 65 mV peak
to peak, and in some cases this would have been larger than the DC bias
vwhich was between 20 and 800 mV, The use of an external signal
generator and bhase sensitive detector gave extremely high sensitivity
because of the improvement in signal to noise ratio made possible by
the very narrow bandwidth of the detector compared with a conventional
tuned amplifier. The polarity of the out of balance signal was
indicated thus defining the sense of the adjustmernt neccessary to
obtain balance. Another advantage was that the output voltage could
be resolved into two components, one corresponding to the resistive
unbalance of the bridge, the other to the reactive unbalance. Using
this technique the signal size applied to the diode could be as low-

as ZOJpV peak to peak before noise began to overload the detector. In

practice a signal of 70 uV amplitude was used as the balance position
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was then sensitive to changes of 1 part in 5000 in the conductance
setting which enabled the full accurancy of the bridge (¢,0.1% of
reading) to be realised.

Experimentally it was found that the balance position was not
sengitive to variation in the signal frequency between 500 Hz and
20 kHz, However, the bridge sensitivity was greatest at 4 kHz and so
this frequency was used for the measurements.

A systematic error in the bridge readings was expected due to the
internal resistance of the bridge circuits and the bridge leads. Using
the technique suggested in the operating instructions for the bridge,
the value of this resistance was measured and found to be 0.31 .
and 0,23 L for the two bridge ranges used. Thus at low bias currents
through the diode where the slope resistance was of the order of 500.1,
‘the lead correction was insignificant, although it became increasingly
important at higher bias currents.

The accuracy of the bridge was checked using 102 and 100 .
(1,0.02%) standard resistors and after lead corrections were applied,
the measured values agreed with the standard values to within the quoted
aécuracy of the bridge. Using the above equipment arranged as in
Figure 20, it was expected that the accuracy of the current, voltage
and slppe conductance values would be i_0.1% or better., However,
because of the extreme sensitivity of the bridge and détector system
it was noticed that changes in the ambient temperature of the order of
1.0.100 caused detectable changes in the balance position. For this
reason, all the measurements were made in a thermostatically controlled
room with the additional precautions listed in section 4.1. In
addition to changes in ambient temperature it was also apparent that at
high diode currents, self heating would occur and so measurements were

made o characterise this behaviour. (See section 4.5).




4,3 CAPACITANCE-VOLTAGE MEASUREMENTS

4,3,1 Initial Measurements

The equipment used to measure the diode capacitance as a function
of applied bias was connected as shown in Figure 23. The capacitance
bridge was self balancing and gave a direct meter reading of the diode
capacitance value. Although the bridge had the facility for applying
a DC bias to the diode under test through rear terminals, it was
. found that the voltage appearing across the diode leads was not the
same as that applied to the rear terminals, This was because of the
internal resistance of the bridge biasing network and the finite
current drawn by the diode in reverse bias, This difficulty was
: overcbme by measuring the front terminal voltage directly with a
digital voltmeter between readings of capacitance, for which the
?oltmeter leads were disconnected.

Following Goodman the indicated value of capacitance was
corrected for the effect of diode series resistance and reverse leakage
current, The indicated value of capacitancelcM was related to the

tiue value of capacitance C by the relation

C. = C
[(rCTH)x—t-w‘r’Cz] . veeee (30)

where v represents the semiconductor bulk resistance, and the barrier
is represented by a volﬁage dependent capacitor C and a voltage
dependent conductance G as shown in Figure 24, 1In the worst case,
near zero bias this correction was of the order of 1%.

The capacitance bridge used a fixed 1 MHz frequency signal of
| amplitude 15mV.e In regions where the diode capacitance was changing
rapidly as a function of bias, the comparatively large signal tended
fo cause 8 significant change in capacitance. This could be as large
as 4% near zero bias although the effect would become less important
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" as the diode was biased further into the reverse dirsction.

As the reverse bias across a diode was increased, its capacitance
fell until eventually it reached the same order as the stray capacitance
of the leads and header can enclosing the diode., Measurements of the
capacitance of header cans without diodes attached, allowed correction
of measured values to give the true barrier capacitance.

The quoted accuracy of the capacitance bridge was 1.1% but it can
be seen from the above discussion that throughout the range of reverse
bias applied to the diode; correction terms have to be applied which
make it likely that the total error was larger than 1%, These doubts
were reinforced by increasing discrepancies in indicated capacitance
vélue on the different ranges of the instrument as the reverse bias
across the diode was reduced towards zero.. Because of this uncertainty,
a second series of measurements were made on equipment at the Plessey

Cbﬁpany, Allen Clark Research Centre.

4+3.2 Improved Measurements

The experimental arrangement was basically the same as in Figure
2? but with the Boonton 72A bridge replaced by a Boonton 75D which had
ifs own internal DC bias supply. The advantages of the Boonton 75D
compared with the T2A were as follows: adjustable signal size and
detector gain which enabled a signal of 5 mV amplitude to be used
without loss of sensitivity; improved accuracy; and the facility to
balance the resistive component of the diode impedance independently
of the capacitive component. Even with these improvements it was not
possible to make accurate measurements near zero bias because of the
influence of the diode conductance G, which increased rapidly in this
region and reduced the predicted accuracy of the bridge (see Table 1).
In practical terms, there was a notable loss of sensitivity of the -
3

balance position when the diode conductance approached 10~ Se

The detailed results of the capacitance-voltage measurements are
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given in Chapter 5. The two sets of capacitance measﬁrements agreed
to within the quoted accuracy of the bridges at high reverse bias
but diverged near zero bias, In general, the measurements using the
75D bridge gave more nearly linear 1/c2 against V plots»énd hence

were more useful in determining the barrier parameters.

4,4 ACTIVATION ENERGY MEASUREMENTS

Measurements of diode current (at fixed voltage) as a function .
of temperature were made using the same instruments as shown in
Figure 18 but with the diode fitted in a brass calorimeter whose
temperature could be varied by immersion in various cooling mixtures,
The diode temperature was monitored on a Comark Electronic thermometer
Type 1602 which was connected to a Chrome~Alumel thermocouple in
-contact with the diode header can. The instrument calibration was
checked using the fixed points of an ice/water mixture and a solid
002/methanol mixture.

Measurements were also made between fixed points by using a heat
%eak into the calorimeter to provide warming or cooling. f;ry close
agreement between diode current values obtained on warming and cooling
cycles indicated fhat the thermocouple probe was in good thermal contact
wifh the diode.

In order to minimise the effect of voltage fluctuations on the
current readings, the diodes were reverse biased to a voltage of 110 mV.
In this region of the current voltage characteristic, the only voltage
dependent term is the image force lowering of the barrier height which
is a very slowly varying function of applied bias (See equation (8)
Chapter 2).

As well as giving an alternative method of measuring the barrier
.height, these measurements verified that the temperature variation of

the reverse current followed the predictions of equation (25) of

Chapter 2. This enabled measurements of diode reverse current to be
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used to deduce diode temperature during measurements of the thermal

properties of the devices.

4.5 THERMAL MEASUREMENTS

4.5.1 Electrical Method

Bach silicon chip mounted on a header can had at least six diode
contacts to its top surface. Using one of these diodes at a high
forward current to dissipate power, it was then possible to detect
changes in the chip temperature by monitoring the reverse current at
constant voltage on any other diode, In practice, two sensing diodes
were used, one adjacent to the diésipating diode and one at the other
edge of the chip (Figure 25) so that variations in temperature across
the chip could also be measured. The electrical connections to the
‘chip were as shown in Figure 26, The power dissipated by diode L3 was
. calculated from measurements of voltage across the diode and across the
10 fL. standard resistor, and was varied between zero and 50 mW. The
current through the sensing diodes S1 and S3 was measured at a constant
reverse voltage of 300 mV and was in the range 30 to GO,PA so that the
péwer dissipated in these diodes was negligible.

At 300 mV reverse bias, the reverse current I is not very

génsitive to changes in voltage, but is very sensitive to changes in

temperature. From equations (8) and (25) of Chapter 2,
. 2 —
In = A*ST exF[ l/kT(V'B.— AVJ):]
. )
where AV_B = (LSNJ: (V;B‘Vr-“ k—P "V> /“'
) v

80 that for small changes in temperature T above the ambient 'I'A

b (L) 2 207+ L (%=B%)(T-T) wuves 031)
k ‘

I(T) Ta Ta T |
56



~—/
stommiine__L () () :

sensing diodes

L3 S3 «25mm
Oo Od, |t

ol P}

["3
I g s |

0.64 . 1.64 mm
Figure 25 Position of diodes on silicon chip for
thermal measurements.
100 L
S [ - Voltage
+ve r A 8
| | ource 2
Voltege YV W N (v) ve
ource 1 I
e Bal 83 8, |
U |

Figure 26 Electrical connections to silicon chip during

thermal measurements.



Once the diode reverse current IR(QA) has been measured at the

ambient temperature T,, the diode temperature at any later time

TA
can be deduced from IR(T).

‘Because the reverse current is insensitive to small changes in
voltage, many potential sources of error become negligible, The
voltage developed across the part of the silicon substrate common to
all three diodes was measured on voltmeter (b) by disconnecting the
voltage source 2, Even at the highest forward current through L3
this voltage was only 5 mV which effectively increased fthe reverse
bias on S, end S; to 305 mV which would have caused about 0.3%

1

increase in I . This was compared with the increase of about 30% in

IR due to the temperature rise at the same current, The temperature
gradient across the silicon caused a thermoelectric emf to be
developed, but for the maximum measured temperature change across the
silicon of 0.600, this voltage would have been of the.order of61
0.5 oV which was negligible.

The main errors in the determingtion of temperature rise came
from the errors in the measured values of reverse current (i'0.25%),
the value of (VB - 13\@ ) (+ 2%) and the error in the measured current
and voltage of the dissipating diode which gave an error in the powver
of + 2% so that the resultant error in the calculated value of 8, the
thermal resistance, was of the order of 1.10%.

In addition to the thermal resistance, the thermal time constant
W;Q of the diode and header system was determined by allowing the
system to reach a steady temperature with a high power dissipation

and then switching off the diséipating diode and recording the

- sensing current IR as a function of time,

4.,5.2 Infra-red Radiometric ﬂethod

An alternative technique used an Infra~red Radiometric microscope

model RM-2A manufactured by the Barnes Engineering company, Stamford,
58
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Connecticut, ﬁ.S.A., to measure the chip surface temperature directly.
The instrument uses an Indium Antimonide detector of infra-red
radiation, cooled by liquid nitrogen, to compare the radiénce of the
sample with the radiance from a black body at room temperature, The
resolution of the instrument was i_%°c at 20°C and improved as the
temperature increased, The same techniques of measuring power
dissipation as described in section 4.5.1 were used. The microscope
spatial resolution was better than 100 pm 80 that the temperature)
variation across the chip was detected, The use of the.radioﬁetric
technique requires a knowledge of the emissivity of the sample surface
relative to that of a black body (emissivity 1). This was obtained
by & preliminary measurement of the radiance from a chip placed upon
the calibrated hotplate provided with the instrument,

The disadvantage of the radiometric method was that the measurements
could not be made under the same conditions as the current-voltage
measurements when the chip was enclosed in the alloy box insulated by
expanded polystyrene., Thus the results of the radiometric method
could not be compared directly with the measurements described in
section 4.5,1 which were made with the chip enclosed in the box and

insulation.
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CHAPTIER 5

RESULTS

Initial measurements of titanium Schottly barrier diodes formed

3

20 -
on n-type silicon of donor concentration N, = § x 10“0 m 7, showed

D
minor anomalies in the current-volitage charaoteristics62 which could
not be explained in terms of the thermionic emission theory. In order
to check a possible explanation in terms of the thermionic-diffusion
model, the investigation was widened to include silicon samples of

20 -3 21 =3

‘donor concentration 2 x 10 m and 3 x 10 m as well as two

further metals, aluminium and magnesium. In thisg chnpter the results
are presented in three gectlons corresponding to the three‘barrier
metalg used. The followlng chapter discusses the interpretation of
the results in terms of the alternative theories availdble.

For the purpose of ildentification, all the diodes were referred
to by an alphanumeric code (e.g..DloALB) in which the initial letter
refers to the metal, D for titanium, E for aluminium and F for
magnesium. The following number and letter identifies the silicon
slice and chip from that slice, and the final letter and number

locate the diode on the chip and indicate its diametep»(L diodes are

approximately 750 pm diameter and S diodes 250/pm).

5.1 TITANTIUM )
5+1.1 General

The most striking featurse of the titanium diodes was the almost

identical behaviour of diodes from a particular slice, and the
very small spread between glices of the same donor concentration.
Table 2 shows a typlcal set of voltage readings at constant current

for diodes of two siwes on two chips from the same slice. Table 3 lists
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TABLE 2 Measurements indicating the uniform electrical properties

of diodes from a particular slice.

Chip Diode Voltage Readings in mV at current level indicated
Number : Number O.lOOO mh ~—v1.ooo mA
D124 5, 36.9 107.0
S, 367 106+4
S3 3608 10702
D12B S, 377 108.4
10,1980 mA 1.980 mA
JEITTRE N 13.8 588
L, - 1344 5T 1T
L4 : 13.6 5845
D12B Ll 14.0 58,9
!
L, 14.1 59.2
L3 A14.0 59.0




TABLE 3 Titanium n-type silicon barrier heights from current-voltage

measuremenis,
Diode Barrier Height VB volis ND m"3
D3AS, 0.500 + +005 9 x 10%°
D4cs3é 0,500 4+ 4005 "
DEAS, 04510 + 005 "
D7AS, 04495 + 005 "
DBAL4‘ 06495 + +005 "
D12BL, 0,490 + 4005 o
Mean 0.500 range + 010 "
D118, 0.485 + 005 3 x 10%%
D10AS, 0.500 + +005 2 x 10%°
TABLE 4 Comparison of titanium n-type silicon barrier heights from
activation energy plots and current-voltage measurements.
|
Diode Barrier Height volts
Number .
EA/q + Avg Vg (I =)
DlASl 0655 4 »01 0.545 + 4005
D2AS, 0456 + «O1 0.555 + +005
D4ASl 0051 + 0l 00500 + 0005
D4CS3 0.51 +* 01 00500 + 0005
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the calculated barrier heights for diodes from eight slices.

5¢1le2 Barrier Helght

(a) Current-Voltage Characteristics

The current-voltage characteristics in most cases, could be
interpreted in terms of equation (7) if the effect of series
resistance wag included. IFigure 27 shows the measured current
voltage characteristic for DllBS3 which had only a limlited linear
region between T5 and 100 mV before the voltage drop across the
series resistance became significant. However, if the measured

values of voltage Vm were corrected for the small voltage drop across
Im

1~ exp(-qv/kT)
against V, a linear plot was obtained, with slope corresponding to an

the series resistance to give V and then was plotted
'n value' of 1.03 + .0l, This procedure was equivalent to representing

the current-voltage characteristics by equation (16a)
— ax _jﬁy_. \ — ax —J:_Y_)
L=1lsef (MT){ i ( kT

The intercept of this plot with the current axis, Is (V = O) could then

be used to calculate the barrier height using equation (25)

I, = A*STZ QXF[—%/kT (\é—A\(B)]

40 2 OK_Z.

where the value of A¥ was taken as 110 amp cm
The barrier height value was relatively insensitive to the small changes
in A% caused by electron tunnelling, scattering, and diffusion effects
which are discussed in Appendix A. The dominant barrier lowering
mechanism was found to be image force lowering (Section 5.i.6) and so
the barrier height values in Table 3 have been corrected by the

~ calculated value of AVB at zero b?.as.

The mean value of barrier height of 0.50 volts agreed very closely

with previously published results of Cowley30 (0.50 volt), Saltioh31
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(0.48 volt), and Saltich and Terry32 (0.51 volt).

(b) Activation Energy Measurement

This technique was only used on a small number of diodes
becauge of the long time period needed to complete a cooling and
heating cyocle. The experimental plots of ln'%? againat ~% ware
linear between room temperature and -SOOC, but below that the current
was greater than that expected from the thermionic emission theroy,
presumably due to edge leakage or tunnelling effects. By inspection
of equation (25) it can be seen that E,, the activation energy
obtained from the slope of the plot should be equal to g (VB - [5VB)
1f thermionic emission was the dominant current transport mechanism,
Table 4 shows the barrier height values obtained from the activation
energy plots where [&VB was taken as the image force lowering at
the reverse bias of 110 mV used. Also shown are the corresponding
valueg from current-voltage meagurements. The good agreement between
the barrier heights obtained from the two measurement methods confirms
that thermionic emission wasthe dominant current contribution at room
temperature., Diodes DIAS, and D2AS, were fabricated at a very early
stage using an unshuttered titanium evaporatibn and the barrier
heights were significantly higher than all the later results using
the shuttered evaporation technique described in Chapter 3.

(c) Capacitance-Voltage Characteristics

According to equation (26) the plot of 1/02 against V should be
2
2
qND €:si 3
Although most of the experimental plots were linear, several were not,

linear with slope and intercept VD = VB - VF - kT/q.
even using the improved measuring technique described in section 4.3.2 .
Cowley30 also obtained non~linear plots which he attributed to the
presence of an interfacial layer, even though he obtained linear plots
with other metal contacts using the same silicon surface preparation.

His explanation seems unlikely, especially as Card and Rhoderick35
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obtained linear p1§ts with surface oxide layers present of thickness
between 08 and 2.6am. A much simpler explanation is that the lack of
balance sensitivity when measuring capacitance nsar zero bias, led

to increasing errors in the capacitance values. As discussed in
section 4.3.2, this lack of sensitivity was due to the high parallel
conductance of the diodes resulting from their low barrier height.
This explanation is consistent with Cowley's observation of linear
plots for other metals, all of which had higher barriers than
titanium. An additional factor contributing to non-linearity would
be any non-uniformity in the impurity concentration through the
epitaxial layer., Pigure 28 shows some +typical plots of l/C2 against
bias. Table 5 lists the barrier heights deduced from the intercepts.

From the slope of the plot the value of” ND was deduced and then

VF was calculated using the expressionAO
kT N, | | |
Vpo= g IO ceeas (32)

The barrier heights from capacitance voltage msasurements showed a
greater spréad in values than those from the current-voltage
measurements but were generally higher. Differences between the
barrier heights, measured by the two techniques, of the order of

31, 63, 67, 68

10 mV have been recorded by sevsral previous workers
and reprosent the change in effective barrier height from zero electric

field (¢ - V method) to zero applied bias (I - V method) when the

internal electric field is not zero.

5¢1.3 Impurity Concentration ND

Apart from D10 and D11, all the silicon slices used in the

investigation were supplied with a nominal doping. 6.5 to 9 x lO20 m-3.

D10 and D11 were supplied to nominal doping concentrations of

- 21 =3
3 x 1020 m 3 and 3 x 10“1 n 3 respectively. Table 6 lists the

P
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Figure 28 = Capacitance-voltage characteristics of titanium
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TABLE 5 Titanium n-type silicon barrier heights from Capacitance=

voltage measuremenis,

Diode | Intercept VD VB = VD + VF + km/q volts
D3AS, 0.23 + .01 0.52 + .01
D3BS,; | 0,23 + .01 0.52 + .01
D4ASl j | 0.25 + .02 0.54 + 402
D408, 0,23 + 402 0.52 4 402
D4CS | 0.25 + .02 0454 + 402
D6AS) 0.24 + 402 0,53 4 402
DTAS, | 0,24 + 402 0,53 + .02
DBAS, 0,23 + 0.1 0.52 + .01
DBAL, 0.22 4 .02 0,51 + .02
D11AL, 0,23 + 01 0,52 4+ .01
D12AL, 0,26 + .02 0.55 i' .02
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experimentally determined iﬁpurity concentrations from capacitance~
voltage measurements, which correlate very well with the manufacturers
nominal values. It was not possible to make four point probe resistivity
measurements because the surface n-type epitaxial layers were deposited
on heavily doped nt substrates. Tabla 6 also lists the estimates of
impurity concentration deduced from measurements of diode series

resistance described in the following section.

5.1e4 Additional Barrier Model Parameters

(a) Series Resistance RWS

In many cases the variation of the diode AC Resistance as a

function of current followed the approximate relationship (equation

(29) )

Rg = Bpg + _nkl
q (I, + Ig)

The value of the series resistance RES was then obtained from the
intercépt of the plot of RAC as a function of (IM + IS)-l. In the
cases where diffusion or other effects caused a non~linearity in the
blot, it was still possible to obtain a rough estimate of RES' As
discugsed in Appendix B RES = RS + RL where RS is the resistance of
the quasi-neutral epitaxial region, and RL is the resistance of the
substrate, back contact and leads. R, is assumed to be independent of

L
the area of the front contact S, whereas RS(O) = p (XEPI - A (0) ).

Hence the values of RS and RL were deduced from S

the values of RFS for the large and small diameter diodes on each chip.
Table 6 includes the values of impurity concentration obtained from the
40

resistivity P wusing published curves™ ,

(b) Bpitaxial Layer Thickness XppT

Figure 29 shows the experimental capacitance-voltage characteristios

plotted as 1/02 against Vfor diodes from slice Dll. The abrupt change
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- TABLE 6

Diode parameters

layer thickness.,

s impurity concentration and epitaxial

Impurity Concentration N m

3

Diode ~ Nominal Epitaxial
Number Nominal C -V plot RES Value |[Layer thicknesslpm
DIAS, 7% 10 5.7 x 1020 - 15 + 1
D2AS, K 6.1 x 10°° - "
D3AS, 6.5§to 9 x 102°| 9.2 x 10%° - "
D4AS | K 7.0 x 10%° - n
D4CS, K 6.6 x.10°0 - n
D408, o 6.9 x 10%° - "
D6AS, K 8.0 x 10%° - "
- DTAS, n 7.2 x 10%° - "
DBAS,, " 8.2 x 1020 - n
DAL, " 7.5 x 1020 - "
DIOAL, | 2 t0 3 x 1020 | ~2 x 10 | ~2 x 10%° 1.5
DIIAL, | 2 to 3 x 10°Y | 3.3 x 10% 2 x 1021 "
D11BL, " 3.0 x 1021 | 2 x 10% "
DI2AL, | 6.5 0 9 x 10%°| 9.1 x 10%° | 9 x 10%° 15 4+ 1
FIoAL | 8 x 10%° 7.7 x 1020 | 9 x 10%° "
FI9AL, " 8.4 x 10% - "
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in slope resulted from the change in impurity concentration when the
depletion reglon reached the substrate. Using the value of reverse
vqltage, VE’ at which the change in slope occured, and the epitaxial
region donor concentration, ND, the epitaxial layer width Xppr Was
calculated using +the relation ship
Y '
26y (\/J,—\/E)} /2
9 Np

The calculated value of Xppp Wes 1.5 + O.l}muwhich agreed well with

gy = AN(Ne) = [

the nominal value quoted by the supplier. The value of XppT was also

calculated from the capacitance CE at which the epitaxial region was
*EPI
This technique could not be used for the nominally lS}mlthick

fully depleted. C = 30 + 1 p' so that Xppp = 1.5 i_.OS/um.

B

epitaxial layers on other slices, as the voltage required to fully
deplete the epitaxial region would have been about 130 volts, in
excess of the breakdown voltage of the diodes. However the excellent
agreement between the doping concentration calculated from the series
resistance RES’ using the nominal value of xEPI, and other methods
showed that a value of 15‘Pm for Xppp Wos consistent with the other
measurements. (See Table 6).

For the diodes formed on slice D10, the lightly doped epitaxial
layer was almost fully depleted at zero bias, so that it was difficult
to get a precise value for VE’ (Figure 30). However, the value of
33 + 1 pF for CE gave a value of 1.4 % .OS)mmfor XppT which was close
to the nominal value of 1.5)mn.

(¢) Thermal Parameters

Figures 31 (a) and 31 (b) show the measured diode temperature
rise as a function of dissipated power for steady state conditions
using the two techniques described in Section 4.5. For sﬁeady gtate
conditions, the thermal resistance EBC had a value 215 + 15°C watt-l

for chip D12A and 230 + 20°C watt—l‘for chip D7A using the electrical
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method. The radiometrio microscdpe method gave a value of 150 + 3OOC
watt—1 for chip D7A but, as discussed in Bection 4.5, this value
cannot be compared directly with the electrical measurement, because
the diode was uncovered for the‘microscope measurement. The microscope
was just able to resolve a temperature variation across tre chip at the
highest powsr dissipation used, which Was of the order of 10°C watt—l
across l.4 mn. The electrical wmethod detected a temperature difference
between the two measurement diodes 2.1 mm apart, equivalent to
12 4+ 4OC watt_l. The distance between the power dissipating diode
and the nearest sensing diodé was only 0.6 mm so that the temperature
between them caused only a small error in the determination of‘ EaDC'
Figure 32 shows the thermal behaviour of the sensing diode
after an instantaneous reduction of the power dissipation from 17 oW
to lS)ﬂV (the power dissipated by the sensing diode). 1n ;ﬁ_égz) ,
which is proportional to ZXT, is plotted on a logarithmic R7A
scale against times The linear relationship found between 30 and
180 secs. corresponded to an exponential decay of temperature with a
time constant 7¢TH = 75 + 5 secs. The fall in temperature during
the firstAfew seconds was much more rapid and corresponded to the
shorter thermal time constants of the chip/header system (see Appendix

D). The expected thermzl time constant for the header can/ambient

system was of the order of 40 secs.

5.1.5 Forward Current-Voltage Characteristics

Az discussed in Sescition 5.1.2, the major features of the currenf~
voltage characteristics for most diodes, could be represented by
egquation (16a) if the effect of series resistance was taken into
account. However, there were deviations which were greatest for the
diodes on the silicon of lowest impurity concentration. Figufe 33

. Im
shows the experimental values of 1n 1= exp(~aV plotted against
P kT ,

diode voltage V, for large diodes from slices D10, D11l and D12. Phese
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slices were cleaned together as a group and then had the metal layers
deposited in the same evaporat;on. Thus if tﬁere was an interfacial
layer present, it would be identical for all three slices. Although
the plots were linear, the saturation current density at any particular
voltage was significantly lower for the diodes on the slices of lower
doping, and was coupled with a higher n value (smaller slope).

Similar, but more pronounced effects were observed on small diodes

from the same slices, D10, D11l and D12, as shown in Figure 34. Due to
the size difference, the current density at any given current was

about ten timés larger for these diodes compared with those shown in
Figure 33. The plots for small diodes from slice D10 became non~linear

at high current densities. In terms of equation (16a)

R

the nonmlinearity is equivalent to a decreasing value of IS or an
increasing value of n. It is shown in Appendix A that this equation
is not valid when either of these parameters is changing rapidly as a
function of voltage.

However, in the case where the plots were almost linear, then the
n values were determined from the slope, and the experimental results
afe presented in Table 7. The spread of n values for diodes
fabricated on a particular slice was of the order of + 1% for the two
more heavily doped slices D11 and D12. For the lightly doped slice
D10 the high n values and large spread were indicative of major
deviations from the simple thermionic emission theory., In Chapter 6
it is shown that these deviations can be explained,for the most part,

in terms of the thermionic diffusion theory.

5,146 Reverse Current-Voltage Characteristics

The activation energy plots, discussed in Section 5.1.2 (b),

have already suggested that thermionic emission was the dominant reverse
76



(0]

A DIIAL, n=1.03*£.0l
© DI|BLg n=1.02% 01
@ DI2BLy n=106t.0l
V Di2ALg n= |06 £.0I
+ DIOAL, n=1l13%.02
x DIOBL, n=|.16% .02

{ O~+ ) \ L L ) L L .\ L 1 L

o 10 20 3 40 50 60 70- 80 90 loo IO
Diove Voitage V [/ mV
Figure 33 Current-voltage characteristics of 750}1m diamet‘er
titanium n~-typs silicon diodes. Silicon impurity concentrations were

3 x 102073 (p12), 9 x 10%%73 (p12), snd 2 x 106%™ (D20).

7



Ien

+
-‘—
+
+ X
9 X
™
£
<
~
>L7
("
N
O
R
v
i
| A ADHASS n=|.0| .01
O DIIBS3 n=1.03 .0l
O DI2BS, n=1).07+.0
V DI2ASs. n=1.08%.0|
+ :DlOAS‘2 n>1.1%
x DIoBS, n>|.25
io'-s i " 1 i i e 1 1 L ln i
0 20 40 60 8 100 120 4o (60 (80 200 220
DIODE VOLTAGE V [/ mV
Figure 34 Current-voltage characteristics of 250 pm diameter'

titanium n-type silicon diodes.

78




TABLE 7 Experimental n values from cufrent-voltage (r - V)
measurements and from AC Resistance (RAC) measurements,
{
Diode n Value Impurity
Number I-V Ry Concentration m™>
|
1 21
DllAL:L \ 1.03 1,01 3x 10
D113L4§ 1.02 1.01 "
DllAS3tl 1.01 1,03 "
911333% 1.03 1.02 "
\
DI2AL, 1.06 1,02 9 x 10%°
D12BL, 1.06 1,02 "
D12AS4 1.08 1.06 "
D121382 ; 1.07 1.06 n
DIOAL, 1.13 1.06 2 x 10%°
])].OBL1 ! 1.16 1,07 "
DlOA52 >1.18 >1.17 "
DlOBS1 >1l.25 >1l.11 "
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current mechanism at room temperature. PFurther evidence supporting

this hypothesis came from the reverse current-voltage characteristics.

Figure 35 shows the experimental results plotted as 1n{- Lo }

k1/ e"?’(q/‘:-r) ol

against (V, =V, - “/q = V)%'for several diodes.

B F
The linear relationship evident between reverse voltages of 200 mV
and 20V was cqnsistent with image force lowering of the barrier
height being the dominant reverse current mechanism in this range.
Table 8 lists the experimental slopes for comparison with the
theoretical values for two impurity concentrations and two temperatures.

Although the experimental values were close to the theoretical values,

they were all‘slightly higher. A possible explanation of the

discrepancy is given in a previously published paper by the author62,

included in Appendix E., Also discussed in that paper is the anomalous

curvature of the plots for reverse voltages below 200 mV which is
I

m
(@)~ 1 .
corresponds $0 the theoretically predicted decrease in A¥* = A" Hlfy

ERA
at low internal electiric fields, and is evidence for the validity of

equivalent to a decreasing value of IS = Thig

the thermionic-diffusion theory rather than the thermionic-emission
tﬂeoryo The reverse current-voltage characteristics of the diodes
formed on the thin epitaxial layers (DlO, D11) were not as close to the
theoretical predictions as the characteristics of the diodes discussed
above. Figure 36 shows a comparison of three typical diodes from
slices D10, D11, and D12, DI1OAS; had a lower reverse current near
zero bias corresponding to the lower saturation current in the

forward direction (see Figure 34). The saturation. current rapidly
increased with reverse bias,which would be expected if the diffusion
limitation on current flow were being eased. Eventually for reverse
biases greater than about 200 mV the epitaxial region would be

completely depleted (see Section 5.1.4 (b) )« As soon as the

depletion region reached the substrate, an increase in the generation
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TABLE 8 Comparison of experimental slopes of reverse current-

- . kT \%
voltage characteristics plotted as ln I, against (VB -Vp=V- a)

q/ 3y L
with the theoretical value kT | & 7D 4  assuming image
ks €g13

force lowering is the dominant mechanism.

Diode | Experimental Slope ‘ Theorefigal
Number | volts ¢ volts 4
|
21% |
i
D4AS, [ 0.70 + 02 0456
D4CS, 7 0497 # 402 "
D7AS, ‘ 0,84 + 402 | "
D8AL4 ‘ 0.63 + +04 "
DBAS, 0,67 + +03 "
D123L3'ﬁ 0.75 + +03 "
D12BS, 0.64 + 404 "

C DllAL3 0091 =+ 005 ) 0076
D1148, 1,02 + .04 "
93%

D4AS, 0.70 + 403 0045
0.72 + +03 | "
D7AS, +
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current would be expeoted22 ag the carrier lifetime in the heavily
doped substrate would be very short in comparison with the lightly
doped epitaxial region. The same comments apply to diodes on slice
D11l which had a higher impurity concentration in the epitaxial layer

go that it would be fully depleted at about 6 V reverse bias.

51«7 Diode AC Resistance

The diode AC resistance was measured for currents betwsen 5O‘PA
and 20 mA. As discussed in Section 4.2, the diode AC Resistance

should follow the relationship

nkT
Rpg = Bgg +

q (I + L)

as long as n is close to unity. If n and the saturation current IS
can- be treated as constants, then the experimental plot of RAC
against (Im ! Ls)ml should be a straight line of slope EEE and
intercept RES on the y axis. Typical experimental plots for large
diodes from slices D10, D1l and D12 are shown in Figure 37.

The results for the diodes on slice D1l (ND =3x 10%1 m-3)
followed the relationship given above with a constant n value of
1.01 as the plot was linear over the whole range of measured current,
The n values agreed well with those calculated from current-voltage
measurements (see Table 7). The n values for diodes from slice D12
(ND = 9 X 10%° m—3) were slightly higher but the plots were still
linear, However, the diodes formed on the silicon of impurity
concentration Ny = 2 x 1020 ¢~3 (slice D10) gave slightly non linear
plots which suggested that the n value was changing as a function of
currente For much of the lower range of current the experimental
points could be fitted to a line with slope corresponding to

n= 1.06 kst «01,

Figure 38 shows the experimental values of R AC for the smaller
84



diodes, which, for a given value of (Im + IS)-l had a current density
of approximately ten times that of the larger diodes. As before, the
diodes from the slice D1l gave linear plots with low n values which
agreed wifh the values from current-=voltage measurements. The results

for diodes from slice D12 corresponded to a much higher n value of

1.06 but the plots were still linear except for slight deviations at

the highest currents. These deviations were discussed in the second

69, included in Appendix E. The

published paper by the author
treatment given there, analysed the results in terms of a varying
n value, and also the measurements were extended to much higher

current densities than those shown in Figure 38. The experimental
plot of RAC

was so markedly non linear, that it was only possible to assign a lower

against (Im +IS)-1 for the small diodes from slice D10

limit to the n value. This was also the case for the n value from the
current~voltage characteristics (Figure 34) but even so the agreement
between the two methods of estimating n was quite good. When the

n value is changing rapidly, its estimated value using the different
techniques will vary (see Section 6.4.1 (a) ) so that the n value
formulation becomes inconvenient. It is then somewhat simpler to
analyse the resulte in terms of a varying saturation current Is (V).
In the discussion of results in Chapter 6, both approaches will be
used.,

The series resistance for diodes with linear plots was found by
straightforward extrapolation of the plot to intercept the y axis
where RAC = RES' For non linear plots the series resistance could not
be accurately determined unless the reason for the non linearity was
known. Diode self heating would cause a linear plot at low currents
to turn upwards at high current if the temperature rise causing an
increase in RES was dominant, and the best estimate of RES at the

ambient temperature would be given by an extrapolation of the linear
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portion of the plot. For plots which were linear at low current and
then turned sharply downwards at high current, minority carrier
injection would be a possible explanation, “and again in that case
extrapolation of the linear portion of the plot would give the
unmodulated resistance of the epitaxial layer. With diffusion
effects, the curvature would be caused by a changing value of n and
the true value of RES would be given by the extrapolation of the curved
plot to the y axis. The experimental values of RES used to calculate
the impurity concentrations shown in Table 6 (see Section 5.1.4 (b) )
wers obtained using this latter technique, as other evidence had
suggested that thermionic diffusion effects were dominant in the
diodes with non linear plots. In addition to the effects already
mentioned, variation of the width of the undepleted epitaxial layer
would be significant on lightly doped silicon and would cause
variation of the RES value, Thus it was only for truly linear plots

that an unambiguous determination of RES could be made.

542 ALUMINIUM
5.2,1 General
The aluminium n-type siliéon Schottky barrier diodes were
fabricated with a p-type guard ring diffused into the n-type silicon
to a depth of 2 + 0.5‘Pm (measured by a conventional lapping and
junction staining method53). The saturation current of the guard
ring diode was of the order of lO-16 amps (measured on a similar device
without the Schottky contact ) so that the current contribution of the
guard ring could be neglected in comparison with the aluminium Schottky

contact which had a saturation current of the order of 3 x 10_9 amps.

5¢2s2 Current-Voltage Characteristics

Figure 39 shows typical current-voltage characteristics of the
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aluminium diodes, which can be interpreted in terms of equation (163)
with an n value of 1.15 + .02, The barrier height Vg calculated

from the saturation current I, using equation (25) was 0.72 + .02 volt,

8
which agreed closely with the values of 0.7l volt and O.73 volt

obtained by Chino62 and Yu and Snow14

, on chemically prepared surfaces
and was between the values of 0.76 volt on cleaved surfaces and 0.50 volt

on chemioélly cleaned surfaces obtained by Turner and Rhoderickll.

5.2.3 Diode AC Resistance

The diode AC Resistance was measured for diode currents betweenl
5 PA and 10 mA. The values of RAC were then plotted against
(Ié + IS)_1 and as shown in Figure 40, between 5,PA and 0.5 mA, the
values followed the linear relationship expected from equation (29)
with a constant n value of 1.12 + .02 which agreed closely with the
n value from the cu&rent-voltage characteristics. Above 0.5 mA the
plots became non linear and Figure 41 shows the éxperimental results
for aluminium diodes at high currents, and for comparison, the results
for titanium diodes of similar area from slice D10.
5¢3 VMAGNESIUM

5¢3.1 General

Magnesium n~type silicon Schottky barrier diodes have been
reported with barrier heights as low as 0435 volt64; and it was
hoved that many of the anomalous effects observed on titanium n=type
silicon barriers would be even more evident on magnesium barriers
because of the lower barrier height. The magnesium barriers fabricated
in this investigation, using the prccedure described in Chapter 3, had
uniform and reproducible characteristics, but the barrier height was

much higher than expected.




5¢3¢2 Current-Voltage Characteristics

Figure 42 show§ the experimental characteristics for several

m
diodes, where —————~—jﬁf—- has been plotted on a logaritbmic scale
1 - o 3k

against diode Voltage V. The diode volt age was obtained from the
measured voltage Vm by correcting for the voltage drop across the
series resistance RES (whose value was obtained from the AC resistance
measurements); The linear plots sﬁowed that the characteristics could
be fitted weli by an expression of the form of equation (16a). Table
9 shows the n?values and barrier heights V_, deduced from the slope and

B

intercepts of /the experimental plots. The spread in barrier height

values between 0.53 and 0,57 volt was greater than for the other metals
but compared well with previously published results. Crowell, Shore
and LaBateQﬁ‘obtained values between 0,52 and O.32>volt for diodes on
freshly cleaved surfaces and on surfaces with deliberately grown
interfacial layers, which had large but unspecified n values. An
early result by Archer and Atalla65’has been quoted asg 0.37 volt
(Cowley and Sze37), 0.4 volt (Ata11a29), and 0.35 volt (Ma, Yang and
65)

Chang ™). The uncertainty presumably arose because the original result

was gliven in terms of the apparent barrier height from the semiconductor

66

side ( w Vg - ZXVB - VF). Ma, Yang and Chang > have reported a barrier
height of 0.35 volt on n-type silicon, but did not present any current
voltage oharacteristics, and their fabrication procedure included an
anneal between 55000 and 64000 which may have caused interdiffusion

of the milicon and magnesium as the eutectic temperatur859 is 64500.

The speciél precautions taken during fabrication to guard against
the formation of intermetallic compounds, and the near ideality of some
of the magnesium diodes fabricated in this study (n as low as 1.03)
suggests that the higher values of the barrier height reported here,
are mor¢ reliable than many of the previous results. Further evidence

ig that a value of 0.5% volt for VB fits the plot of barrier height
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TABLE 9 Experimental parameters for Magnesium n-type silicon

Schottky barriers.

Diode Vg (T -V) n (I -V) n (RAC)
F12Aslf 0,570 4+ +005 1.06 1.06
F18AS, { 06550 4 +005 1.10 1.13

| F18AL1§ 0555 + 0005 1.10 1.10
F19As4j 00530 + +005 1.15 1.11
F19AL3‘ 00545 + «005 1,03 1.04
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37

against work function given in Cowley and Sze's paper”' much better

than the lower values, and Saltich and Terry32

quote a barrier height
of 0.55 volt for magnesium on n-type silicon but do not give a direct

reference to the source of their data.

5¢3¢3 Diode AC Resistance

The experimental values of RAC are shown in Figure 43 plotted

against (Im + IS)—l for diodes of two sizes. R,, was measured for
currents between QO,PA and 5 mAs, The n values deduced from the slopes
of the plots, all of which were linear, are shown in Table 9. Comparison
with the values obtained from the current-voitage measurements showed
that although the agreement between the itwo methods of measurement was
good, there was a large variation between dilodes which did not appear
to be linked to diode size. Edge effects were more likely to be
significant for the magnesium diodes, which had a higher barrier than
titanium and hence a lower thermionic emission saturation current. If
these edge or surface effects were due to a generation/recombination
mechanism then the n value contribution would be expected to decrease
aé higher forward bia522. Figure 45 shows that this was the case for

the magnesium diodes with high n values, but further discussion will be

left until the next chapter,

53,4 Capacitance-Voltage Characteristics

The experimental values of 1/02 plotted as a function of diode
reverse bias are shown in Figure 44. The plots were linear down to a
bias of 30 mV where the parallel conductance of the diode became
significant and caused a loss in sensitivity of the balance position.
As can be seen from Table 6, the impurity concentration deduced from
the slope of the plot, agreed well with the nominal value, and i
caloculated from the series resistance. The intercept of the plot on

the voltage axis gave a value of the built in voltege

95



VD = VB - VF - kT/q from which the barrier height was calculated

to be 0.55 + 0,01 volt.
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CHAPTER 6

DISCUSSION OF RESULTS

6.1 GENERAL

Many of the main features of the behaviour of the Schottky
barriers invéstigated in this work have already been exblained in terms
of the existing theories outlined in Chapter 2, In particular the
current-voltage characteristics have been shown to correspond closely

%o a relationship of the form of equation (16a)

)

with n values in the range 1,01 to 2, However, these n values are
equivalent to deviations in the diode voltage of between 1 and 100%
from that predicted by the thermionic-emission model, and in this

chapter a closer match between experiment and theory will be attempted.

6.2 IN;TIAL DISCUSSICON OF RESULTS FOR TITANIUM BARRIERS

6.2.1 Comparison of Experimental and Thgoretical n values

Table 10 shows the theoretical contributions to non-ideality from
image force lowefing, thermionic-diffusion, tunnelling‘and interface
effects, expressed in terms of n - 1, These have beeh calculated
using the relationships given below, at ﬁwo values of band bending and

three values of impurity concentration,

For image force lowering30
a vV a Vv ' AV
no= (1+—2 ) =¥ uhere B . - B
av av 4 (VB -V - kT/q - V)

For the thermionic-diffusion theory>", equation (A16) from
Appendix A gives
§, +D(p%)
§, + 0584
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The contributions to n = 1 from tunnelling effects have bheen
taken from the graphical presentation of results givenvby Chang and
Sze1 80

The contribution to n - 1 from interface effects depends not only

on the material and thickness of the interfacial layer, but nl<o on
DS the density of surface state335° Assuming DS = 0 and an oxide
thickness £~= 15nm, which was a possible upper limit44, for the
surface preparation given in Chapter 3,
Sé—st
n = 1+ which varies as a function of voltage and
: A\ ec;‘

impurity concentration because of the presence of the factor N , the
depletion region width, If DS is not zero then an additional contribution
to n would be expected,which would be similar for slices with identical
surface preparation.

When there is more than one contribution to the non-ideality, it
will be assuméd that the composite value of n - 1 is Jjust the arithmetic
sum of all the individual contributions, as long as these are small,

It sbould be noted that all the mechanisms, except thermionic -
diffusion, predict n values which increase with increasing impurity
concentration which is contrary to the experimental results shown in
Table 7. All the contributions to the n valuesare voltage dependent
and, except for surface effects discussed below, tend to increase as the
band bending }9 decreases,

The experimental value of n = 1.02 £+ .01 for diodes on slice D11
was lower than the sum of all the possible contributions given in
Table 10, so that it was unlikely that there was a significant
contribution from interface effects, The sum of the image force
. lowering (IFL) and thermionic-diffusion (TD) contributions appropriate
to these diodes was n = 1,03,

" Diodes on slice D12 had n values in the range 1.05 + ,03 which

was slightly higher than the value of n = 1,04 given by the sum of IFL
| 101



TABLE. 10

Theoretical contributions to non-ideality expressed as n = 1

Slice No.

D10

D12

D11

Impurity |
Concentration

2 x 1020 m—3

9 x 10°° m™

3

3 x 10°% w3

Band
Bending in |

kT/q units »

2.0

2.0

2.0
(v=0)

n -1
‘Image Force
Lowering

.010 | .024

.011 | .035

.014 | .048

n e« 1
Thermionic—
Diffusion

+057 « 209

026 | .152

.013 | .109

n e« 1
Interfacial
Oxide Layer
¢=15 R, Dg=0

.004 | 008

.008 | .016

.014 | .029

]Tunnelling
: nel

< 0.01

£ 0.01

=~0.01
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and- TD coptributions,

The n values for the diodes on slice D10 were more widely spread
but for the larger diodes n = 1,11 + .05 which was greater than the
value of n = 1,07 given by the sum of the IFL and TD contributions,
However, the most important feature of both the experimental and
theoreticgl results for this material was that the n vaiue was
increasing rapidly as a function of voltage applied to the diode.

One contribution to non-ideality which has been neglected so far,

is that from surface effect822

« Although generation and'recombinétion
currents ean result in n values as high as two, their contribution
decreases as the diode is biased further into the forward direction

and the thermionic-emission currents dominate, The experimental results
discussed in Sections 6,5 and 6.6 show that for the titanium silicon
diodes the n values increased as the diodes were further forward biased,
so that it was unlikely that surface effects were making a significant
contribution to the non-ideality. This was confirmed by the reverse
‘current-voltage characteristics (Section 5.1.6) which were dominated
by thermionic-emission effects. However, later measurements on

aluminium and magnesium barriers (see Section 6,3.2) showed that in

some cases surface effects could be important,

6.2.2 Comparison of Saturation Currents

Figures %3 and 34 show that for the diodes from the slices of
different impurity concentration, there was a corresponding change in
the saturation current values IS (V = 0) given by the intercepts on the
current axis.

From equation (A12) of Appendix A

I = j?f%cle- Yeo e.x?["g_—‘_(\/,,—AVBﬂ
\ --\—3>/gv
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119§§ﬁ -9 V.
= ejf’< kT [-jéiitxvqcvzo e»ﬂ)<- i:é?>}i
|+ Dy,
so if variations in 5}) fq_ can be neglected, the expression in the

square brackets can be taken as equal for all three impurity

concentrations, In this case the saturation currents should be in

the same ratio as exp(q”ﬁvf> Table 11 shows the theoretical
' kT
values of this 1+ D7S expression together with the
v

experimental results for large and small diodes on each of the three
silicon slices‘of different impurity concentration, The agreement
was good and suggested that the model used to derive equation (A12),
which included image force effects and thermionic-diffusion, adequately
described the experimental behaviour. The effect of variations in

fp fq would be to reduce the saturation current at low internal
electric fields (low/B ) and would be most significant for the diodes
on silicon of lowest impurity concentration.

Table 12 lists the experimentally measured and theoretically
calculated values of the same parameters at a forward bias of 120 mV,
and again the agreement was good although the experimental value for
thé lightly doped silicon was low, This may have been due to the

reduction in 5@ ja at low internal electric field discussed above,

6.2,5 Preliminary Conclusions

The main features of the non-ideality of the titanium n-type
sil%con diodes have been explained in terms of a model where thermionic
diffusion and image force lowering effects are dominant., Alternative
models haye been rejected either because they predict behaviour which
had the wyong dependence on impurity concentration (tunnelling or
interfacial layer effects) or because they predict behaviour which had
the wrong dependence on bias voltage (surface effects), A

In oyder to check these conclusions, the agnalysis of the results is
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TABLE 11

paturation currents with the theoretical model predictions at zero

‘bias, for three impurity concentrations.

Diode model parameters, and a comparison of experimental

‘ Slice
Parameter D10 D12 D11
{V 0.16 0.35 0.63
;VF volts 0.301 0.269 0.232
B 6.8 8.1 9.6
1+ s, 2,33 1.53 1.27
: AVB mV 6.4 9.9 14,0
1 A
Normalised exf(wzﬁé)
—_ 0.41 0.70 1
" Ratio ‘_+:E/JV .
Experimental (small
diodes 0.36 0.75 1
Ratio of I
>t 0.34 | 0.73 1
Values diodes * )

!
TABLE 12

As Table 11, but at a forward bias of 120 mV .
o Slice D10 D12 D11
arameter
B 2.1 3.4 4.8
D
1+ 7/, 3.76 1.95 1.42
Avﬁ mV 4.8 7.9 11.7
Normalised exr(?£&§>
Ratio | + 75,
Experimental (small 0.20 0.61 1
diodes *
Ratio of IS
| large 0.62 1
Values diodes 0.21
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e e

extended below to include the wider variation of parameters which

was carried out in the expeiimental programme, Thus far, only the
thepretical predictions for variation of impurity concentration ND

have been compared with experiment, In the next section the effect of
changes in ba?rier height Vﬁ\ is checked by analysing the results

for aluminium and magnesium barriers, and then the analysis is

extended to higher current densities, This enables :the experimental
dependence ofjthe n value and the saturation current IS on band bending.

)B‘ to be compared with the theoretical predictions.

643 YARIATION OF BARRIER NETAL

6¢3.1 [Theoretical Predictions
In the thermionic~diffusion theory, the only parameter which is
dependent upon changes in the barrier height is the band bending
JS = g (VB -V - krI:/q - V). Using the experimentally determined

kT
V. values for titanium, magnesium and aluminium of 0,50, 0,55 and 0,72

)

volts respectively, the corresponding values of ‘/? at zero applied

bias are 8,3, 10,2, and 16,9,
For a given value of band bending, the thermionic-diffusion theory
predicts identical behaviour for all three metal silicon barriers,

(all other parameters such as N_ being equal) although the applied

D

”5:voltage needed to obtain a given band bending will vary widely, For

example a band bending of 5 (kT/q units) results from applied diode
voltages of 83 mV, 133 uV and 303 mV on titanium, magnesium and

aluminium respectively.,

6.3.,2 Comparison with Experiment

Figure 45 shows the experimental n values for the_different metal
barriers plotted as function of band bending. The n values were
obtained from the AC resistance measurements., The incremental slope
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of the plot of RAC againsdt (IC + IS)_1 will be approximately nkT
as long as the n value is constant or only slowly varying (see !
Section 5.1.7 and equation (29) )o

Figure 45 shows that apart from F19AS4, the results were
similar over the whole range of band>bending for the titanium and
magnesium diodes which were Tabricated using similar techniques.
However, the aluminium diodes, fabricated using the guard ring technique
.had n values which were higher by about 0,10 but which did show an
almost identical upward trend at low values of j9 o
| Although the general upward trend in n value was in agreement
with the theoretical values from thermionic-~diffusion theory,the
detaile& agreement was not verw.good, especially at 1ow'j3 where the
n values vere changing rapidly, Apossible explanation of this
discrepancy is given in the following section. The theoretical results
in Iigure 45 were taken froﬁ Figure 54 of Appendix A,

The results for diodes E1BS3 and F19AS4 show that where a high
n value was obtained at low forward bias (highF/3 ) this tended to
decrease slightly before following the general upward trend at low/B o
This was consistent with a large contribution to the n value fron

surface effects as discussed in Section 6.2.1.

6.4 FURTH.R RESULTS ON TITANIUM BARRIERS AT HIGHSR CURRSHT DEESITIES

6.4.1 Variation of n value as a Fupction of Band Bending

(a) lNiethods of Calculating n value

In the analysis of data presented in Section 6.3.2 the n values
were calculated from the incremental slope of the diode AC resistance
characteristic which vas taken as equal to nkT if the n value was

, ' 9
constent or only changed slowly as a function of diode current.

However, the preliminary results shown in Figure 45 suggest that the

n value may be varying rapidly at high currents (1QW/5 Jo In this
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case the jincremental slope of the AC resistance characteristic n'kT

q
vwill not be equal to nkT bdut will involve terms in derivatives of n,
q
. -1 dn
It can easily be shown that n =n'- (I, + I.)” ——._ and
gl 57 4(Twmtls)™

since n is tending to increase as (IM + IS)- decreagés
n will be greater than n',

Under the;conditions described above, an alternative method of
calculating thé n value is to use the absolute value of RAC at a given

current and substitute into equation (B14) derived in Appendix B,

|
é,

R, = R(\T) +R + kT | +105R(0T)| 26
Yol | (2o 1\)) %ND(V{VF_%T—V)
Although this expression is expected to be valid for diode currents up
to 10 mA, the value of series resistance RES = RS + RL and its
voltage dependence must be known or assumed before the expression can
be used to calculate n,

The ¢riginal definition of n (Equation (A13) ) was in terms of the
J

slope of the plot of 1n { } against V, but this does not

i = exp("¥/xr)
provide an accurate method of estimating n for the following reasons.
Firstly, the measured voltage V; must be corrected for the effect of
series resistance which is difficult at high currents when RES is a
function ¢of voltage and temperature. Secondly, when diode self heating
becomes sjgnificant, it is clear that the experimental results cannot

be compared directly with the predictions of an isothermal theoretical
model, This comment also applies to the previous methods of calculating
n.

(v) Comparison of Experimental and Theoretical Results

Figure 46 shows a comparison of the n values determined from the

experimental data using the three techniques described above, for two
values of the parameter RES for diode D1ZBSZ. Also shown is the

apparent value n' from the incremental slope of the AC resistance
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characteristic. The agreement between the n values determined by the
different techniques was better for Rpg = 14,8 & than for RES = 15,4
but the main feature was the critical dependence of n on the value of

RES at low values of/B although the n value was almost independent of

Ryg at higher /B .

The conclusion that n' was in general less than n would be
consistent with the results presented in Table T and~Figure 45, In
Table 7 the n' valuesfrom diode AC‘nesistance characteristics wvere
lower than those n values from current-voltage characteristics, and in
Figure 45 some of the n' values were lower than the theoretical
predictions.

Figures 47, 48 and 49 show the variation of n value plotted as a
function of }3 for diodes fabricated on n~type silicon of the three

'impurity concentrations used in the experimental study.

For comparison, the theoretical values from the thermionic-diffusion
model, with and without the addition of imaege force effects, are also
shown in these figures. The agreement with the experimental results
was good for /9 2 5, but below this value the n values were generally
ﬁuch higher than those predicted by the theory, and as discussed
previously, the n values were increasingly dependent upon the value of

the parameter RES°

6.4,2 Variation of Saturation Current as a Function of Band Bending

(a) Calculation of Saturation Current

Using the estimate of RES from the diode AC resistance characteristic

(or alternatively the value of RES which gave a good fit to the

experimental data using the computer diode simulation model discussed in

Section 6,4.3) the measured voltage Vﬁ was corrected to give the voltage
across the barrier V, The saturation current was then calculated as

IS = IF\ . Although the value of Is was dependent upon

v
Sp %&;) "‘ 13



the value of RES it was found that this dependence was not as critical
as that of the n value,
The theoretical saturation current values given in Figure 50
J
S
represent - , Where J (V=0) is the saturation current
JTsz = 0) TH
density from thermionic-emission theory including image force lowering
AvBatv=o .
! 2
= T = A* =¥ (\V,-AVs)
I‘_ ‘ ——SI-"‘ AT e_v.f T B AVB

"o

In order to compare the experimental saturation current (IS) values
with the theoretical predictions, the values of IS must be normalised

by dividing by the value of I, (V = 0) appropriate to the impurity

TH
concentration of the diode, This involves taking a value for VB, the
barrier height, and then calculating ZSVB in each case, Since the

diodés formed on slice D11 had the most nearly ideal characteristics,

the saturation current for these diodes was used to calculate I

I, (¥=0) = L0=0| (1+%)
il v

U

TI{.

0.0566 mA

e ) =T (V-0 exp| "L (Y (V0] ~aY(V=0) )
™ )3w ™ )Ln F L kj‘( ? D ? >

L (\/-_-O)Lm = I, (\/EO)!J)\\ &F _——\?}V (AVBWao}Lu_-AVb(\/:O)‘D'l)]

This procedure is equivalent to empirically fitting the experimental
and theoretical values at V = 0 (/ﬁ = 9,1) for diodes from slice D11,

(b) Comparison of Experimental and Theoretical Results

Figure 50 shows the experimental and theoretical values of
normalised saturation current plotted as functions of band bending /3 o
The ratio of saturation currents for the diodes on the three gilicon
8lices was in-good agreement with the theoretical prediction over most
of the range of measurements, For each impurity concentration, the

variation of saturation current as a function af‘B was in general
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agreement with the predictions of the model based on thermionic~
‘diffusion and image force effects, Although the saturation current
values were dependent upon the value of RES for each diode, the genersl

form of the variation was fairly insensitive to changes in R This

ES®
is’illustrated in Figure 50 by results for some diodes plotted for

various values of Rﬁs, all of which showed a similar decrease in

B
saturation current at low /3 .

The expefimental values for diodes formed on the silicon of lowest
impurity conce#tration (D10) extended through the flat band condition
(ﬁ = 0) into the region where the theoretical models were no longer
valid, The main feature of the experimental results in this region was
the continuing]decrease in saturation current. The experimental values
.oflsaturation current for band bending below 15 = 2 could not be compared
- directly with the predictioné of any isothermal theory because the effects
of diode self heating were becoming significant. This is illuétrated in

Figure 50 where the results for diode D12BS3 have been included with and

without correction for the effect of diode self heating

6.4.3 Computer Diode Simulation Model

It was found that the comparison of experimental and theoretical
‘results discusgsed in Section 6.4.1 and 6.4.2 involved a lot of numerical
calculations which could easily be processed by a computer, An additional
reason -for using a computer diode simulation model is given in the
following discussion,

As the current density across the barrier increased, the diode
behaviour was expected to become more complex because of the possible
iﬁfluence of diode self heating, minority carfier injection, variation
of the width of the undepleted epitaxial layer in addition to further
réstriotions on the current flow caused by diffusion effects, In any
given diode, one of these mechanisms may have been dominant at high )

current, but it was difficult, a priorié to decide which mechanisms to
‘ 11




neglect. The advantage of a computer model was that it could be based
on simple theory and then the additional mechanisms could be introduced
until there were enough free parameteré available that the diode
behaviour could be matched by the model over the whole range of
experimental measurements, The problems of using such a model have
been discussed;in detail by Tantraporn48° In particular, a close fit%
between the model and experimental results only shows the theoretical

~ basis is adequéte,if the value of the free parameters which give thé
best fit are physically meaningful.

Table 13 Ehows the relative effect of some of the high current
mechanismsg calculated by the computer model given in Appendix C. Also
shown are the{values of X, the minority carrier injection ratio
calculated using equation (18) of Chapter 2, which are seen to be
ﬁegligible up to currents of 10 mA. It was suggested in Section 5.1.7
that minority}garrier injection could have modulated the resistivity of
the epitaxial layer and caused the observed rapid decrease in RAC at
high currents., There are two reasons why this explanationAwas unlikely.
Fifstly, the theoretical prediction of ¥ vas too low by a factor of

3 5

between 10” and 10° to make the level of injection significant at 10 mA.

Secondly, as shown in Figure 41, the variation in RAC at high currents
was very similar for aluminium and titanium diodes and occurred at
almost identical values af/B, The theoretical values of
for these two diodes differed by a factor of 3 x 102 as a result of the
difference in barrier heights,

A typical output from the computer diode simulation model is given
in Appendix C, Tor diodes on the silicon of impurity concentration
9 x 1020 m"'3 and 3 x 1021 m‘m3 the model could match the experimentally
measured values of voltage, current and AC Resistance %o better than

1% over the whole range of measurement, The model was not able to match

the experimental results for currents greater than about 1 mA for the
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TABLE 13

Relative effect at three current levels of diode self-

heating, minority carrier injectioh, series resistance modulation,

sand reduction of saturation current by diffusion effects, for

small diodes.

Slice Cu?rent AT ){ RES IS
Number | mA °c Ry (V=0) | Ig (V=0) /ﬁB
0.1 | 0.0 | 1.6 x 1074 1.01 0.95 | 8.8
D11 1.0 | 0.0 |1.6x107 | 1.04 0.85 | 6.7
10 0.3 | 1.6 x 1077 1.07 0.81 | 4.6
0.1 | 0.0 |2.4x1079° | 1.00 0,92 | 6.9
D12 1.0 | 0.1 | 2.4 %2070 1.01 0.80 | 4.5
10 0.8 | 2.4 x 1078 1.03 0.62 1.4
0.1 0.0 10‘8 1.56 0.80 4.6
- D10 1.0 | 0.0 1077 2.32 0.53 | 2.1
10 0.7 10-6 - - -ve
E1 1.0 - |3x107 - - 2.9
10 - |3x 107 - - 1.2

118




=3

20
diodes on silicon of impurity concentration 2 x 10 m ~ which suggested
that the thermionic-diffusion theory was not adequate to describe the

behaviour of these diodes below /5 =2,

6.4.4 Limitations of the Theoretical Model

In the discussions of Sections 6.4.2 and 6.4.3 , it was evident
that the theoretical model was unable to match the experimental behaviour
for band bending‘ﬁ<2 . This section outlines some of the limitations
of the tﬁeoretical model which explain why this disagrsement ococurs.

The derivation of thermionic-diffusion theory given in Appendix A,
agsumed that the shape of the potential barrier was parabolic, a
result which followed from the assumption of an abrupt edge to the
depletion region anda uniform space charge density. Goodman46 has shown
that the effect of the reserve layer is to reduce the effective band
bending by one unit of kT/q « Thus for band bending of the order of
two units of kqu y the effect of the reéerve layer 1s significant
and the assumption of parabolic band bending is no longer valid.

The effect of tunnelling and phonon scattering of electrons in
tbé barrier region was included in the terms fq and fp used in the
model. For internal electric fields )‘lO5 volt m—l, the variation in
fpfq is small4o and the product can be treated as a constant.

However, this value of electric field corresponds to,ﬁ of the order

20 m-3, and

of 0.1 for N = 9 x 10°° m™> and 0.5 for N = 2 x 10
so the effects of changes in fpfq are expected to be increasingly

important at lower values of)B.
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CHAPTER T

SUMMARY AND CONCLUSIONS

7.1 SUMMARY OF RESULTS

Measurements have been made on titanium, magnesium and aluminium
Schottky barrier diodes on n-type silicon, over a wide range of
current density such that, in somé cases, the dilodes were close to
the flat band condition B = O (where band bending ]8. a/kT (VB— Vo kT - V) )
Most of the diodes showed nearly ideal behaviour at low *

applied voltages and the current-voltage characteristics could be

represented by the relationship

I= IS exp( .gv)«{ l = exp(—qV)
nkT | kT

with n values as low asg 1.01 + It was concluded that tunnelling,
interfacial layer and surface effects were insignificant for such
diodes. However, at higher current densities, many of the same diodes
exhibited deviations from ideal behaviour, which were equivalent to
n Yalues as high as 1l.25 , or which could be interpreted in terms of

a rapidly decreasing saturation current IS .

T.2 CONCLUSIONS

The main features of this behaviour can be explained in terms
of a thermionic-diffusion model of current transport through the
barrier region, which includes the effects of image force lowering
of the barrier. The behaviour predicted by this model deviates
increasingly f?om that predicted by the thermionic—emission model as
the band bending/6 and the impurity concentration ND decrease. The
opserved characteristics agree with the predictions of the thermionié-

diffusion model for band bending in the range 9 2/8.> 2 , but do not
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agree for values of B less than 2 .

Previous calculations by Rhoderick79 show that measurements

made on gold n—type silicon barriers (ND = 5 x 1021 m—3) are in

agreement with the thermionic-diffusion theory at ;leo .‘Cowley30

31

and Saltich”™ both obtained n values of 1.03 for titanium n-~type

21 073 and 5 x 10%° w3

respectively. Cowley's conclusion, that for his diodes an n value

silicon diodes of impurity concentrations 5 x 10

of 1.03 could be explained solely in terms of image force loweringA
effects, is consistent with the résults obtained in this study which
suggest that the effects of thermionic-diffusion are very small for
My >3x 10°1 073,

The results obtained in this work suggest that for diodes formed
gn silicon of impurity concentration between 2 x 1020 m—3 and
3 x 1021 m-3 y the thermionic-diffusion model is valid betweenlﬁ = 9
( where its predictions are very close to those of the thermionic-
eﬁission model ) and)@ = 2 o This lower limit appears to correspond
t0 the limit discussed by Crowell and Sze15 s when phonon scattering
of electrons between the barrier maximum and the metal becomes
doﬁinant. It is suggested that in order to develop a tﬁeory valid
for/9 less than 2 , the diffusion analysis will have to be extended
beyond the potential energy maximum, instead of using an effective
thermionio-emigsion velocity boundary condition. The analyeis will

also have to consider the effeot of the reserve layer on the shape of

the potential variation near the barrier.
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APPENDIX A

THERMIONIC~DIFFUSION THEORY

Derivation of Current-Voltage Relationship

The electron current density through the barrier region is due
to0 a combination of drift and diffusion)

T, = [ncx)y € +Dn?

éx

whioch can be expressed as
1 h(x)ﬁ ( i) eoeis(Al)

where q is the magnitude of the electronic charge, n(x) is the
density of conduction electrons at x, /.Ah is the electron mobility,
€ is the electric field in the depletion region, Dn is the electron
diffusion constant, T is the electron temperature which is assumed
constant through the barrier and equal to the lattice temperature,
¢n (x) the electron quasi-Fermi energy or imref and y (x) the
energy of the semiconductor conduction band are both poéitive when

measured relative to the metal Fermi energy.

Eleckron )
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Enerﬁ _‘Y_c__
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Figured! Electron energy levels through the barrier.
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n(x) =N, exp ‘(Wﬁ*@éﬂ(")) " e 82)
kT

Under steady state conditions with no recombination Jn is constant
through the barrier, independent of x. The Figure shows the energy
levels through the barrier including image force lowering which
moves the peak of the barrier from x = O tox = X e Initially

the approximation that the barrier height V, is independent of the

B

bias voltage V will be made, because the image force lowering effect
is small, |

In the region between X0 and the metal surface, because the
‘potential energy changes rapidly over a distance comparable with
- the electron mean free path, equations (Al) and (A2) will not be
valld and hence the distribution of carriers cannot be described in
terms of an imref or an effective density of states. If this portion
of the barrier acts like a sink for electrons, then the current flow
can be described in terms of an effective electron collection velocity
Vc at the potential energy maximum, and is in fact an alternative to

applying a boundary condition to the imref at the metal surface. The

electron current can be expressed as

:r; = %/(‘\"‘—-'1°) Ve

eeeee(A3)

where n = n(xm) at zero bias V=0, n = n(xm) when a bias voltage

V is applied (V positive for forward bias)e.

‘Under zero bias (J, (x ) = O (x.) = qv, s = N, exp| — V
° gb m w%y m a¥g 8O 1, C P[j 1/ gz?rJ

For a forward bias V ¢n(A\" "\ \//(xm) = qVy and
nm = NO OXp [_ (qu - (P'\(xm))/k'l'] ooooo(A4)~

Eliminating n{x) between equations (Al) and (A2)

‘L,l (‘ é975"‘)N exP[ ('Y'(x)—‘gb(x))
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and integrating between x  and N\

Zm X=X

N
U:. exr <}_0_(_x_)> Ax = _l__ exr (SD_h_(_f
/“&KT kT /) kT kT

= €X 1’.! - ex M\
?< kT) F( kT )'
From (43) and (A4)
Mo e Ty
Ne N chch
exF "(‘LVB_an(xm)) = exF - VB + I
| [ kT < %) %Vch
al M‘)) = |+ Ju e 1/ L (A6)
( kT ‘chNc xr(j,k-?)
Eliminating ¢n(xm) between (A5) and (A6)
In Aexl,<}gg_>) dx — exf(ﬂ)
)«\chT kT kT
Lm
- -1 - T est(1%)
<1I\JCNC kT
A
Putting Lo j N exr[:(Y(x)-i\/B)J dx  ..ee. (A7)
V4 /AnkT kT



L~

1_::/‘:‘ ﬁ Q\INCVC kT kT
ence j:\ = NC Ve _%\IB e l\—/-) B ‘ ceee
: e exp() [ T =

\ + VC/VA

The expression for V4 given in equation (A7) can be evaluated
if some form for the potential variation through the barrier is

agsumed, such as that given in equation (3) of Chapter 2,

V) = LND (f\x“xiz)-\/a O¢x& A
€s.

This potential distribution results from the assumption of a uniform
space charge density qND between x =« 0 and x = N . Image force
"~ lowering of the barrier is neglected in this expression, but its
effect will be small between X = x_ and x = A+ The potential
energy ¥(x) is given by

_ 2 N ,

Vi = —q Vo) = 4V — 4~V (Ax x/z)
€s
— . -\ - kT -
94N>

Viny= q (Ve Ve KT )
y (Dcm\’»-‘:‘ y/( O) = C\,\/B if jmage force lowering is small.

me  f= k|__|_(y(x) 2N

=_l__ Qﬂp[]\l —7\x+1}J
el 2
; ijp (A—I)z
2kTE,,
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Substitute t2 for

/2 /
t = +< i (=) de _ [Ny i
2KTE dax 2KTEs
From equation (A7) e '/
2
[ -—exr[ Y(M*‘LVBJ ;L_e*r[\”cxr\l’mJ (2 kT€s) g
V4 kT PokT kT - CLZ Np
xX= X, _
— g (Vp=Ve =KL -V) (Te —O(l-f') de
= —exp| =Y b= Ve 7 g l,_(?_ s) exp
kT }IﬂkT 1 Ny,
=9 (.- -KV/-V
2= (YY)
Ilz , l‘.:‘j \
- '+_j£_ ZkTé.sc. e)gv("“j ) S cxP<t )c\b
/AHkT 4 Np ' o
where 32- = ov/kT (VB -Ve - k—r/"—\/)
Henoe i— = ]2_{_) veses(A9)
| V4 ¥p
where V} = /unkT
2 9L
and LD = ( \(Tesi>y2 is the effective Debye diffusion
ithP length, and D(y) is the Dawson
function :D(j)E e"F(‘S") J’t-ixr(t:z) de
which satisfies the differential equation J—]—) = | - ZJD
dy

50

and whose value can be found from tables or by numerical integration.

Discussion of Parameters in the Current-=Voltage Relationship

If minority carrier current can be neglected then equation (48) gives

an expression for the total ocurrent density. It is convenient to
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define a saturation current density

J = chVc' exr("‘j:VB) = j;ﬂ (P\\O)

Ve Y/
|+, KT |+ ¥,
Jpy 18 the limiting value of Jg when v, > v, and there is no

diffusion limitation to the current flow. In this case the value
of the collection velocity Vo = Voo Con be deduced from the
39, 49,

same considerations used in the thermionic emission theory

Neglecting quantum mechanical tunnelling and scattering the value

w2
is N, = /\ T
<o
\ /3N
and when this value is inserted in equation (A8), the current-voltage

expression becomes
J = A*Tzexf(ﬂ> e"?(iv_) = |
kT kT
i.e. equation (5) of the thermionic emission theory.

Crowell and Szel5 have shown that tunnelling and phonon
scattering reduce the collection velocity by factors fq and fp
respectively. The value of fq is obtained by averaging the tunnelling
probability over the distribution of carriers incident on the barrier.
;It is a function of temperature and electric field at the barrier,
but is always less than unity for conditions where the thermionic
emission currents dominate the tunnelling currents. Electrons that
cross the potential energy maximum at X, can be scattered back by
optical or acoustic phonons before they reach the metal so that only
a fraction fp get throughs The value of fp is obtaingd by averaging
the probability of phonon emission over the distribution of carriers
crossing the barrier and like fq, it is a function of electric field
temperature. Thus the effecfive collection velocity Vo is given by

Vo = Voo fp fq where fp fq hag a value close to 0.5 over much

of the range of the range of electric field but falls rapidly for
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fields below 102 volt m L.

The full expression for the saturation ourrent density is now

Js = CLNCJCr)Ccho exF(L?r\'/B) | eseee(A1l)

\ 4—])€ﬂ%;/g

where gv - vD/vo is a useful parameter which is almost independent

of applied voltage. Using the following relationships,

VD.:/.A“kT ﬂp ) V= fvfw &1—2
9, \2kTé 9, Ne

A= 4(;1\5 " N.= 2(2 ﬁ\:n;kT %

*
where mt ig the eleciron effective mass for emission over the barrier
*
(see equation (6), Chapter 2) and my is the effective mass for the

density of states function, we can express é; as

\ *\3 |

— n /- ( ) 2

| cg‘v /i*(l[\_‘a’ 2 \My _
mt €5i’ fpfi,

If )Jn and fp fq~ were independent of field, then Sv would be

bias independent and mainly a function of doping density Nb as shown

iy the Figure below24.

o t
Pigure 52
10’ h-type silico $
g 9P n y 88 a function of
Y
donor concentration
o
10 Nb.for n-type
silicon.
Tk . X . .

]
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However, for high barriers and reverse bias, the internal electric

field may exceed 106 volt m-'1 and the mobility is no longer constant7?

Conversely, for low barriers and forward bias the internal field may

be below 105 volt m-l where the product fp fq gtarts to decreasels.

This will increase the value of 5v but a more important effect will

be the reduction in JS through the influence of the term fp fq in Vo

on the numerator of equation (A410).
|

Formulation of Theoretical Predictions for Comparison with

Experiment
Although equations (A8) and (A9) represent the predictions of

thermionic diffusion theory, these analytical expressions are not
convenient for comparison of experiment and theory. There are two

~ approaches which can be used to reformulate the predictions embodied
in equations (A8) and (A9). The first is to recognise that the
'saturation current! Js is a voltage dependent parameter which can

easily be evaluated from experimental values of current and voltage,

L
5[ (%)- |

The second approach is based upon the use of the parameter n or

tI; (experimental) =

'‘diode ideality factor' and it will be shown that the usefulness of
this parameter is limited when it is varying rapidly as a function

of voltage =~ in other words,in the region of greatest interest,

Saturation Current Variation

The theoretical value of the saturation current is given by
equation (All) which was derived assuming that the barrier height VB
was constants If image force ldwering of the barrier is small

( AVB < k'I‘/q) then its effect can be included by rewriting

equation (All) as

Js = Jcr]cmiNcho exp "‘\,(V'B"AVB) eeeee(A12)
|+ Dz kT
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Treating fp fq ag constant Crowell and Beguwala ' calculated

1’5 - _{__ as & function of /B and presented their results"‘

T "*jagv graphically. The present work has included the

effects of image force lowering and presented below are the predicted

values of T3 = exp — q (A% 4-0) =AY, (V)] (I+ D, >—|
T, (V=0) kT S

as a function of /B with N a8 a parameter. Jp. (V=) is the

' value of the saturation current density obtained from the thermionic

'emission model including image force lowering, but neglecting

diffusion effects.

o8} N, 33x 10" w3
| 07} (§,=0.63)
§ 0.6}
(Vo) 0.4
T , e ND 5% 10 m™3
| o3} (s,=01)
[« %Y
o\ b
o 1 2 3 4 5 ¢ 71 & 1

Pigure 53 Predicted deorease in saturation current, due to
diffusion and image force effects, as a function of band bending’;B.
These predicted values of saturation current were obtained using a
numerical integration method to evaluate the Dawson function (see

Appendix C).
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'n value' Variation

Although the diode n value is usually defined by 1 = kT d In (J),
n q 4av

this definition is only useful for forward voltages V ) kTVq.
24

Following Crowell and Beguwala ' a more useful definition of n, which

is valid for forward and reverse bias, is

L=k d s J veses(AL3)
noo g dV |- e (CW) ) |
where the n value is a function of voltage. Integrating equation (A13)
v 1V
J’ o dV = Ln{ J
J OTRT BRI AN

hence % W )
COTW) = TN e U WO T
\ -—ex?( ‘W/kT)

where J(Vo) is the saturation current density at some initial

[l ~ exr< 1/—[‘) ..(A14)

voltage Vo. Congider the case when n is a slowly varylng funotion of
voltage such that, throughout the range of integration, it can be

treated as constant n = n (V_). Then (Al4) reduces to

J(V) = j(\/ exp 1'/ (\/" )[ - IJ exf(‘\/yk_‘_)_l

n(V.)
exr(%v%ta-— eeees(Al5)
but _ig:jbéz___. = t]; (\L) from equation (A10),

exp(Wir) -

Choosing V_ = O, (A15) becomes
T =7, (0) fo{l\L | = exp gl
AnkT kT
Awhich corresponds to the usual formulation in terms of n value
(Equation (7), Chapter 2) when V 'Eg . However, it must be
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remembered that this expression for the current-voltage relationship
cannot be used when n is changing rapidly as a function of applied

voltage.

To calculate the n value, we combine equations (A8) and (A10)

[e*\’ (W) - l]

_J = I ( I ll?ﬂ>~,e‘F(%%kT>
| _QX\)<—‘\'\7KT) ’

d T l=db@-& 4_(2)+
N U=ep() (5,+D) 2V LS,

in the fom
-\

T = Tn <\+D<P'é)>
v

Thus

9,
i

Neglecting image force lowering effects, the first term on the right

is gero and 4f = -q/kT so that

T4 Wl T 1 (=28 D)1
%N {\ )} 2 N

Lo ) T D)
Hence )
05 %

1= S+ 09 veees(A16)

n §, + D(g*)

and using this relation the n value can be calculated as a function
of band bending ﬁ .

Image force lowering can be included by considering the variation

in Jny, the thermionic emission saturation current,

T = AT e [—MVB—AVB)J
kT
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! .
where A\ = A{C\IBN:D (VB"V;:"' kT/‘L——V>}/4

o kT4 W(T) = 44V

————

9 dv dV

AW ,_ [ Npmw/s] K3
4(\/3‘\/:“@1_ V) AF BTEL

'I?he expression for the n value, equation (A16), becomes

|
n Sv t+ D(ﬁ!&)

=, eoees(ALT)
A

"% 3 4 -%
: % %
gv+o5ﬁ _ |lj"[, N'D LT/B

The Figure overleaf shows the value of (n - 1), calculated using
expression (A17), as a function Of/Bo Also shown are the
individual values. of the two terms in expression (Al?), for

21 m-3.

ND- 10
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DERIVATION Or AN EXPRESSION FOR DTIODE AC RESTISTANCH

F

Diode Hodel
The Figure5 shows the partition of the diode model. Im and Vm
represent ths externally measured currani and voltage, while V represents
the part of this voltage that appsarz across the 'ideal'! diode. 'The

series resistance is split into two components because RS’ the

resistance of the quasi-neutral epitaxial region, is sensitive to

)

representing the

S~

changes in voltqge and temperature, whersas RL’
resistance of the subsitrate, back conitact and external leads, is not.
The resistance of the alloyed back contact is almost negligible. An
71

upper limit on its value can be calculated by treating the back contact
as a gold silicon junction wheré the dominant current traﬁsport
mechanism is tunnelling, since the donor concentration is greater
than 3 x'lO24 m_3. The calculated value of junction resistance
is 0.25 . ,

The current—voltage relation of the 'idsal' diode is represented
by the equation

I= 55 A" Tep[ 1 (%-AV)|[ exp(aY) -
e kT <‘<T | ceeeo(B1)

i“"':D/SV

which is derived from equation (All) of the Thermionic-Diffusion
model given in Appendix A.
For small temperature variations, the series resistance RS can

be writtenﬁ?

o=

A

Ry (v, T) = Rq (v, TA) ( )2'5
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assuming electron mobility is the main temperature dependent factor
contributing to the variation of RS, for the donor concentrations used in
this work. The variation in RS due to changes in the depletion

reglon widthycan be expressed as

(xgpy = A (V))
(xgpp = A(0))

as in equation(é6). These two expressions can be combined as

By (v, 1) = R (0, D)

(egpy = A(V) )
(3gpy = A(0) )

eeees(B2)

p \2+5
Ry (V, T) = Ry (0, T)) (*)
Th

By inspection of the diodé model shown in the Figure

Vm“V*Im(Rs*RL)

For small changes
Av. = AV 4+ I ARy + (R, + R)A T

AR Ay AT -t Ay

dav av

and ZSRS =

Hence /\V,, AV + I dRy AV + (R5+RL)

AL, AL dv. A,
~|
Rpc = 4Vm = (ﬂi‘) L +IdRs ) + (Rg+R)
41, \4v 4V

eeses(B3)
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I*n is 3 function of voltage and tenverature so
1

4Tm _ .| o 3L 4T

———
i

TV WL DT‘VAVv vosee(B4)

where a—,\; is written as a total derivative because the ambient

temperature is considered constant and tha only changes in T are

caused directly by the increased powar dissipation when V is
increased.
Derivation of B_:.[.'_'l

3V 1+

Differentiating equation (Bl) logarithmically

| N TV AN
Iim%%/r:;% 1 (1, K°5T) = ”) l_;_%(x/ﬁ./.\vﬁ)Jr [ r{ﬂﬁ) @

and considering each term in turn. ' T (B 5)
2
2 en(££K4ST) ,
dV [ "will be neglected at this stage as

fp fq is a very slowly varying function of, voltage.

2 (1D ) = 1 D(ph)= (\—zp’y’D(/S"*))(j_
2V oy S, tD v ({v""D) 275'/2 kT>

_ 9 _E/,D~‘o.5ﬁ"/’~
\(T\:D N gv | ceess(B6)

If image force lowering is the major contrivution to AVB

then : :
—_ j’- E— (VB"A\/B) = j/_ ?_A_\é = 1 _—A\/‘B :
kT aV KT 3V KT |4,V k/W{/_\/)
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Substituting (B6), (B7), and (B8) back iaso (35)

A
a3V

____11-,“{—(})—0,5/8‘/’) ___é\_/é | }
—ee o (B9)

P T LO8) 4R ()

Derivation of 5Lvr\

2T |y

Differentiating equation (Bl) logaritimically,

LT T

p) | * _ “+ —- A~ | Vi_ |
Lk ) en(%/-\sT) ‘en(: ) %r(\/s AV3)+ C“[e*f %.—) IJ}

_25EASSTT L (1-28%0Y) g

GERST 4D 2
| -
+ 4 V-AV3)+(~}_\£ [\-—ex 11/.}
) \(Tz( B sz) F( K'T)

Moy _In )2+ M)ﬁyz+ 9, (Vo) T .+ (B10)
5, + D kT (- (¥8)

By substitution of numerical values it is found that the second term

is negligible ( ~~0.1). For V > 3kT the last term becomes (-(}_Y ) .
q kT
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Derivation of :
av
at 47T dP ( 4T
T = e = I+ ¥V 'm A .
av aP av ew m —_— ) vhere ew is the

dav

0]

value of thermal resistance appropriiais to changes in dissipated
power at a frequency w. (See Appendix D). Substituting the above

expressions back into (B4).

{2 + (L :a A\fa*v) [GW(IM+V£&\):I

Jy

41, _ Im

dV >V

+1,.8, 2+ % (%-ag-V)| (BH>

3L, | Ivaw{2+ (VAY, V)Pf 2L,
kT T T | T

4V T ) 9\/

In the limit of very low power dissipation in the diode, the second

terms on each side of equation (B11) can b= neglec’ced and dIm = ’b;m
av \ T

The second term on the left-—hand side ‘;o:f:' equation (Bll) becomas

significant when I.VO. [:2 + 9 (\]B- A\/B—V) ~ lO_3
T kT |

- ; 72
Taking 64KH= = 10°C watt L as a typical value, the critical power
% .
level is Ime ~ 3 mW which corresvonds ’r;o’f["l ~ 10 mA. The
second term on the right-—-handl side of equation (Bll) becomes

significant when equal to 1073 (qu ) which is the approximate

k7
value of Q1T
—0
AV | T
Approximatelys

1.

(20) ~ 16741
| kKT

I, ~ 10~ 300 _ (OwmA

P

5.0 20.10
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Derivation of 4R,
ZELrNa Lot 0L <

av

Ry is a funotion of voltage and tempsrature so that

oV

T

[= W

V

.5 .
~Rs(0m) (f dn — R,(0T3) <~r > 2¢q

____”_\ 0.000(B12)

(xgp =A(o dV o 2(x,~A)\ T, T
) (oo A@) \ T, [N (%)
._B_Bf = 25 'RS(O)TA) (‘XEP'-—}\‘(V)} I_
(:CEPl A ko)) TA
As before AT = Q (Im + VdI ), hence
37 S
av
2.5 \
dRs = Rs(OTh) _l_(:r_ _zed |k
IV (G- n@) |2\ T W (VY- 3 -)
V5 g
+2.5(xm“7\(\/))1 e, jl + Vdl

Substituting typical values into the above expression shows that the

gsecond term on the right is n=gligible in comparison with the first

term for currents below 10 mA.

Diode AC Resistance

Substitution of the above expressions back into (B3) vields

the result ;
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Rpe = Rs(\/fr) + Ry -+ EI ~(D—O'5JB—/2)._ _ﬁ‘_\_/_@_‘z_.r___ +
1I. | (D + %) (Ve -V)

- {
l | InRs(0T) 2E€s. L ....(B13)

- o () ? a0 310 )

which is valid for diode currents below 10 mA., Above this level of
current, the terms which have been neglected in equa%ions (Bll) and

(Bl?) would bhe expected to become increasingly significant.

Using the expression for the n value given in Appendix A
equation (A17),
— ] = _(p-05F - A%

1
" (>~ 4 ) 4 (Ve KTz V)

then equation (BL3) reduces to

RN_—;‘ R(VT) sR o+ _nkT *3x0.5R,(0T) Se, 1%

By
L N TR )

where IS is the saturation current ,

I, = I
‘)
exp (VL) —
V)
METAL  DEPLETION  GQUAS|-NEUTRAL N+ 7 ALLoYED
REGION EPITAVAL REGION SUBSTRATE COoNTACT

/\_____A
T v
In N
: ] Rs RL

Figure 55 Partition of diode model into three componentss :ideal'

diode, epitaxial layer resistance, substrate and back
contact reasistance.
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APPENDIX C

COMPUTER DIODE SIMULATION PROGRAM

Descripyion

The progfam is baéed on the thermionic-diffusion model of Crowell
and Sze]15 butialso includes image force lowering, diode self-heating
and variationiof undepleted epitaxial layer width causing changes in
the serijes reéistance. A brief description of its operation is given
below, |

The inpuf to‘the program consists of experimentally measured
values of diode current, voltage and AC resistance,which are to be
qompared with the model predictions calculated from the values of
the model parameters. These are as follows (where the Fortran coding

is given in brackets) s barrier height V. (VBO), ambient temperature

B

Ty (TA), series resistance components Ry, and R (RL and REPI),

S
saturation current Iy at V = O (180), impurity concentration Ny (1),

epitaxial layer thickness xp.. (EPI), velocity ratio &. (DELTAV),

\

thermal resistance 65 (TRDC), and in addition various constants

DC
such as ési (BPSI) and q (Q).

The program takes the first experimental current and voltage
readings, and estimates the diode voltage using the value of series
resistance from the model. Thig first estimate of diode voltage is
then used to calculate the band bending, image force lowering,
depletion layer width A and the thermionic-diffusion theory
saturatipn current. ¥From this last parameter, a second estimate of
the diodp voltage is made, which is compared with the previous
estimate, and if these are within 10"5 volt the program then prints

out the ealculated parameters including diode temperature. If the

second egtimate of voltage is not within lO"5 volt, the calculation
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sequence iterates until two successive values are within this range.
In practice the values converge very rapidl& to a self consistent
answer. The sequence is then repeated for the subsequent expsrimental
current readings.

Por each current reading, the computer output liste the experimental
and predicted values of voltage and AC resistance. For convenience in
‘checking closeness of fit between the model and the experimental date,
the program also calculate and lists the mean difference, root mean

square difference and 7¢2.

Program Listing and Output

(see following‘bages).

146



]
FORTRAN

001
002
003
004
005
006

* 007
010 =

0ll
ol12
013
0l4
015
¢cle .
017
G20
021
022
023
024

032
033
034
035"
036
037
040
041
042
043
044
045
046
047
050
051
052
053
054
055
056
057
060
061
062

063
064

065
006

200 50URCE LISTING ANV DIAGNOSTICH PRUGRAM: NONAMF

91
92

DIMENSTON XTI (14) vXV(14) 9 XG(14) i
DIMENSION INP(20)

RLAL ITH

REAL NC

EAL IMy 1S, 1504ND

DATA X1/ell9al9sle lvl.8270lo957'3.215'4o4“070305910.0013060
1 17421919493,22,65424,7/

DATA XG/4e5671649979244575932411933,16440438444464950,03452,64
1 54043155031 455.614554719550675/

DATA XV/4708+6108212106906T0s150e01840492120027209323093694 44554
1 5034455344589¢/

NDATA=14

EB=0

C'—'-Zo 1"E"2

V5020451

TA=294444

R50=1543

RS0=144e7

REPI=14427 )

QL:lno I

RS0=REPL+RL ) .

150=2,334E=5

EP1=15.E=6

ND=1,£21

NC=2.8E25

READ(2191) INP o ‘ :
FORMAT (20A3) ; ;
FORMAT (1X+20A3) .
ARITE(3,92) INP .

VF=ALOG(NC/ND) #,8613E=4*TA - |

TR=10/TA '

DELTAV=0,35

EPSI=11, %8, 36E=12

2=1.602E-19

FR=2,XEPST/ (ND*Q)

FB=VBO=VF

TRAC=11,5 e

TRDC=260, : ‘ o
ACC=,0001 : |
BB=FB-0.8613E~4%TA

DF [=SURT (BB)

DF1=CxSIRT(DFI)

Fl==1,161E4% (VBO-DFI) ' \

Fu=S0RT (FRABB) ’

3:Bb/(0,B613E~4xTA) \

Xz=SURT (H)

D=S1MPS (0o o Xs 00035 ¢1) XEXP (=B) |

ARSTARZISO/ (TAXTAXEXP (F1/TA) ) # (14 +D/DELTAV)

352RS0 <
T=TA o

[ TH= ISO*(l.*D/DLLTAV)

ARITE(3,93) VB0 RS04 IS0 ITHsLPToND4VF4TAy DELTAY

G3 FJKMAT(/SH VBO=,E10,445H RSO=4E10,4,45H 15034E10444/5H 1TH= WF10440

94

1 58 EPI=3E1044+y5H ND=4E1O0444/15H FERMI VOLTAoE-.Elo.a.oH TAMIZ,
2 C10.498H DELTAV=,E1064//7) ‘
ARITE(3,94)

FORMAT (1Xs43H CURRENT VOLTAGE IMPEDANCE  V=JUNCTIONY

1 29H T-AMBIENT R-SERIES BETA #13Xs22H 15(CeB) IMAGE FORCF
2//7)

GtAR=0

VBAR:On



a7 Vet =6;

0Tl SUNSRRN,
ul HuMdsl,
073 DD 90 131 4NDATA
014 XG(I) 1000, /7XG(1) ‘
07% IFAXG(1)=100,)30932432
o6 30 D=0.31
07117 G0T033
100 32 0=0,20
101 33 XG([)=XG(1)=D
102 XV (IY=XV(I)%,001
103 XI¢1) =X (1) %,001
104 yMzXxV (1)
105 IM=x1 (D)
106 VayM=IM#RS
107 2 TF=0,8613C-4%T
110 ’ TT=1%xTR
111 " BB=FR=V-TF
112 B3=BL/TF
113 IF(BY17417,419
114 17 ARITE(3,18)8
115 18 FORMAT(26H NEGATIVE BAND BENDING OF 4E10e4s7H (KT/Q))
116 ESB=1
117 3p=0,
120 3=0.,
121 NDATA=1-1
122 507095
123 19 CONTINUE
124 DF 1=SQRT (BB) : .
125 DFX=C*SuRT(DFI)
126 l--l 161E4% {VBO=-DF 1)
127 S2RL+REPIX(EP = SORT(FR*dB))*TT*TT*SQRT(TT)/(EPI-FW)
130 X= SuPT(B)
131 - E=,0035/0
132 IF(E=ACC)20420421
133 20 E=ACC
134 21 D=5IMPS{040WXsEsN) KEXP (=B)
135 1S=AASTARKT* THEXP(FI/T) /{14+D/DELTAV)
136 V0=V
137 V=TFXALOG(1,+IM/IS) ‘ |
140 VM=V [MXRS .
141 T=TA+ TROCK IMxVM !
142 RESZRG+ {1 e+ IMKD«SKREPIRSORTAFRY¥TT /BRI R TI#TT/(EPI=FW) )/
1 CIMZTFX (1a/ (Le=EXP(=V/TF) ) =e 25%DF 1 /BB=(D=a5/X) 7 (D+DELTAV)))
143 ' TF(ABSIVO=V)=1sE=5)343+2
144 3 CONTINUE
145 DL=XG (1) =RES
146 Dy=Xv (1) =V
147 obi\”"ud/\hl)(,
150 SAREVBAR+DV
151 5UWSu=SuMSu+DG%DG
152 SUM2 = SUM2+DV XDV
163 GCHI=GCHI +DGRDG/RES
154 VCHI=VCHI +DV*DV/VM !
155 WRITE(344) IMyXV 1) 9XGL]1) 9 VMIRESsV T.Rs.u.D,IS.DFl.Dv.DG -
156 4 FORMAT(/3(1X+EL0e4) /2(11Xs9(1XsEL044)/))
157 XV (1) =DV |
160 . XG([)=0G
161 90 CONTINUE .
1627, 95 CONTINUE !
163 F=NDATA , .
164 . GuAR=GBAR/F L . . T
16% VoAREVEBARZE f :
166 2Lz OBARKSURTY ((Fale) 75UMSU)
167 ZVEVEARRSGRT ((Falg) /S5UM2 )
170 SUMSU=SWRT (SUMSU/F)
171 SUMZ=SURT(SUM2/F)
S 172 ARITE (3,100) VBAR s GBAR y SUM2 4 SUMSQ4VCHI 4 GCHI,
1 XV (D) o XG(1) )y 12] 4NDATA)
173 100 FORMAT (771311 DIFFERENCES:/95H MEAN,6X, 2(1x.E10 4) /5H RM5 46X,
1 2(1X,E10.,4)/76H CHISO . 5Xe2(1X4EL10,4) /714111 %Xy2(1X4ELD44)/))
174 NDASNDAT A=,
175 ARITE(3,60)NDA
176 60 FORMAT(1X,13, 20H DEGREES OF FREEDOM4/)
177 IF(EEB)Y 802,802,800
200 800 WRITE(3,801)
201 801 FORMAT(50H SEE HENISCH $7,5+P203
202 802 CONTINUE
203" STOP
204 RETURN
205 "END

i e . G e e
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FORTRAN

001
00¢
003
004

FORTRAN

001
002
003
004
005
006
007
010
o1l
012
013
014
015
016
017
020
0zl
022
023
024
025
026,
027
030
031
032
033

200 SOQURCE LISTING AND DIAGNOSTICS

FUNCTION F(X)
FaEXP(XnX)
RETURN

END

200. SOURCE LISTING AND DIAGNOSTICY

FUNCTION SIMPS(XLeXUsEZPSWN)
NMAX=127

N=0

FANDL=F (XL) +F (XU)

oLD=0,0

DX=XU=XL

51MP5=0,0

EVENS=0,0

J005=0.0

98 1=DX%0e¢5

X=XL+H

ALD=SIMPS
20D5=0DDS+EVFNS
EVENS=0,0
EVENS=EVENS+F (X).
X=X+DX

N=M+1
TF(X=XU)14242

2 OX=H

SIMPS=(FANDL+4+*EVENS+24%0DDS) #H/3,
TF(SIMPS) 44344

3 IF(ABS(OLD-SIMPS)=EPS) 545499

4 IF(ABS(1,~0LD/SIMPS)-EPS)545499
99 IF (H~NMAX)984545

5 ERR=ABS(OLD~-SIMPS)

RETURN
END

P———— . B TR
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D7AS!

VBO= .c100
ITH= ,3533
FERMI VOLT

CURRENT

«1.00E.03
«1900E-C3
+1100E-02
«1827E-02
«1357E-02
.3215E—6;
«4440E-02

+7305E-02

- 1000E~01

E+0D RSO= .1527E+02 150=
£-04 EPI= ,1500E~04 ND=

AGE= ,2597E-CO TAMB= ,2944E+03 DELTAv=

«2334E-04
«1000E+22

VOLTAGE IMpeEDANCE  v=-JUNCTION

+4780E-C1
»4760E-01
«2047E-03

+6180E-01
+5150E-01
«3022E-03

+1218E+00
«1210E400
+755CE-03

«1470E400
.1463E.,00
. «7353E-03

«1510E+00
+1502E400
«8054E-03
J1844E+00
«1837E+Q0
«695CE-03

+2120E+00
+2120E400
-+ 5600E-053

«2720E+00
«2712E400
«7727E-03

.3230E+00
<2228E+400
«1950E-03

«2178E+03
«2170E+03
« 7950E+00

«1427E+403
»1422E+403
«5186E+00

W4038E+02
«4030E+02
«8484E-01

«3083E+02
030805¢02
«3526E-01

«2985E+02
«2983L+02
+»1553L-01
«2445E+402
.2447E*02
-e1699E-01

.2205E+02
«2215E402
~e5552E-01

7.1968E+02
e 1374E+02
~at6673E=01

«13870E«02
+1875£402

-+5027E-01

«4591E-01
«5858E-01
«1041E-00
»1180E-00
.1206E—00

«1339E-00

»1431E-00

L1575E-00

«1665E-00

«3500E+00 .

T-AMBIENT R-SERIES

«2944E 403

e2944E+03

«2945E403

«2945E403

«2945E+03

02946E+403

«2947E+03

«2950E4+03

«2953E+03

»1533E+02

«1534E+02

«1542E402

«1544E402

« 15458402

e 1548E+402

‘8 1551E«02

+«1557E4+02

«1563E+02

BETA

.706OE+01v

«6550E401
«4T65E4.01
.4214Ef01
«4138E401

»3587E+01

e 3<23E+01

«2655F 401

»2297F+01

1S (CeB)
«2065E400 .2152E-04
.2163F+00 .2094E-04
«2675F+00 .1846;-04
.2909F+00 ,1757E-04
22946F+00  1744E-04
«3244F+00 +1648BE-04
+3480F+00 L1584E-04
.3918F+00 ,1489E-04
423BF+00 .1439E-04

IMAGE FORCE

.13925-61
«1367E-01
«1262E-01
»1224£-01
.1218F-01
«1175E£~01
«1144E~01

«1091E-01

+1052E-01



.

+1360E-01

«1721E-01

«1993E-01

«2265E-01

1671

«24T70E-01

DIFFERENCES
MEAN
RMS .
CHISG

13 DEGREES

+3690E+00 ,1806E+02
L3889E400 L1B0TE+02 L1751E-00 +2958E+03

«9210E-04 -,4390E-02

#455CE+00  L1777E+02 : )
453760400 L1770E+02 L1814E-00 .2965E+03

.1343E-02 ,6706E-01

.503CE+00 .i767E+02
T5020E+00 .1754E+02 «1851E=00 <2970E+02
.9740E-03 .1295E+00

.

+5S3CE+00  L1764E+02

.5503FE+00 .1745E+02 .1881E-00 «29TTE+03
$2668E-02 L1940E+00

»1572E+02

«1582E+02

e 1590E+02

« 1599t 0

«1953E£401

«1699F+01

«1550F+01

~3%26F+01

.5890E+400 ,1765E+02
LSBARE.00 L17405402 o1900E-00 +2982E+03
J2179E-02  42469E+00

.8367E-03 L1352E+00
«1122E-C2 ,2725E-00
«4695E-04 .1241E-01

+2047E-03 ,7950E+00

v 1607TE+02

«3022E-03 ,5186E+00— —— - R e

«7550E-03 5484E~01
+7353E-C3  ,3526£-01
.8054E-03 ,1553E-01
+5950E-03 ~,1699E-01
«5600E-05 -,55528~01
2 7727E-03 —-,6573E-01.
«1950E~03 -,5027E-01

292105204 =a4390E=02 . 1o

+1343E-02 ,6706E<01
+9740E-02 ,1295E+00
W 2668E~02 L1940E+00
«2179E~02 L.2469E+00

OF FREEDCM,

«4574E+00  o1411E-04 v.lOllE—Ol
J4B26F+00  L1417E-04 L9767E-~02
«4971F+00 -14395-04 +9549E-02
+5086E+00 J1476E-04 .9358E8-02
N .:51;;;04 «9230£-02

«1347F+01  .5154F+00




APPENDIX D

THERMAL ANALYSIS

=1

Figure 56

Figurq 56 shows a thermal equivalent circuit for the diode,
deveioped from the model of Strickland73. The power dissipation P(Watts)
is anialogous to éurrent in an electrical network, thermal resistance
e (OC‘ waft-1) is analogous to electrical resistance, thermal capacitance
K (joule oC'-") is analogous to electrical capacitance, and temperature T(°C)
Toa (t) is the temperature difference between
\

" the metal sgmiconductor barrier and the ambient, which is a function of

is analogous to voltage,

time, TA represents the c;)nstant ambient temperature.

The number of en Kn pairs used in the model depends upon the
accuracy of representation required. Many previoué treatments74’ &
have associated the © 0 and anith parts of the physical structure of
the device. (eg, 61 the spreading resistance through the silicon from
the active region to the substrate, 62 the .silicon substrate to metal
header bond resistance, 93 the header to ambient resistance), A more
general treatment is to use the experimental measurements to determine

152



the number and value of components needed ,
The sum Z@h = em_ where 8__ is the total thermal resistance
n DC

which can be determined by measuring T., under a steédy pover dissipation

DA

P, 630 = 2%@ o The other components can pe determined from the
‘temperature decay of the diode after an instantaneous removal of the
power dissipation at a time designated as zero, The experimental cooling
curve (plot of 1n TDA‘against t) should approach a straight line (see
Figure 32 Chapter 5 for an experimental result) which will represent the
contribution of the network with the largest time constent T, = O, K,
‘The differencejbetween the cooling curve and the straight line will
represent the éontribution of networks with shorter time constants., The
difference can be plotted again on a logarithmic scale against time and
the plot should approach a straight line representing the contribution

of the nqtwork with the second largest time constant, This procedure

can be cqntinuéd until a straight‘line plot is obtained which continues
down to time zero, or,until the temperature differences are of the same
order as the experimental error,

. Oncq the thermal network has been established, then the thermal
response of the system canbe predicted for sinusoidal or step changes in
the power dissipation. In general, the magnitude of the effective
thermal impedance Eiw appropriate to a sinusoidally varying component of

power dissipation P,, at a frequency w, will be less than 6%0' At a

W
frequency of 4 kHz the appropriate valugzbf E%v is expected to be of the

i

order of 10°C watt™ which corresponds to the physical model of thermal

spreading resistance through the silicon E%j= Eﬁr which is calculated
" for D = 260 jm (diode diameter) and s = 1,45 vatt

en' % (thermal conductivity of silicon4°).

to be 1300 watt
The experimentally
determined values of GDC are of the order of 200°C watt ' (see Section

5e1.4 (c) Chapter 5),



ADDENDUM

Limitations of the theory due to hot electron effects.

In the thermionic—-diffusion theory developed in Appendix A,
the electron temperature T@ was agsumed equal to the lattice temperature
TO » However , when the electrons move under the influence of an
electric field, they gain energy so that theit effective temperature
is increasedegl One result is that electron mobility yn is no longer
constant, but becomes a function of field through its dependence on
Te and this is known as the hot electron effect.

In the case where the hot electron effect is neglected, the
current density Jn is given by

_J:\-:c'/r\/th -+ CLZDv\zL:‘C

and Dn’andlph are connected by the FHinstein relation Dn =“§$}1n. In a
metal semiconductor barrvier, despite the large built~in : electric
fields, when Jn = O/Pn and Dn must have their equilibrium values
because the electron tempersture must be everywhere equal to the
lattice temperature. However when a current flows, the electron

temperature Te may change from TO and}ll1 and Dn are then functions

of Te, Under these conditions, the current density is given by

'j; = WV\}JKCTE) E -+ 1I£L <V\:D;(T;>>

dx
The electron temperature ig evaluated hy considering the equation

of conservation of energy for elsctrons

JE = nB(Te) + 4.5 (Te)

. dx

where nB(Te) is the rate at which electrons lose energy to the lattice
by electron phonon collisions and S(Te) ig the flux of energy in the

pogltive x direction.

Calculation of Z
] A2

Tn the discussion of results (Chapter 6) experimental values of



/8 =_i,(VB‘%f‘V”gjjj are quoted. The value of VB uged in this
KT Y
expression was taken from the appropriate I-V characteristics (i5 mV error)

VF wag caloulated as kI log Nc where the donor concentration.ND was

found from the C-V ND measurements. V was taken as Vm_ImRFS

and hence was dependent upon the value of RFS which wag obtained from
the AC Resgistance measurements. The possible error in)fg arising from
error in VB and, VF was of the order of 0.4 (i 10 mV) independent

of current , whereas the ervor duve %o error would increase at high

P
+ .
currents. However, even at 10 mA an error of ~ 2.5 in RFS would
AU

+ . . .

only cause an error of - 1.0 anB »Thus the maximum error 1n./?was of
) +

the order of -~ 1.4 .

There is some doubt as to whether the —kT/q term arising from
congideration of the effect of the reserve region should be included
in the expression forjﬁ o Although the reserve vregion reduces the
effective surface electric field, }8 arises from the potential change

through the bharrvier, and so will not be affected in the same way.

This would contribute an additional uncertainty inp/94 1.0 »

)

Physical significance of)/gsijj

Tor applied voltases such thatJ5,>Oﬁ there is still a depletion
region in the semiconductor which limits the current flow in addition
to the effect of the series resistance of the tulk semiconductor. When
the applied wvoltage is such that)5==09 then the depletion region has
been removed, and the thermionic-emission theory suggests that there
is no barrier to current flow other than the bulk semicondnctor and
the current density should be n5/4 where n is the electron density
in the condnction bhand, and v is the average thermal velocity of the
electrons in the semiconductor.

The experimental results suggedt that this current dengity has

not been reached at the flat bhand condition =0, presumably because
4 )



(i) the diffusion mechanism hag reduced n at the surface,and

(ii) electron 'cooling' effects have reduced v below its value in

the bulk semiconductor. Hence the 'bottleneck' to current flow has
not been completely removed aﬁ/g=C>9 and. for additional increases in
current flow, a component of the applisd voliage appears across the
barrier in addition to the flat hand voltage. Negative values of./6
indicate the sizme of this additional component in units of kT/q.

It is not suggested that the additional voltage is in any way due

to the creation of a negative space chdge region near the barrier.
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Reprinted from Institute of Physics Conference Series No. 22, Metal

Semiconductor Contacts, UM.T.5.T. Manchester, April 1974,
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