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SUMMARY 

This thesis is concerned principally with the 

fabrication of surface oriented PIN diodes for 

integration into microwave circuits using the relatively 

cheap and simple alloying process. The use of alloying 

rather than diffusion techniques for forming the p and 

n regions means that the high resistivity of the silicon 

is maintained during processing and the silicon can 

subsequently be used as the dielectric for microstrip 

connections. The advantages of the monolithic approach 

to microwave integration are discussed briefly in the 

introductory chapter. 

An approximate theory for the V-I characteristics 

of the surface oriented diode is derived analytically in 

Chapter 2 and predicts substantial current crowding 

effects at the contacts in the vicinity of the gap 

region. The diode current is further shown to be a 

function of the contact width alone for contact lengths 

greater than approximately three diffusion lengths. 

Chapters 3 and 4 are essentially review chapters on 

PIN applications and the suitability of high resistivity 

silicon as a microstrip dielectric. 	The various 

controlling factors for the alloying process are 

discussed in some detail in Chapter 5, followed by a 

brief description of the technological problems 

associated with the physical realisation of the surface 

oriented diode. 



The experimental results are detailed in Chapter 6 

and are shown to be in general agreement with the 

theory. 

Finally, the concluding remarks and recommendations 

for future work are presented in Chapter 7. 
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CHAPTER 1 

INTRODUCTION 

Early microwave technology utilised an entirely 

waveguide or coaxial transn!ssion line approach with the 

vacuumevices as the active components. 	The only use 

of solid state was embodied in point contact microwave 

mixer diodes. Circuit design was largly empirical 

since as yet no digital computers existed to cre with 

the formidable analytical calculations. Circuit 

assembly in waveguides consisted of a variety of 

'plumbing' operations and tuning  was usually 

accomplished by a liberal use of screws inserted through 

the waveguide wail. 	Severe limitations on design were 

imposed by the impracticability of constructing elements 

that were small enough, with respect to the wavelength 

Co he regarded entirely as lumped circuit elements at 

microwave frequencies. 

This situation has been :cevoiutionIsed in the past 

decade or so by the progress made in solid state physics 

and the evolution of microelectronics as a new branch of 

science and technology. 	The transistor became a 

microwave device in the late 1950s, The old point 

contact mixer and detector devices have evolved into the 

current low noise Schottky-barrier devices. Diodes 

have been designed and fabricated to upconvert and 

downconvert, switch, limit and amplify. Microwave 

power has also been generated using Gunn, avalanche and 
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baratt diodes. 

Techniques for transmission, filtering and 

passive processing of microwave signals have undergone 

changes as radical as those in active devices. A 

number of important lines of development include non 

reciprocal circuits with transmission through ferrite 

materials, the use of transmission modes in stripline 

techniques and the development of technology for 

achieving essentially lumped constant circuits 

Strip transmission line circuits in shielded, 

balanced or in open microstrip form have been known for 

a long tiiie but a number of developments had to be made 

before effective applications could be adopted. 	The 

electromagnetic field, patterns for which simple closed 

form solu ions were not available had to be analysed and 

translated into mode equations suitable for circuit 

analysis. 	Dielectric substrates with low losses and 

reproducible perruiftivity and dielectric constani had to 

be c1evelopd 	But the main impediment to the adoption 

of stripy Inc techniques was the incompatibilIty of the 

essentially planar transmission lines with the 

available coaxial semiconductor detectors or vacuum 

devices. 	The development of solid state devices (such 

as varactors, avalanche diodes, tunnel diodes, PIN diodes 

and Gunn devices, especially) with encapsulation 

suitable for stripline mounting has enormously changed 

the design application potential of microwave integrated. 

circuits. 

The most popular type of strip transmission line in 
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use today in microwave integrated circuits is the open 

microstripline. 	It was described in engineering 

literature as far back as the early 1950's but its real 

popularity only dates back to H. A. Wheelers publication 

(1965) of his ThM approximation which reduced microstrip 

design to TM theory. Since then it has received the 

widest attention and its properties established using a 

variety of analytical as well as experimental techniques. 

Its use in microwave integrated circuits offers the 

advantage of a much reduced size and weight compared to 

circuits made up from lengths of waveguido or coaxial 

line. 	The use of microstriplines also reduces the 

number of mechanical connections required in the circuit 

thereby improving reliability. 	On the other hand, the 

losses in icrostrips are greater than those of 

x,n,:,vcguides, and coaxial lines 	Since microstrips are- 

not 

re

net used primarily for transmission from point to point 

but rather for the processing of signals being 

transmitted, these higher losEes can easily be tolerated. 

In general, it is possible to use the ra:icrostrip to 

produce microwave circuits that have good and 

reproducible characteristics, are small and also, 

provided they are produced in sufficiently large 

quantities relatively inexpensive 

Microwave integration in practice is normally 

achieved using one of the two basic constructional 

approaches hybrid and monolithic. 	In the hybrid 

approach an insulator is used as the substrate, e.g. 

high purity alumina or sapphire. Strip conductors 
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are then deposited to form the appropriate circuits, 

leaving series gapsor holes to the substrate for shunt 

connection into which separately mounted semiconductor 

devices or passive elements can be mounted. 	Short 

transmission line interconnections on the substrate, if 

designed to be larger than a few percent of the 

wavelength, can be used as distributed inductors. 

In the monolithic approach, on the other hand, high 

resistivity semiconductor material is used as the 

substrate into which junction devices are formed by 

planar techniques, subsequent interconnection being 

effected by deposited metallic conductors which are also 

employed as transmission line circuit elcrents. 	The 

same restrictions on the lengths of interconnecting 

transmission line sections apply as for the hybrid cases 

A comparison between the two approaches is at once 

possible. 

The hybrid structure offers greater versatility. 

Only good devices need be selected for bonding into the 

circuit and those that become defective can often he 

readily replaced. 	The size of nany,  passive microwave 

elements, such as filters and chokes depends on the 

operating wavelength. The present size limitations on 

good high quality semiconductors make the hybrid 

structure a necessity at lower frequencies because large 

structures are needed to cope with the long wavelengths. 

In comparison the monolithic approach offers the 

advantage that devices can be fabricated in place and 

produced by batch processing techniques which tend to 
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increase overall reproducibility and reliability in the 

circuit. 	The semiconductor substrate provides the best 

heat transfer medium since the devices are actually a 

part of the medium. Circuit dimensions can also he 

held to a more exact tolerance in the monolithic 

approach since the same set of photographic masks can 

be used to control the position of both the active 

devices and the rest of the circuit. 

The two semiconductor materials that have been 

employed most widely to date in the fabrication of 

microwave devices and functions are silicon and gallium 

arsenide. Most work has however been done with silicon 

since it is the most uniform semiconductor dielectric 

currently available and whose surface may be polished to 

any desired degree. The problems encountered in 

preparing monolithic microwave circuits on silicon using 

the standard high temperature diffusion techniques ares  

however, rather severe. 	Satisfactory operation 

requires not only the successful integration of the 

device into the circuit, but also a fully optimised 

circuit performance. This requires that the bulk 

resistivity of the silicon substrate be greater than 

about 1000 S cm after all high temperature processing 

has been carried out, and that the final surface 

condition be still suitable for the deposition of the 

accompanying thin film circuitry. High resistivity 

silicon unfortunately undergoes resistivity changes 

during high temperature processing. 	With p type 

silicon, the resistivity increases in the initial phases 
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of the cycle but further exposure results in a 

conversion to n type with an ultimate resistivity of 

1 to 10 2 cm, 	The resistivity of high resistivity 

n type silicon on the other hand simply decreases with 

high temperature processing. 	Satisfactory circuit 

performance after substrate exposure to the normal 

processing temperatures of between 950C and 1150  

will therefore be difficult to achieve. 

One obvious solution to the problem seems to lie in 

the use of the relatively lower temperature alloying 

procedures in place of the high temperature diffusion 

techniques. 	Successful application in this case would 

result not only in improved circuit performance but also 

much reduced capital resources due to the reduced cost 

of matexials, and since a single furnace would be all 

that would be required for the temperature cycling. 

The present study has been directed towards the 

application of this alternative technique to the 

fabrication of surface orientecL, microwave integrated 

circuit FIN switching diodes 	No similar study has 

been repozted in the literature. The surface oriented 

configuration was selected for study since it offers 

several advantages over the commonly used shunt oriented 

structures 	The width of the intrinsic region for 

instances  can be accurately controlled using modern 

photolithographic techniques to enable better control 

over the diode geometry. The coplanar contacts allow 

all contacting to be done simultaneously on one side of 

the material (an obvious advantage for mass production) 
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and also fit naturally into integrated circuit 

microstrip applications. 

A more stringent control over the alloying 

conditions will however be necessary for this device. 

Lateral spreading of the alloy across the silicon 

surface, surface strain and surface contamination will 

all have a correspondingly greater effect on the diode 

characteristics 	Alloying conditions have therefore 

been rigorously investigated and an optimum routine 

established 

An approximate theory for the surface oriented 

diode is derived in Chapter 2 and is shown to exhibit a 

reasonable correspondence with experiment. The wide 

spread use of PIN switching diodes is discussed in 

Chapter 3. 	Chapter 4 is a revic7 of the inicrostrip 

transmission lflCe 	Design curves have been derived to 

enable accurate calculations of the line parameters on a 

silicon dielectric. 	The alloying process is discussed 

in some detail in Chapter 5 followed by a description, of 

the expeiimental procedures adopted and the results 

achieved (Chapter 6). 	Briefly, both the physical as 

well as the electrical properties of the fabricated 

diodes have been evaluated, the former by an angle lap 

and stain technique and the latter through d.c., pulse 

and r.f, measurements. 	Finally, the concluding remarks 

and recommendations are presented in Chapter 7. 
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CHAPTER 2 

THEORY 

2.1 INTRODUCTION 

Like other semiconductor diodes and transistors, 

the PIN diode owes its name to its construction. 

Basically, it consists of a volume of heavily doped 

P+ material separated from a similar volume of 

material by a medium of intrinsic semiconductor. 	The 

physical arrangement of the three regions for the 

surface oriented PIN diode is shown in Figure 2.1, 	The 

base region in practical diodes consists of a weakly 

doped P - type or N - type semiconductor with its 

resistivity in the region of 10(O..23O0 cm as opposed 

to the truly intrinsic resistivity of about 250 k cm 

Practical diodes are therefore frequently referred to as 

P flN (P type base) or PLN (N type b.se) diodes, 

depending on the nature of th doping impurity in the 

intrinsic' region. 

The electrical behaviour of the surface-oriented 

PIN diode (SOD) is similar to that of the more commonly 

encountered parallel piae PIN diode shown schematically 

in Figure 2,2, 	It exhibits a low resistance in the 

forward biased state because of the heavily doped P  and 

contacts and the conductivity modulation of the 

lightly doped region, and a high breakdown voltage in 

the reverse biased state. 	The theoretical analysis of 
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the structure is however considerably more involved due 

to the essentially three dimensional nature of the 

current flow within the device. 

An analytical treatment of the surface oriented PIN 

diode is presented in the following sections based on 

various simplifying assumptions. 	A discussion of the 

assumptions is also provided where appropriate. 

2.2  FORJAPD CHARACTER I STICS 

In treating the forward characteristics of a PIN 

diode a distinction is normally made between three 

current ranges 

The range of low forward current characterised 

by low level injection into the middle 

region i.e., when the injected carrier 

concentration (n) is less than the 

equilibrium concentration in the middle 

region (n0 ) 

n < no  

The range of medium and high forward currents 

where a high level carrier injection is 

found in the lightly doped middle region, 

whereas there is still low level carrier 

injection in the heavily doped contact 

regions, i.e. 

n > n 0 

The current in this case is dominated by the 
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recombination of electrons and holes in the 

intrinsic region since there is still 

neglig±ble minority injection into the end 

regions. 

3) The range of even higher current densities 

where low level injection no longer holds 

for the heavily doped end regions. 

No such distinction can he made for the surface 

oriented PIN diode which, because of the current 

crowding effects in the contacts, is likely to 

sustain all three current ranges concurrently at a 

single biasing voltage. 	Any rigorous analysis of the 

device therefore needs to take into consideration the 

three dimensional spatial variation of the injected 

current and carriers (Figure 2,3) not only in the 

intrinsic region but also within the heavily doped 

contact regions. 	This can only be done accurately on 

a computer using involved and time consuming numerical 

procedures as can be appreciated from the study of the 

somewhat similar problem of the current flow in a 

diffused resistor reported in the literature('-). 	A new 

analytical approach has therefore been developed for 

the present study which incorporates various 

approximations to predict the carrier distribution and 

the forward current for the surface oriented device. 
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2.2,1 CARRIER DISTRIBUTION IN THE SOD 

2.2.1.1. ASSUI11"TIONS AND BOUNDARY CONDITIONS 

In the unidimensional theory of the FIN diode the 

junction voltage and thus the injected carrier 

concentration are considered to be constant across the 

whole of the junction area. 	This is also permissible 

in the case of weak injection for the SOD. 	But in the 

case of strong injection, the lateral voltage drop in 

the diode associated with the current flow in the device 

will influence the potential distribution to such an 

extent that an assumption of a value of the junction 

voltage which is independent of position can no longer 

be considered valid. 	On the contrary, the effects of 

the voltage drop in the lateral direction can be of 

decisive importance for the properties of the device. 

It is 	2 ) from the study of junction 

transistors that the voltage drop in the lateral 

direction will continuously reduce the voltage drop 

across the junction with increasing distance from the 

gap region. 	The injectedcarrier concentration will 

thus suffer a similar variation. 	Consequently, the 

current density will be a maximum along the inside edges 

of the surface contacts and will decrease on moving away 

from the gap region. 	To a large extent therefore, the 

situation in the adjacent border regions of the diode 

will be decisive for the properties of the device. 

The following assumptions are made to facilitate 

the analysis of the surface oriented diode 
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When the junctions are forward biased, although 

space-char(e layers at the junctions will 

obviously vary with the current, the layers 

are sufficiently thin compared with the 

three regions of the device to allow the 

thickness of the space charge layers to be 

n e g 1. cc1; ed, 

All donors and acceptors of each region are 

ionised. 	The carriers, in steady state, 

are in thermodynamic equilibrium and their 

concentrations can be related to the quasi-

Fermi levels by the Boltzmann relationships. 

It is assumed that the impurity concentration 

in each region is uniform and that each 

junction is abrupt (justified for alloyed 

junctions). 	Further, the following 

relationships exist between the carrier 

concentrations in the three regions in 

thermal equilibrium 

p4' 	n'>> no  

where p = equilibrium carrier concentration 

in the F region 

= equilibrium carrier concentration 

in the N region 

n0  = equilibrium carrier concentration 

in the middle region under 

zero bias. 

High level injection with unity injection 
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efficiency is assumed in the middle region 

and consequently 

n>>n 

where n = concentration of injected carriers 

in the middle region 

This is seen to be justified in view of the 

lightly doped 1000 S cm silicon to be 

utilised in practice (Figure 2.4) 

Concurrent with the above is the condition 

of quasi neutrality in the middle region 

i .e. 

n (x,y,) 	p (x,y,z)>> n0  

when Poissons equation reduces to 

V 2 = 0 

The contact resistance beteen the 

metailisations and the alloyed regions is 

assumed to be negligible since the carrier 

metal forms an alloyed ohmic contact to the 

regrowth region at the time when the 

junction is formed. 

For ease of analysis, we assume a two 

dimensional variation of the injected 

carrier density i.e. n (x,z), neglecting the 

dependence on y. 	This is justified for 

very thin junctions since then the lateral 

tyt contribution to the total current will 

be small compared to the vertical tZt 

contribution. 	The theoretical value of the 
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forward current thus obtained is therefore 

expected to be lower than the measured 

practical values, especially under small 

bias conditions. 

7) Finally, we consider only shallow junctions 

with 

d.<< w or 1 
3 

where d 	depth of the alloyed junction 

w = thickness of the semiconductor 

1 = width of the metallised contacts. 

The mathematical structure to be analysed is shown 

schematically in Figure 2.5, 	Two main boundary 

conditions are needed to uniquely define the problem. 

They must nccessarily relate the ctirrent density in the 

diode to the value (or derivatives) of the carrier 

concentrations at the P + and If'"  edges of the bulk 

region. The boundary relationships can be found by 

assum:ng continuity of electron and hole currents across 

the space charge layers of the P nd N+  junctions. 

Consider a narrow region in front of the heavily 

doped N+  region at z = 0. Under forward bias the 

carrier concentration here will be increased relative to 

the equilibrium concentration n0  by the coefficient 

- 	exponential (qU/kT) to give 

n (x,0) = n0  exp (qU(x)/kT) 	(1) 

valid for all values of x between x = d and x = d + 1 

where UN(x) = the voltage drop across the N+  junction 

and the rest of the symbols have their usual meaning. 
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Due to the high conductivity of the heavily doped 

N+ region, an equipot ential distribution may be assumed 

along the high doping side of the junction. 	The 

lateral variation of the junction voltage can thus only 

be formed by an equal lateral variation of the voltage 

on the low doping side of the junction. 	The carriers 

therefore arrange themselves laterally in accordance 

with a Boltzmann distribution. 

Differentiating (1) with respect to x yields for 

d - x 	d+l 

ci qU(x) dUr.(x) 
dx ' kToexp  kT dx 

qU(x) 
= - 	n0exp( 	f---) E(x,O) 	 (2) 

where E(x,O) is the lateral component of the field 

strength immediately in front of the junction 

(ci 	x fE ci + 1). 

At the N+  junction therefore the electron current 

density in the x direction now reduces to 

J 	= 	 + qD 	n(xO) 

= qn(x,O) E (x 0) + q(- 	 1L jn(x,0)E(x,0)) 1T 
n  qn 

S 	 (3) 

where we have used (2) and the Einstein relationship 

= (kT/q)p where D and 	are the diffusion 

coefficient and mobility of electrons in the middle 

region. 	The electronic diffusion current density is 

thus entirely compensated by the electronic field 

current density under the N contact. 
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The hole current density however, under the 

assumption of quasi-neutrality in the lightly doped 

region, will once again he composed of equal field and 

diffusion components in the x direction but these will 

now add to give 

= -2t.LkT-( x,O) 	 (4) 

where 	is the mobility of holes in the middle region. 

When the doping in the end contacts is sufficiently 

heavy - as for the case under consideration - the 

minority injection into the heavily doped regions can, 

to a first approximation, be neglected and 

Jpz=o 	 (5) 

Taking this into account and from the two dimensional 

variation assumption, It follows that (4) represents the 

total hole current density in front or the N 
+ contac; at 

z = 0. 	This current can only disappear by 

recombination in the lightly doped region. 	If we 

assume a linear recombination law for the injected 

carriers, then under steady state conditions 

-. q(p(x90) - po) 	 (6 
divJ = 

p 	 T 

where T is the injected carrier life-time assumed to he 

equal for both types of carriers and independent of the 

density of injected carriers. 

From the above assumptions, it follows that at z = 0 
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= 0 and 	= 0 
8 	 öz 

and (6) reduces to 

dlv J(xO) = - 	 (7) 

A differential equation can now be obtained for the 

injected carriers in the middle region. 

Fr(- 'I (2), (4), (7) and the condition of quasi- 

neutrality i.e0 n(x,O) 	p(x,O) >> p0, n it follows 

that 

or 

1 2 	pq 

= 1 	 (8) 

p 

where 

= 	 (9) 

is the diffusion length for holes under strong 

injection. 	Similarly for the other electrode with 

being replaced by L, the diffuson length for 

electrons. 

2.2.102 CARRIER CONCENTRATION UNDER ELECTRODES 

(4) According to Hall")  and Choo 	, the carrier 

distribution in the middle region under high level 

injection is given by the ambipolar diffusion equation 
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V 2n = 	 (10) 

under the assumption of quasi-neutrality and constant 

mobilities and lifetimes for the carriers in the middle 

region. 	(see APPENDIX C for a more generalised form of 

this differential equation) 	L here is the ambipolar 

diffusion length defined as 

L 	)_!i1?. 	T 	 (11) 
j n p 'IJ +i q 

The diffusion lengths for holes and electrons are 

there-fore 

rL + 
L = 	------ L- and L = 	 L 	(12) 
P 	j 	Pfl 	 -J 	? 

respectively. 

If for the purpose of analysis we assume a solution 

by separation of variables for (10)9  then a possible 

solution to the differential equation from (12) is 

= -fn ( x z) 	 (13) 
2 ox 	L 

coI7 
and 

1 	
e 1-  I ON. 

2 	
= ---n(x,z) 	 (14) 

Oz 	L 
1'1 

These have been solved in Appendix A to finally yield an 

eression for the two dimensional carrier distribution 

within the silicon for d - x E d + 1 and z 	0 as 

- 	d-x 	z 
n(x,z) = n(d,O)exp(---) e---p(- r-) 	(15) 

	

p 	 n 

where from (1) 
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n(d,O) = n0exp(4U (d)) 	 (16) kf n 

Similarly for -d-1 	x 	-d and z 0 with L and 

replaced by L and L respectively and 

p(-d,0) = 1Dezp(-4U (-d)) 	 (17) 0  ki. p 

From (16) and (17), it follows by multiplication that 

n(d,O)p(-d,O) = n0p0eqy(U 1(d) + U(_d)) 	(18) 

Under high level conditions, the concentration of 

carriers in the slightly doped region under both 

electrodes is the same if the carriers are assumed to 

have equal mobilities and if d << L. Otherwise, the 

carrier concentrations are distributed asymmetrically, 

being greater near the electrode injecting the carriers 

with the smaller mobility 	Also since the product 

of the carrier concentrations is given by 

n  =n 2 
i 00 (19) 

(18) can he rewritten to give 

n(cl,O) = n.ecp-1-(U (d) + U(_d)) 	(20) 
1 2kT n 

and under the prevailing assumptions 

n(x,z) = 	 (21) 

and lal 	 d + 11 	and 2U(d) is the sum of the 

junction voltages at x = ± d and z = 0. 

22.1.3 CARRIER DISTRIBUTION UNDER THE GAP 

The carrier distribution under the gap region i.e. 
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for -d 	x :!:-~ d, z ~ 0 is derived from the equations 

of current continuity within the gap and in analogy with 

the parallel electrodes PIN diode may be described by a 

partial differential equation as in (10). 	A solution 

by separation of variables once again yields (APPENDIX B) 

n(x) = Acosh x/L + Bsinh x/L 

and 

n(z) = Cexp(z/L) + Dexp(-z/L) 

Applying the boundary conditions of 

n(x) = n(d,O) for x = Idi and z = 0 

and 

n(z) -~- 0 for large z 

yields 

n('z) = nex 
-
l('r 	cosh
zU(d) cosh x/L _d7r exp(-z/L) 	(22) 

for -.d ::E~ x 	d and z ~> 0 

2.2.2 DIODE CURRENT 

The total diode current consists of the carriers 

injected at the contacts. 	If we assume negligible 

minority injection into the heavily doped regions, then 

the diode current consists of a pure hole current at the 

contact and a pure electron current at the N contact. 

Therefore at, say, the N+ contact the electron current 

will have equal drift and diffusion components in the 

z direction and is equal to 

Jn = 

= 2kTp i(2LI 	 (23) 
n dz 
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The total diode current consists of J integrated over 

the junction area and can be written as 

= 21 kTt 
fd + 1 (.LLi) dx 

z0 

d+ 1 
= 21kT1i fd 	 d-% 

= 21kTtLn1exPjtJ(d)(exP(- ) - 1) 
	

(24) 

1 here is the width of the contacts 

2.2.3 DISCUSSION 

Figure 2.6 illustrates the distribution of the 

excess carrier concentration under t1ie representative 

regions in the semiconductor. 	The electric current 

results from diffusion and the drift of carriers 

produced by the applied vo3tace 	Figure 2,6 therefore 

in conjunction with the zero current field plot for a 

similar structure on an insul'.tor, Plate 2.1, provides 

important qualitative information regarding the current 

distribution in the structure. 	For instance, the 

excess carrier concentration is seen to drop to a tenth 

of its value at the edge of the contact within two and a 

half diffusion lengths along the contact and also within 

the semiconductor, whereas the electric field is reduced 

to a tenth of its edge value within 25 microns of the 
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* 
edge 	The current in the structure is therefore 

likely to be concentrated within a very short distance 

from the edge of the contact and a shallow region 

within the semiconductor. 

Furthermore, an important conclusion in conjunction 

with (24) above :is that little advantage is gained, by 

increasing the length of the contact beyond about three 

diffusion lengths. 	In fact, the only dimension 

significantly influencing the current is the contact 

width. 

This corresponds with the results of the two 

dimensional mathematical analysis of a diffused resistor 

reported by Kennedy and Murley 	. They have 

calculated the current distribution under a contact and 

inside the diffused layer nelectthg xnc:?tal resistivity 

and transition resistance between the metal and 

semiconductor, but taking into account the conductivity 

profie of the diffusion and its electrical properties 

zccording to their calculations, the current is 

concentrated within a small distance from the edge of 

the contact 	This distance is approximately the same 

as the effective thickness for current conduction in the 

diffused ).ayer, the latter being of the order of a 

diffusion length for the impurity distribution. 

Further, the field density is shown to exhibit a 

* Compare the results of the numerical calculations 

of Wassertrom and McKenna 6 ), and Lewis 	for 
the potential due to a charged metallic plate on a 
current free semiconductor, 



variation of approximately two orders of magnitude 

within a distance of two and a half diffusion lengths 

from the ohmic contact edge. 

A corresponding study on an infinitesimally thin 

diffused layer by Murrmann and Wideinann 8 ) and a thin 

film resistor by overmeyer 	have once again revealed 

similar current crowding effects at the contact edqes 

under the assumptions of both finite and infinite 

conductivity within the contacts. 

2.2.4 VALIDITY OF ASSUMPTIONS 

The following major assumptions have been used in 

the derivation of the V-I characteristics of the alloyed. 

surface oriented PIN diode 

two dimensional variation of carrier and current 

flow within the device 

negligible minority injection into the heavily 

doped end regions 

constant mobility and lifetime for the injected 

carriers, independent of the magnitude of 

the injected concentrations 

zero contact resistance 

The range of validity of these assumptions is discussed 

briefly below. 	Correction terms have been derived 

where possible to suitably modify the V-I expressions 

derived in the previous section. 
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2.2,4.1 TJ0 DIMENSIONAL VARIATION 

The two dimensional variation assumption used in 

the above derivation specifically neglects the 

lateral 'y' spreading of the injected carriers and 

associated particle current. 	This is justified for the 

case of a thin alloyed region for which any such 

contribution will be negligibly small. 	The field 

distribution in this CASe will, however, be like that 

in a quadrant of a spherical shell and therefore a 

solution of the differential equation (10) by separation 

of variables can at best be expected to be a first 

order approximation. 

For deep junctions where the junction depth is of 

the same order as the electrode separation, injection 

into the thin region between the electrodes will be the 

major contributor to the diode current and the device 

can be expected to behave essentially as an 'parallel 

plates PIN diode. 

For lunction depths between the above two 

extremes, the component of the current due to lateral 

injection cannot be neglected and any theory of the 

device characteristics would of necessity involve a 

three-dimensional distribution of both injected 

particles and currents. 

2.2.4.2 MINORITY INJECTION 

According to the above assumptions, the treatment 
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of the PIN diode carried out here is only valid so long 

as the current contribution of the lightly doped region 

is high compared with the currents due to injection into 

the heavily doped regions. 	If we assume that the 

diffusion lengths in the heavily doped regions are of 

the same order of magnitude as the diffusion, length in 

the middle region, then for minority injection to have 

any significant effect on the total diode current there 

would need to be high level injection into the end 

regions toc 	In practice, the diffusion length in the 

heavily doped regions is drastically reduced by the 

method of fabrication. Gudmundsen and Maserjian 4  

for instance, have found diffusion lengths of 

4 x 10 to 1.2 x 10 cm in the i region formed by 

alloying with aluminium and a diffusion lergth of no 

more than 1,2 x 1O cm has been cited' 	for a 

N region produced by alloying with antimony-gold. 

The minority diffusion currents are therefore 1±kc1y 

to be significant at injection levels under 

consideration. 

The diffusion currents of the minority carriers at 

the boundary between the lightly doped and the heavily 

doped reJ±ois are given by 

ci 
n 	co - D 

= q : + 
£ L P 	L 

1-i 	 n 

d 
j 	q 	cot1i(-) 
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where d d are the depths of the P and the N regions 

D, D 4. and L, L are the minority diffusion 

constants and diffusion lengths respectively 

in the P and N+  regions 

n 	n(x,0) 2/p is the electron concentration in 

the P + region at the P1 boundary and 

+ = 13(x,0)2/n+ is the hole concentration in the 
N 

N region at the NI boundary, 

The geometric factor coth results from the 

assumption that at the boundaries between the heavily 

doped regions and the metallic terminals the minority 

carrier concentration is kept at its equilibrium value 

by good recombnatjOn al: the ohm-4.c; contact. 

For an average injected carrier concentration of 

1017/,3  and 	= 1019/ciii3, D  = 1.4 cm /Sec'  

= 4 x 10 cm and a junction depth of 10 cm the 

minority current density works cut at 1.65 1cm2  at eacfl 

border with the middle region. 	The recombination 

current in the middle region for the same injection 
2 level, as predicted by (24), is = 20 A/cm 	It is 

interesting to note that with the assumed injection and 

doping levels there is still low level injection into 

the heavily doped regions. 

CANR I ERS 2,2,4.3 103ILITY AND LIFETIi': r: OF INJECTED 

As originally shown by Fletcher(12) and 

subsequently elaborated by oti ers(1.31415) mobilities 
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are strongly effected by carrier-carier scattering at 

high current levels. 	Interaction between the coulomb 

fields of electrons and holes as they drift in 

opposite directions leads to a progressive reduction 

in their conductivity mobilities as the injected carrier 

density increases above about 1016  /Cm 3. 	consequently 

an increase in the forward drop of the device may he 

expected at such injected levels 	In the absence of 

any pertinent experimental data an estimate of the 

effect can be obtained with the use of an 

effective diffusion coefficient as derived by Fletcher 

1 	 31 
D 	= 3 i-i •'  2 12 
rip 

/2 
2 	4 

1i LI 	 5 / 
K q (-!!.—.P-) 	(hi')

F11  
/2 

n p. 

2 	 2 1  
X (10(3(1+16 K fl 	q 	k I ) 

where m and m 
p 
 are the effective masses of electrons 

11  

and holes respectively, and K is the dielectric 

const'nt for silicon. 	For m = O,81 in , n = 12 m 

	

U 	 0 p 	 0 

(.-a 	the rest mass of an electron in free space) and 

K 	122  the above expression reduces toOM 

13 	
2 / -1 

= 173 x 10 	I /2( ln(:L+8,28 x io8 i'2  n 	
3)) 

Howard and Johnson 15)  on the other hand obtain an 

expression for D as rip 

	

TT 
m i-rn 	/P-

,,' V2 

	

Dnp = 12 11 K 2(.( ar) 	(!) 
m la 

-.1 
22 m m 

x (n ln ( 
2 	 Iii +M

hn 	np 
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where h is Planck's constant. 

In both cases, the effective diffusion coefficient 

is given by 

1 	1 
1)P 	D np 

where D is the low level diffusion coefficient, 	The 

effective mobility variation with injected carrier 

concentrations, based on Fletchers(12)  theory is shown 

in Figure 2.7. 	A reduction in carrier mobilities at 

injected carrier concentrations greater than about 

16 	3 i 10 /cm s clearly exhibited, 	i'WO further analytical 

expressions for the mobility, 	often cited in the 

literature are that by Davies  (13) 

Ip 3K2fl/2 
fl  

- 	U/22/2nq3 n p 

cm2/V see 
h q n 	Ii 

11 p 

and by Koko sa (14) 

(1.1 x 10"_ J7 	2 
P-np 

	

	 14 = 	 cm A sec 
n ln((2.9 x 10 )T /11) 

where he uses m n 	0 
= 1,1 m and m = 0,59 In 0 

The effective mobility is once again given by 

where 	is the corresponding low field mobility. 

The diode current as given by (24) is plotted in 

Figure 28 with (trace a) and without (trace b) the 

effects of carrier-carrier scatterio 	A ruoJ.ed 
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flattening in the VI characteristics at high current 

levels is at once apparent 	Practical diodes will 

therefore exhibit a similar deviation from the ideal 

diode characteristics. 	The computer routine used for 

calculating the diode current with injection dependent 

mobilities is shown in APPENDIX D, 

The assumption of constant lifetime under high 

level injection conditions has also been questioned by 

several authors. 	According to Schiangenotto and 

Gerlach 	it is possible to define an effective 

lifetime for the device which takes into consideration 

the recombination currents in the heavily doped regions. 

For a synimetrical device this can he expressed as 

TB 
T eff 

where 	H = 112- (h 	h ) with 
11 

h 	= i/p 	(D / i (P)) defines the P region 
p 11 

1/n 	(D/ T I 
)(N)) defines tne N region 

low level carrier lifetime in the bulk region 

mean carrier concentration in the bulk region 

length of the current path 

The effective lifetime will therefore always be less 

than -T 
h 

2.2,4.4 CONTACT RESISTANCE 

The alloyed contacts can frequently contribute 

significantly to the total resistance of the diode 

chiefly through either the current crowding mechanism 
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or as a. result of the metallurgical processes involved 

in the formation of the contacts. 	The former has been 

treated exhaustively by Kennedy and Nuriey 1 ), and 

others 6 , while the latter is normally associated with 

the presence of a high resistance interface layer 

between the contact metal and the semiconductor, and 

char actorised by a specific contact resistance 

V ( voltage across layer) 

PC 	j (= current density there) 

The basic mechanisms which cause interface resistance 

and which dictate its magnitude are described 

qualitatively as follows. 

Differences in the work functions of the contact 

metal and semiconductor, and surface states may lead to 

a epietion layer at the surface. 	Electric cu:rent can 

surmount this by thermionic emission or by tunneling. 

For both mechanisms a voltage drop is required to obtain 

a ne:. current. 	A thin layer of foreign matter, if 

present, also requires a voltage drop to obtain a 

tunneling current. 	The absence of sufficiently 

accurate data on the voltage-current density functions 

of such metal semiconductor interfaces 	makes it 

difficult to obtain a theoretical estimate of this 

effect. 	However, the above defining expression 

predicts an ohmic behaviour of the interface leading to 

a more or less non-linear characteristic for the 

interface resistance. 	This will normally be reflected 

in the current-voltage characteristics of the device as 

an increase in the series resistance at high current 
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levels. 

2.3 QUALITATIVE DESCRIPTION OF THE PIN DIODE IN 

ITS TRANSIENT STATE 

On switching the PIN diode from its forward to 

reverse state, two mechanisms act simultaneously to 

reduce the carrier concentrations in the middle region 

to their final stationary values: 

the sweeping out of carriers by a reverse 

Current 

the recombination of carriers. 

If switchinq is effected simply by the removal of 

the forward bias then there is no sweeping out effect 

and the carriers decay by recombination only. 	The 

switching time in this case will simply be a function of 

the hulk lifetime 	If instead, a reverse bias is 

employed then (1) above will predominates  especially in 

the narrow regions of the diode, with the recombination 

assuming greater significance in the bulk region. 	The 

total time in this case will consist of the time 

required to reduce the injected border concentrations to 

zero plus that required to sweep out the excess carriers 

from the bulk region and will necessarily depend on the 

applied reverse bias and the external series resistance. 

The process can be described qualitatively as follows. 

Immediately after switching, the middle region can 

still be considered to be in a state of neutrality and 

in the case of high injection still 
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n(s,t) 	P(S,t) 

where n(s,t) and p(s,t) are both functions of position 

and time. 	Also, the boundary conditions of negligible 

injection in the heavily doped regions still apply. 

But now, the current density equals the reverse current. 

As the reverse current flows, the border concentrations 

progressively derce until at time t = t1  (see 

Figure 2.9(a)) the neutraUlty condition no longer holds. 

Then in the entire structure holes flow to the left and 

the electrons to the right. 

At the left border of the middle region, holes are 

supplied from the middle of the middle region to combine 

with the excess electrons there: 	the electron 

concentration therefore begins to disappear and since 

there is negligible minority injection of electrons from 

the heavily doped 
P  region, a residual hole 

concentration develops in this region. 	This is shown 

in Figure 2.9(b) . 	Further, since no large 

concentration gradient exists in this region, the 

current is transported by a field directed from right to 

left. 	This field is built up by the diffused space - 
charge of the holes solely left over acting with the 

thin layer of uncombined acceptors at the border with 

the heavily doped P region. 

By analogy, on the right hand side, there is a 

removal of holes and a concentration of residual 

electrons representing a diffuse negative space charge. 

The holes flowing off to the left and the electrons 
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to the right must be supplied by the stored charge in 

the centre region. 	Hence this charge decreases and 

eventually disappears completely, 	During this 

transient period, dp/dt and dn/dt are finite and can he 

assumed to be concentrated at the boundaries between the 

still swamped zone of the middle region and the 

developing space charge zones as shown in Figure 2,10(a) 

Figure 2.10(h) shows the respective shares of the 

carrier currents during the sweeping out process. 	The 

two current components come about in the following 

manner. 	There is a region in the middle of the middle 

region where the concentration gradient disappears. 

Here, the carrier currents flow as pure field currents 

and, if we assume that quasi-neutrality still holds in 

the swamped zones, they will have the same ratios as 

their mobilities, 	Therefore 

± 	= - 	 hole curent 
P 	! 11 

II 
I 	---1  = electron current 

np r 

here is the total reverse current. 	In the space 

charge region, however, most of the current is carried 

by one type of carrier. 

2.3.1 DOPED MIDDLE REGION 

Consider a PThN diode. 

On the left hand side, it is no longer necessary 

for the holes themselves to build up the reqt:bod space 
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charge since they are more and more supported by the 

positive donors from the swept out electrons 	Thus the 

hole concentration can decrease faster than it would 

without doping. On the right hand side however, the 

required negative charge can be achieved only if the 

electron concentration stays above the doping 

concentration 	The electrons here thus approach their 

equilibrium density and a neutral swept out zone 

originates here as opposed to the diffused Space-charge,  

zone at the pm boundary. 	The opposite is true for a 

F +FN dioce. 

24 RiWEISE CHJCTEiI3TICS 

The FIN diode in its reverse biased state can 

effectively be dc:scribed by the substrate resistance in 

parallel with the capacitance of the two metallised 

junctions. 	For the fully depleted diode, this 

capacitance can be regarded as consisting of the parallel 

combination of the capacitance between the two metal 

contacts and that between the heavily doped regions 

within the semiconductor. 

For negligibly,  thin junctions, the effective value 

of this reverse bias capacitance can be approximated by 

the capacitance of the metal contacts acting through the 

semiconductor. 	This is most readily done by 

mathematically transforming the physical coplanar 

structure into a parallel plate configuration as shown 

in Figure 2.11 and below. 
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The contact strips in the z plane, Figure 2.11(a), 

are first mapped into the upper half of the 	plane, 

Figure 2.11(b), by the transformation(18) 

Z  = -- in(( 	- 	+ 	- :jw TT 

where the constants have been chosen so that the origin 

in the z plane is transformed into the origin in the 

plane, and the point z = - jw is transformed into 

infinity in the 	plane. 	The contact region between 

(d,O) and (d+l,O) is transformed into the region ( a 

a + 3 ,O) in the 	plane by the transformation 

rrd. 
CL  = IT  

	

2w 	2w 

This can now be transformed into the desired 

parallel plate configuration by i;he Schwartz, Christoflel 

transformation mapping the upper half of the 	plane 

into the inside of the rectangle shown in Figure 2.11(c) 

by the transforiation 18) 

1 	s a 	TI 

F here is the standard eliptical integral notation. 	The 

desired capacitance can now be obtained as that of two 

parallel plates of cross-sectional area z1y separated by 

a distance 2x1  with a silicon dielectric. 

By the same token, the parallel resistance is given 

by 
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R 
P 	u/2) 

here is the resistivity of the lightly doped region. 

The over-riding assumption in the above calculations 

is that the contribution of the fringing capacitance to 

the total device capacitance is small and can be 

neglected. 	This is obviously true when the contact 

width in the y direction is m'ch areater than the contact 

length 1. 	For the present study, devices are to be 

fabricated where this assumption does not hold, so a. more 

accurate expression for the total diode capacitance is 

required, taking into consideration the three 

dimensional fringing effects between the contact sides. 

This is clone as follows. 

Assume that the structure to he analysed can be 

represented as shown in Figure 2,12 by two parallolpipeci 

sections, one on top of the semiconductor dielectric 

representing the contact metallisation and the other 

within the semiconductor representing the heavily doped 

alloyed regions. 	If we further assume parallel flux- 

lines 

lux

lines between adjacent faces then the total capacitance 

has the following constituent parts: 

Capacitance of two parallel faces, 

Figure 2.13(a) 

C( 1) 	£ Cr ab/2d = c ab/2d 

Capacitance between the two "exposed" 

horizontal faces, Figure 2013(h). 	This 

consists of 
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a) Capacitance of the toroidal region 

terminating on the two surfaces (see 

APPENDIX E. I-) 

1)) Capacitance of the semicircular cylinderical 

region terminating in the two lines YY 

(seE APPENDIX E.2) 

C(2b) 	C b/ri 

Capacitance of the spherical quadrants 

terminating at the corners P-P Figure 2 0 13(c) 

(see APPENDIX E3). 

The mean length of the flux path in this case 

Will he between rid and 2d 	If we 

approdmate this Co 

= 257d 

then 

C(3) = 
(257d.)'' 

Capacitance of the quadrant of the spherical 

shell terminating on XX Figure 213(d) 

(see APPENDIX E,4) 

C(4) 	£ 
U/2) . (d + (d+l)) 

Capacitance between the two end faces, 

Figure 2.13(e), consisting of 

a) The two toroidal regions terminating on the 

end faces 

C(5a) = 2 cTT 
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b) 	Capacitance of the semicircular reqions 

terminating in the two lines Z-7- -Z 

C(5b) C(5b) = 2 a/ 

The total capacitance of the metal contacts, Cajr 

will therefore equal the sum of all these capacitances 

acting in parallel. 	The capacitance of the alloyed 

regions, Ce ., will correspondingly be given by a similar 

expression but with the junction depth replacing the 

height of metallisation and the relative permitivity of 

silicon replacing that of air. 	The total diode 

capacitance now equals 

CT = Cai r  + CS± 

An approximate analytical theory for the surface 

oriented PIN diode has thus been derived and predicts 

substantial current crowding effects at the contacts in 

the vicinity of the gap region. The diode current is 

further shown to be a function of the contact width alone, 

for contact lengths greater than approximately three 

lengths. 

The many and varied uses of the PIN diode and the 

means of interconnection normally used in microwave 

integrated circuitry are described in the following 

sections. The practical viability of the SOD is demon-

strated in Chapter 6, which presents the results of both 

the d.c. and r.f. measurements on the fabricated diodes. 
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C H A P T E R 3 

PRACTICAL DIODE CONFIGURATIONS AND APPLICATIONS 

3,1 DIODE CONFIGURATIONS 

PIN diodes are normally fabricated to give one of 

the two basic configurations. 

The shunt or sandwich configuration in which 

the intrinsic region is sandwiched between 

the heavily doped regions. 	Two approaches 

are possible and are shown in Figure 3,1, 

In Figure 3.1(a), the rectifying contact is 

achieved by selective doping by c3Jffusion or 

alloying whereas in Figure 31(b) the whole 

of the top surface of the silicon is 

diffused o alloyed into and subsequently 

etched into mesas. 	In both cases the high 

-low contact is usually replaced by an ohmic 

contact. 	Such a structure should strictly 

be referred to as a p-i or an n-i diode, 

depending upon. the nature of the doping 

iripurity. 

A series or surface-oriented configuration with 

coplanar contacts separated by a well 

defined gap region which is much more 

amenable to monolithic integration and beam 

lead packaging. 	The fabrication of such 

structures (Figure 3.2) usually necessitates 
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two separate doping sequences and hence is 

correspondingly more involved. 	The 

junctions can he formed, once again, by 

diffusion as well as by alloying but in this 

case, the ultimate performance of the device 

will be critically dependant on the final 

state of the silicon surface. 

A device attempting to combine the advantages of a 

well characterised intrinsic region and coplanar 

contacts is shown in Figure 3,3(2) 	The diffusions in 

this case are carried out into pockets etched in the 

silicon surface and the characteristics of the device 

are essentially those of the intrinsic region 

sandwiched between the two pockets. There will be a 

small variation in the width of this region across the 

junction front due to the uneven nature of the etched 

surfaces within the pocket (chemically etched silicon 

usually has an orange peel finish) which can lead to 

localised break-down in small gap diodes. 

The shunt and series configurations are combined 

much more completely In the planar epitaxial diode of 

Figure 34. 	The low resistivity substrate however makes 

a poor dielectric and would be considered unsuitable for 

monolithic integration. 	Alternativciy, the diode can 

be fabricated in an epitaxial layer grown on a high 

resistivity substrate hut even then, the reverse 

characteristics of the device will be inferior because 

of the relatively low resistivity (typically 10-50 ) of 

the epitxial layer and also because of the increased 
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value of the diode capacitance brought about by the MOS 

capacitance of the anode crossover lead in parallel 

with the junction capacitance. 

In practice, the choice of any particular diode 

configuration is usually dictated by circuit 

requirements and the mode of application. 	The shunt 

diode is obviously much better suited to iouritiug 

across transmission lines whereas the series diode in 

its beam lead or integrated form is better suited to in-

line connections, 

3.2 PIN AS A CIRCUIT ELEMENT 

The PIN diode is widely used as a microwave circuit 

element when it is much better described as a variable 

resistor than a conventional diode since it no longer 

acts as a rectifier to the applied signal. 	The 

impedance of the diode is substantially that of the 

i-region and is normally controlled by a d.c. or a low 

frequency r,f. signal. 	It will be high in the absence 

of positive bias and when the junction is reverse biased 

but will reduce to a low value when the junction is 

.Eorward biased and the i-re ion is flooded with injected 

carriers. 	Thus, providing the period of the applied 

signal is small compared to the effective lifetime of 

the minority charge carriers in the i-region, the diode 

can be biased to present the incoming high frequency 

signal with a constant impedance independent of polarity. 

This high frequency behaviour of the PIN diode may 
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be explained qualitatively as follows. 	When a d.c. 

current flows in the forward direction, the intrinsic 

region is swamped with carriers and these help maintain 

the forward current for the short period when the 

negative peaks of the a.c. voltage exceed the applied 

d.c. bias. 	Conversely, a charge free zone exists in 

the ilayer when the d.c. voltage is in the reverse 

direction, and this inhibits any forward conduction 

during periods when the peaks of the a.c. voltage exceed 

the negative bias, 

For most applications it is the two extreme states 

of the diode which are of interest. 	In its forward 

biased state, the impedance of the diode is determined 

completely by the d.c. biasing current and the lifetime 

of the charge carriers whereas in the reverse biased 

states  the impedance is essentially that due to 

depletion capacitance and is dictated by the width of 

the depletion region and the area of the junction. 	For 

the surface oriented diode, this capacitance further 

depends on the thickness of the contact inetallisation 

and the depth of the junction as shown in Chapter 2. 

This ability to vary the PIN diode impedance 

through one extreme setting to another, makes it a very 

versatile microwave circuit element. 	11hen biased in 

the two extreme states, it makes a highly efficient 

microwave switch capable of switching large powers with 

relatively low losses because of the very small fraction 

of the power which is absorbed in the diode in its low 

resistance state. On varying the degree of forward 
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bias to present the incoming signal with a varying 

impedance, the diode can be made to behave as an 

electronically variable attenuator. 	An appreciable 

fraction of the power may be dissipated in the diode in 

this case. 	Alternatively, the diode can be used in its 

unbiased state with a d,c. return and its impedance 

controlled by the incident r,f, power. 	The diode then 

acts as a limiter and can be used to provide protection 

to consequent circuitry. 

The following sections provide a brief review of 

the various practical applications of the PIN diode. 

A description of the diode equivalent circuit in its 

two switched states is also included for the sake of 

completeness. 

3.3 P:CN DIODE EQUIV!LENTCIRCUIT 

The intrinsic region in a FIN diode which may have 

a volume resistivity between 200 and 2000 2 cm behaves 

as a slightly lossy dielectric at microwave frequencies 

with the heavily doped regions behaving as good 

conductors. 	The approximate r.f, equivalent circuit of 

the PIN diode can therefore be represented as shown in 

Figure 30 5(a), by a diode capacitance C. in series with 

a resistance R. and shunted by a p&ratLe- 

resistance R.C. 	The diode capacitance remains fairly 

constant but the - orJaTct resistance is proportional 

to the diode bias current. 	Parasitic reactances are 

ignored in the above representation and are in fact 
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negligible for the integrated diodes. 

Figure 3.5(b) is a representation of an ideal diode 

in its "off" or reverse biased state when the switch S 

can be considered open and the equivalent circuit 

consequently simplified to a series RC circuit with 

representing the lossy nature of the dielectric. 	The 

microwave capacitance of the depleted diode then is 

essentially determined by the areas of the doped regions 

and the thickness and dielectric constant of the 

intrinsic region. 

Figure 3.5(c) shows the diode in its forward biased 

state when the switch S can be considered closed. 	The 

diode impedance now decreases with increasing biasing 

current until the diode behaves as a. linear resistor. 

The diode current is then limited by the 1 
2  R heating 

effect of the junction. The ultimate value of this 

resistance will obviously be a function of the diode-

configuration 

iode

configuration and is normally less than 2 2 for most 

commercially available PIN diodes, 

3,4 PIN LIMITERS 

The basic function of a limiter diode is to provide 

protection to consequent circuitry by limiting the 

amount of transferred power. 	One of the commonest 

uses of limiters at microwave frequencies is in high 

sensitivity receivers where they are used to provide 

protection against burnout for the mixer and detector 

diodes, and also, to reduce receiver saturation from 
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pulse leak-through. The device needs to be highly 

reflective at high powers for this particular 

application. 	Limiter diodes in certain circuit 

arrangements can also be used to modulate undesirable 

amplitude fluctuations by limiting the signal power to a 

threshold value as for example in phase detection radar 

systems in which reflectivity and range variations can 

cause undesirable amplitude modulation. 

The wide spread use of microwave integrated circuit 

technology to the above applications has created a need 

for compatible low loss limiters. 	The PIN diode can be 

fabricated to exhibit virtually all the properties 

required of a good limiter, 

In the "OFF" state, it is a virtual OCfl 

circuit and therefore highly reflective upon 

the application of high power. 

It has a low absorption loss due to the 

relatively low value of the conductance 

resistance in the "ON" state, 

It can be suitably heat sunk in the monolithic 

as well as hybrid configurations, 

Its low turn-on voltage makes it possible to 

operate it in a self-actuating mode thereby 

avoiding the complexities of programmed 

biasing. 	A d.c. return path is of course 

still necessary for the device to function 

as a limiter. 

The conduction mechanism in the self-biased limiter 

is significantly different from the d.c. biased case. 
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Upon the application of a high power microwave signal 

carrier concentration waves are set up near the 

boundaries of the intrinsic region where a substantial 

portion of the microwave current is now carried by 

diffusion. These waves however get damped out very 

close to the edges of the intrinsic region so that 

throughout the rest of the region, the carrier 

concentrations are constant in time and the high 

frequency current is transm:LtteC by oscillations of the 

carriers about their mean positions. 	This time 

independent carrier distribution determines the 

microwave resistance. 	Owing to carrier recombination, 

a direct current also flows through the diode. 

3.5 LIMITER CONFIGURATIONS 

Various limiter configurations are possible and are 

shown in Figure 3.6. A shunt mounted diode acts as a 

transmission limiter appearing as a small, capacitance 

across the transmission line for the small signal case. 

Under similar circumstances, a series mounted diode 

constitutes a reflection type limiter since it 

effectively terminates in an open circuit transmision 

line. 

The simplest possible diode limiter configuration 

is shown in Figure 3.6(a) where the diode is mounted as 

a shunt element between the two conductors of a 

transmission line. 	Physically, the diode can be 

located in a hole in the transmission line dielectric 
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with the accompanying advantages of easy diode removal 

and simplified heat sinking. 	It has the further 

advantage of not needing any additional elements to 

perform its function. This configuration is well 

suited to hybrid integration and is widely used in 

practice, inspite of the higher cost of dielectric 

substrates that have holes drilled in them. 

Figure 3.6(b) shows a circuit arrangement using two 

shunt diodes and a resistor which constitutes a matched 

limiter. 	The two diodes in this case reduce to a 

matched 50 64 load across the transmission line under 

high power levels to eliminate any reflected signa]... 

A frequently used series limiter configuration is 

shown in Figure 3,6(c) where a circulator is used to 

isolate the incoming and reflected signals. 	The high 

power isolation in this arrangement will he limited by 

the circulator isolation. A further disadvantage is 

the additional receive loss associated with the 

necessity of traversing the circulator twice. 	This 

arrangement is therefore not suitable for high 

isolation, low loss requirements. 

In general any of the arrangements shown in 

Figure 36(b) to (g) may be used in cases requiring 

non-reflecting limiting in both the low and high power 

states. 	Of these the balanced series limiter will once 

again be isolation limited since it is controlled by the 

input hybrid isolation, 	Better isolation will be 

provided by the balanced shunt limiter which uses two  

hybrids or the branched limiters which use quarter 
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wavelength transforming sections, with the final choice 

being decided by the size and receive bandwith 

requirements. 

A wide-hand, low-loss shunt limiter circuit is 

shown in Figure 3.7. 	External reactances are used to 

constitute a filter arrangement with the diode junction 

capacitance and series resistance to meet a given 

bandwith requirement. 	Good reproducibility and an 

accurate knowledge of the diode parameters is thus 

necessary. 	This circuit is particularly attractive 

since it can conceivably be realscd in both hybrid and 

monolithic configurations. 

3.6  PIN SUITCH INC 

The switching properties of the PIN diode result 

from the dependence of the diode impedance on the bias 

state.. 	For the purposes of discussion one may assume 

that as a first approximation, the FIN diode can be 

represented by zero and infinite impedences when 

subjected to forward and reverse biases respectively. 

In one switched state, the on state, the diode must 

withstand hiqh values of r.f. current, whereas in the 

reverse biased or off state it must sustain a 

considerable z,f. voltage. 

Three main circuit configurations are normally 

employed for PIN diode switches, and are characterised 

by 

1) shunt mounted diodes 
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series mounted diodes 

stub mounted diodes 

The shunt diode arrangement of Figure 3.7 

constitutes a highly efficient wide-band single pole, 

single throw (SPST) switch if a d.c. bias is instituted 

to switch the diodes. When the PIN diodes are zero or 

reverse biased they behave as shunt capacitors in the 

filter arrangement and the signal is transmitted with 

minimum attenuation. When the diodes are forward 

biased, the matched filter arrangement is altered 

drastically resulting in a high reflection at the 

diodes, thus providing isolation between the input and 

the output. This arrangement is capable of prdviding 

upto 100 dB isolation and low insertion Loss depending 

upon the number of diodes used. 

A simple single pole double throw (S)IDT) series 

diode switch is shown in Figure 3.8 and consists of two 

series diodes mounted back to back with one common 

biasing terminal • 	This configuration although 

compact, is not usually preferred for hybrid integration 

due to the difficulty in providing adequate heat sinking 

for the diodes and because of the limited isolation that 

can be achieved by the single diode, although it does 

provide for the easy removal of the diodes. 	The same 

configuration is ideally suited to monolithic 

integration and has infact been successfully fabricated 

on a silicon dielectric(21) The diode and biasing 

arrangements for this switch are shown in Figure 3.8(b). 

More popular circuit applications use both the 
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shunt mounted diode and the stub mounted diode in a 

variety of configurations as shown in Figure 3.9. 

Either arrangement is equally well suited to the 

replaceable diode requirement in hybrid switches. 	The 

basic stub configuration is that of a 900  long line-

length (quarter wavelength) impedance transforming 

network, although 1800  (half wavelength) stubs are also 

frequently used. 

Conceptually, the simplest diode arrangement for a 

hybrid SPDT switch is that of Figure 3.9(a) with the two 

shunt mounted diodes. 	The insercion loss between 

either output port is the same due to the symmetry of 

the switch. 	Two separate biasing networks are 

necessary since one of the two diodes has to be on 

continuously for the switch to function at all 	This 

could be a decided disadvantage since power has to be 

consumed continuously in one of the two diodes. 

A variation of this arrangement is shown in 

Figure 3.9(b) and (c). 	The first uses a 180°  stub with 

its attendent flexibility in impedance transformation as 

both Z and Z can be varied. Another advantage is 

that the stub lengths can be adjusted to compensate for 

the diode parasitic inductances under forward bias thus 

optimising the centre frequency isolation. 	The 90°  

stub switch (c), on the other hand, has basically the 

same properties as the simple shunt switch except that 

the functions of the diodes are inverted. 	For power 

to exit arm A it is now necessary to forward bias 
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diode 1 and reverse bias diode 2 instead of the other 

way around as for (a). The main disadvantage of both 

these switches is the increase in size created by the 

stub lengths. 

The advantages of the simple shunt and the stub 

configurations are combined in the non- symmetrical 

switch shown in Figure 3.9(d). 	In this, the power can e  

for instance, be made to exit arm A by reverse biasing 

both the shunt and the stub diodes. A common biasing 

arrangement is thus possible, eliminating the condition 

of continuous power consumption as for the above 

arrangements. The disadvantage of this configuration 

lies in its inability to radiate equal powers out of 

both terminals due to the non- symmetrical diode 

arrangement. 

The circulator switch shown in Figure 3.9(e) ic not 

very commonly used because of its obvious size and loss 

disadvantage, although it does offer larger bandwidths, 

being free of frequency sensitive quarter wavelength 

lines. 

All the above series and shunt configurations 

exhibit either isolation or bandwidth limitations. 	An 

arrangement capable of providing high isolation over 

wide bandwidths is shown in Figure 3.10. 	It consists 

of a series mounted diode followed by a shunt mounted 

diode with the two diodes providing the optimum 

performance requirements at low and high frequencies 

respectively. 	At low frequencies, the switch exhibits 

high isolation due to the low junction capacitance of 
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the series diode. 	As the frequency increases, the 

shunt diode effectively takes over as in Figure 3.7, and 

preserves isolation that would normally degrade due to 

the decreasing reactance of the reverse biased series 

diode. 	A further advantage of this configuration is 

that it can conceivably be integrated into a 

monolithic structure. 	The insertion loss now is that 

due to the series diode and will be higher than that for 

the shunt and stub configurations. 

3,7 PIN DIODES IN PHASE SHIFTERS 

PIN diodes are widely used in phaseshifting 

networks where they are used in the switching mode 

either to vary the terminating impedance of a 

transmission line or to switch between different lengths 

of line to provide either a differential phase shift or 

a differential phase delay for the signals transmitted 

along the lines. 	Figure 3.11 describes the basic 

principles involved in the use of PIN switching diodes 

in phase shifting networks. 

Three possible short-circuiting transmission line 

terminations are shown in Figure 3.12. 	Since both the 

magnitude and the phase of a reflected signal are 

determined by the terrniiating impedance of the line, a 

variation of this impedance provides a means of making 

a variable phase shifter. 	Figure 3.12(a) shows the 

transmission line terminated by a simple diode switch. 

If we assume that the diode impedance varies between 
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zero and infinity between its two switched states, then 

the reflection coefficient of the line will vary 

between -1 and +1 and the phase will change by 1800. 

Practical diodes are never ideal and hence the resulting 

phase shift with this arrangement will always be less 

than 180°. 	Figure 3.12(b) shows a termination in which 

the terminating impedance can be changed through a 

positive to a negative reactance making a phase shift 

other than 0 and 180°  possible. 	By far the most 

commonly used terminatJon arrangement is that shown in 

Figure 3.12(c) where a short circuited line is used 

behind the diode switch to constitute the reactance. 

The phase shift that takes place upon the opening or 

closing of the switch is now determined by the length 

of this line. Any desired phase variation upto 180°  

is thus possible in theory, simply by an appropriate 

choice of line length. A number of such phase shifter 

elements can also be used in .a single system to obtain a 

stepwise phase shift upto 360°. 	If the phase shifters 

are not to be too complicated, the number of phase steps 

should not be too large and the steps themselves 

therefore not too small. 	The smallest phase step used 

in practice is usually 22.50, as in phased array radars 

which use four bit diode phase shifters to give stepwise 

phase shifts of 22.5°, 45°, 90
0  and 1800 . 

Two commonly used reflection type phase shifter 

configurations are shown in Figure 3.13(a). 	Signal 

separation is either by means of a circulator or a 

3 dB hybrid. Of these the circulator arrangement is 
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the more widely used despite the previously mentioned 

disadvantages of size and cost, and the need to mate the 

ferrite and semiconductor technologies. 	The advantage 

of this system obviously lies in the ease with which the 

arrangement can be constituted using commercially 

available components. 	The hybrid arrangement, on the 

other hand, offers processing and cost advantages since 

it can be fabricated in the integrated form but these 

are to a large extent offset by the difficulties 

associated with the need for identical diodes in the two 

arms of the hybrid. 

Figure 3.13(b) shows a simple switched line phase 

delay network employing four PIN diodes, 	The line 

length I needs to be selected carefully to avoid phase 

errors and high or unbalanced insertion losses. 	This 

configuration has the further disadvantage of requiring 

more diodes than the reflection type arrangements. 	It 

is nevertheless quite attractive for low power 

miniaturised phase shifter applications when loss is not 

the major consideration since it can be readily 

fabricated in a monolithic structure. 

3,8 PIN AS A VAiIALE RESISTOR 

The PIN diode can be used as an electronically 

tunable microwave attenuator when its impedance is 

varied continuously between the two extreme limits. 

But any circuit arrangement will now need to be 
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conceived to minimise the phase variation with 

attendant bias and attenuation and to maintain a 

matched impedance at both input and output ports. 	The 

matched impedance requirement could be realised with the 

diodes in a conventional tee (22)or  pi  (23)  section 

arrangement but considerable difficulty is likely to b 

experienced with the zero phase shift requirement. 

It is interesting to note that in theory, it is 

possible to vary the phase shift produced by a single 

diode continuously through 1800  simply by varying the 

d.c. bias on the diode. 	However, in practice, the 

range of operation between the two extreme bias states 

is rather difficult to predict and the concept is 

therefore impracticable. 
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CHAPTER 4 

NICROSTRIPS 

41 INTRODUCTION 

Recent advances in solid-state technology and 

related processing techniques of diffusio:, 

photolithographic pattern delineation, evaporation and 

sputtering have made it possible to produce siail size 

circuits and circuit elements to perform a variety of 

functions ranging virtually across the whole of the 

communication spectrum. There has therefore also been 

a corresponding advance in the intercomiection technology 

in the form of strip transmission lines to keep pace 

with the above developments. 

The development of semiconductor devices that 

operate in the microwave frequency region has naturally 

lead to the extension of this technology to microwave 

integrated circuits, initially, simply to provide the 

necessary interconnection patterns for the hybrid 

mounting of various circuit elements. With an increase 

in the number of microwave functions performed by 

semiconductor devices, it has become highly desirable 

from both the system and the device standpoint to 

fabricate multiple microwave devices on a common 

substrate. 

For a truLy monolithic approach it would of 

course be necessary to fabricate the active devices into 
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the substrate that serves as the dielectric base for the 

transmission line or other circuit connecting links. 

This automatically reduces the choice of substrate 

material to either silicon or galium arsenide. Of 

these silicon is to be normally preferred because of its 

decisive cost advantage over ga]Jium arsenide and the 

multiplicity of circuit functions it can support(24), 

both active as well as passive. 

The transmission line impedances normally 

encountered in practice are dictated both by th need to 

provide transformation and coupling to various integrated 

semiconductor devices and to operate with and provide 

connections to the external circuitry in the form of 

signal generators, wave meters etc. 	These operate 

almost universally with a characteristic impedance of 

50 2 whereas the semiconductor devices require 

impedances both higher and lower than 50 2. The input 

impedance of most transistor and varactor devices is 

below 50 S whereas that of most mixer diodes is above 

50 S. 	Switching and tunnel diodes, on the other hand, 

normally operate with a characteristic impedance of 50 R. 

The inherent ability to control and vary the 

microstripline impedances is therefore a considerable 

In practice, the possible areas of usage for the 

microstripline are usually dictated by the loss 

characteristics. 	Quite high losses, in the region of 

3 to 5dB per cm, are considered acceptable for 

interconnecting adjacent circuit elements(25) 
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Microstrip transmission lines are the primary means used 

to interconnect high speed logic circuits in digital 

computers. 	In the design of other functions like 

filters and couplers, it is the relationship between the 

line length and the operating frequency which is of 

greater significance. The important consideration then 

is the loss per wavelength. 	Even here losses of between 

0.5 and 1.0dB per wavelength(26) have been found to be 

tolerable although certain structures, like band pass 

filters, generally require lower-loss line sections to 

exhibit a low insertion loss. 

In view of the above considerations, an 

understanding of the microstripline structure is 

considered highly desirable for the fabrication of 

microwave integrated circuits. 	An essentially 

qualitative study of the microstrip transmission line 

with particular reference to a silicon dielectric, is 

provided in the following sections. 

4.2 GENERAL BACKGROUND 

A wide variety of strip transmission lines exist, 

each with its own properties. 	Essentially they all 

consist of two parallel conductors and a dielectric 

substrate interposed in one of several ways as shown in 

Figure 4.1. 

Figures 4.1(a) to (e) show the standard 

microstripline and its various configurations. 	The 

inverted (b) and the suspended (c) microstrips are 
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simply special cases of the standard microstrip with the 

ground plane out of contact with the dielectric and 

either facing the strip conductor (h), or the 

dielectric (c). 	In microwave integrated circuits there 

is frequently a need to shunt mount certain solid--state 

devices or materials such as ferrites for circulators and 

isolators and high Q resonators for band pass filters. 

This is facilitated in the above arrangements where the 

devices can be interposed directly between the two 

conductors. 	Devices requiring a d.c. bias can similarly 

be mound between the two conductors. 	Solid-state 

devices with substantial heat dissipation such as ixnpatt, 

gunn and varactor diodes also have to be shunt mounted 

in the microstripline to achieve a small thermal 

resistance to ground. This is normally achieved by 

mounting the device in a hole in the dielectric as shown 

in Figure 4.1(d). 	Figure 4.1(e) is the completely 

shielded microstripline, designed primarily to minimise 

the radiation interference and losses inherent in the 

open microstrip. 

The stripline, Figure 4.1(f), consisting of a 

metallic conductor embed'ed in a dielectric bounded on 

two sides with metallic ground planes, has an advantage 

over the open microstrip in that the electric field is 

now totally contained within the dielectric. 	The strip 

conductor in this case is, however, less accessible thus 

making this configuration generally less attractive. 

Figure 4.1(g) shows the slot-.line which consists of 

a narrow slot or gap in one of the conductive layers on 
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the dielectric substrate. 	It was initially offered as 

an alternative to the open microstripline but offers 

few advantages for the purposes of integration except in 

the field of non-reciprocal ferrite devices(27) The 

co-planar waveguide, Figure 4.1(h), with all its 

electrodes on the same surface appears to offer more 

tangible advantages since it permits easy connection of 

external shunt elements. 	Both the slot-line and the 

co-planar waveguide can be tightly coupled to the lines 

of Figures 4.1(a) through (f) by depositing the 

appropriate metallisation on one side of the substrate 

and the microstrip conductor on the opposite side of the 

same substrate. 	A much wider choice of circuits can 

thus be built on a single substrate with existing hybrid 

integrated circuit technology. 

The present discussion is to be limited to the open 

microstripline of Figure 1(a) which will be dealt with 

exclusively below. 

4.3 THE MICROSTRIP 

The schematic diagram of a single microstrip 

transmission line is shown in Figure 4.2 with its 

relevant dimensional parameters. 	It consists of a 

conducting ground plane supporting a dielectric substrate 

of height h upon which is located a conducting strip of 

rectangular cross section of width vi and thickness t. 

The open microstripline structure does not lend 

itself readily to simple analysis because of the nature 
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of its mode propagating medium. The boundary conditions 

at the plane interface between the substrate and the 

upper dielectric (air) cannot be satisfied by a pure 

Transverse Electro Magnetic (TEN) mode of propagation 

which means that a characteristic impedance of the line 

is not easily defined. 	This open or 

microstripline has nevertheless been widely treated in 

the literature and its characteristic parameters 

rigorously investigated using a variety of experimental 

as well as analytical and numerical techniques. 

ExperimEtally, the parameters are usually determined 

using either time domain reflectornetry or slot-line 

techniques(2829), although a method for studying the 

microstripline using an electrolytic tank was reported 

by Dukes 	as early as 1956. Of the many analytical 

approaches developed in the past decade or so to 

approximate the quasi-TEM nature of the microstripline 

the one by Wheeler(31)  is perhaps the most accurate. 

He uses a conformal mapping approximation to derive 

expressiofls for the line parameters for a wide range of 

strip width to substrate thickness ratios which agree to 

within five percent of the experimental data(32) 

obtained as above. 	More recently, field relaxation, 

variational(4)  and finite difference( 35)  techniques 

have also beea successfully employed to characterise the 

micros trip. 

The lossy nature of the microstrip can be 

understood by looking at the approximate field 

distribution of the propagating mode shown in Figure 4.3. 

61 



It can be seen that a substantial proportion of the field 

lines originating from the top surface have extremely 

long closure loops which give rise to the radiative 

nature of the open microstrip. 	This, in addition to 

introducing extra losses for the microstrip, can also 

cause interference with other nearby circuits. 	In 

normal usage, this effect is minimised through the use 

of high dielectric substrates which concentrate the field 

within the dielectric layer. 	A high value of the  

dielectric constant, though, is riot the only prerequisite 

for reduced loss: 	unless the associated dielectric 

loss tangent is sufficiently small, the reduced 

radiation loss obtained by concentrating the field within 

the dielectric may be counterbalanced or even exceeded 

by the dissipation loss. 	In circumstances where the 

choice of the dielectric substrate is limited by other 

circuit considerations, the radiation interference is 

frequently contained by the use of r.f, shielding as 

shown in Figure 4.1(e). 

In view of the above considerations, the ideal 

substrate material for the iuicrostripline should have 

the following properties: 

high dielectric constant 

low dissipation factor or loss tangent 

constant value for the dielectric constant over 

the frequency and temperature ranges of 

interest 

high purity and good finish 

high thermal conductivity 



High resistivity semiconductor grade silicon 

fulfills all these requirements. 	It has a relatively 

high dielectric constant of 11,7(36)  which effectively 

remains constant from sample to sample since it is 

possible to maintain a high degree of purity and 

uniformity for the silicon during manufacture. The 

dissipation factor for silicon (semiconductor) 

dielectrics is an inverse function of the resistivity as 

Dis 	l/w D K 

where w/2-TT = frequency of Operation (Hz) 

P = resistivity (ohm cm) 

K = dielectric constant 

and will be quite small for high values of the 

resistivity. 	Any variation in the resistivity will, 

however, cause a corresponding variation in the 

dielectric dissipation. 	This is perhaps the chief 

disadvantage of silicon dielectrics since the effective 

resistivity of silicon varies quite considerably with 

temperature. 	As the temperature increases, charge 

carriers are thermally excited within the material thus 

lowering the resistivity. 	As the temperature is 

lowered, the resistivity is once again lowered, this time 

due to the increase in the mobility of the charge 

carriers. 	The dielectric dissipation will therefore be 

a function of temperature. 	Figure 4,4 shows the 

variation of silicon resistivity with temperature 

for several values of the impurity concentration. 	As 

can be seen, for 1000 a cm silicon, there is a five times 

variation in the resistivity between 100 and +100°C. 

63 



100 

C.' 

—200 	0 	2cc 	'-00 	Go  

Temperature OC 

2oisiv!ty v Teriperature for 

Y?2 silLcon 



Silicon also exhibits a suitably high thermal 

conductivity of 1,5 W/cm 
OJ(  and can readily be polished 

to any desired finish. 

The following paragraphs describe the characteristic 

impedance and the attenuation of a silicon microstrip 

and their dependence on the geometrical factors, the 

electronic properties of the substrate and conductors, 

and on the frequency. A TEM propagating mode and a 

relative magnetic permeability of one for the dielectric 

substrate are implicitly assumed. 

4.4 CHARACTERISTIC IMPEDANCE 

The characteristic impedance of any TEM mode 

transmission line is given by 

where v = velocity of propagation along the line 

(meters/seconds) 

C = line capacitance per unit length 

(farads/meter s) 

For a line containing a single uniform dielectric, v is 

simply the velocity of light in that dielectric. 	In 

the microstrip case, where more than one dielectric is 

present, providing a quasi-TEM approximation is valid, 

the characteristic impedance is given by 

Z o 	o = Z (air)/( c efr ) /2 

where c 	is the effective dielectric constant of the eff 

medium and equals the ratio 
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Ceff Vo/V 

where v0 = velocity of light in free space. 

The effective dielectric constant is a function of the 

ratio w/h, the relative dielectric constant Cr and the 

geometrical shape of the boundary between air and the 

base dielectric material as 

C 	+ 1 	£ - 1 in TT/2 + 1/ c • in 4/Tr 
C 	= 

---- (1 + 
eff 	2 	 Cr + 1 	in 4 b/w + 

derived by Wheeler (31) using conformal mapping 
(.3) 

transformations. 	This has been simplified by Schneider 

with the use of irrational functions to give 

Cr+l T -1 	10h 
1/2 

Cff=_2+_r2 -(1+—) W 

Figure 4.5 shows the dependence of ( C
eff' 

1/ 
on w/h for 

a silicon dielectric. 

The free space impedance of a microstrip3ine can be 

calculated using the Schwartz-Christoffel integrals to 

map the two strip boundaries into a rectangle(38) to 

give 

-00 	n 
Z0 =6OlnEa() a 	w:!~h 

and 

-Co 	 fl 
= 120 u / 	b () S2 	w h 

n=1 

The desired degree of accuracy here is obtained by the 

appropriate choice of n. For o~w/h10, the above 

formulae may be approximated 	as 

Z = 60 in 	+ W 
h 
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and. 

6 
= 12011 /( + 2,42 	O,44 + () ) 

to give an accuracy of better than ± 1% over the range 

of interest. 	The characteristic impedance for a 

microstrip on silicon based ozi the above formulae is 

plotted as a function of w/li in Figure 4,6, (Solid 

curve). 	The result of the empirically derived relation 

for Z 

w 
Z0  =377/(JE 	+ 1,735 	-0.072 	

-0.836 
(1 rh 	 r 	 )) 

by Sobol 	is also marked for comparison 

4,5 ATTENUATION 

The two main sources of loss in a microstrip are: 

the metallic conductors and 

the supporting dielectric substrate material. 

The former is characterised by the ohmic skin losses in 

the strip conductor and ground plane whereas the later 

is usually due to a mechanism associated with the 

internal polarisation of the dielectric material under 

a,c, excitation(39) Silicon dielectrics can, in 

addition, exhibit ohiiic losses due to the losSy nature 

of the semiconductor, 

4.5,1 CONDUCTOR ATTENUATION 

The current density in both the top and the bottom 
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conductors is concentrated in a sheet approximately a 

skin depth inside the conductor surfaces exposed to the 

electric field. 	If the current distribution in the 

conductors were known, the ohmic attenuation of the 

conductors could be calculated as 

R1  fl Ij:i!2 	R57fIjI

c2Z 	2+ jp_dx 

where 	Z = characteristic impedance of the microstrip 

Rsi,2 = 	f1'1'1, P1,2) 
/2 S410  

= skin resistance of strip conductor/ 

ground plane 

V1,2 = permeability of the conductors 

p 13,2 
= bulk resistivity of the conductors 

J 15P2 = surface current density for conductor/ 

ground plane 

Ji 1=  magnitude of total current per conductor 

f = operating frequency 

andso 
 implies integration of the surface current 

density around all surfaces of the conductor. 	Both 

the strip conductor and the ground plane, are assumed to 

be greater than two skin depths at the operational 

frequency. Figure 4.7 shows the variation of skin 

resistance and skin depth with frequency for the more 

commonly used metallisation systems in microwave 

integrated circuits. 

If we assume a uniform current distribution equal 

to 1/w in both the conductors, and confined to the 

region ixi<w/2, the above expression reduces to the 

simple formula 
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8. 68 R w = -----' dB/cm 	for 	- 00 
c 	ZW 	 h 

where R = 	=R 
S 	si 	s2 

Unfortunately, the current distribution is not 

uniform but has the shape of Figure 4.8 as obtained by 

Dukes 	in his experiments with an electrolytic tanks 

Also, the w/h ratios encountered in practice tend to be 

in the region of one rather than infinity. The above 

approximation is thus no more than of academic interest. 

A more accurate expression for the conductor losses 

has been obtained by several authors(32) using the so- 

called "incremental inductance rule". 	This expresses 

the series skin resistance in terms of that part of the 

total inductance per unit length which is attributable 

to the skin effect. 	Inductance and conductor 

attenuation are related because the inductance is the 

normalised magnetic field energy of the circuit element 

and attenuation is the magnetic field energy stored in 

the metal eonductor(31). 

This corrected value for the conductor attenuation 

is given by Schneider (33) as 

10 	811 	i1+i+!Z 

	

CL 	____ S 	W 4h' " - W W dt' 	W 

C - 	ii in 10 	h Z0  exp Z0/t30 	 h - 

and 

R5  Z0  
a 	= 	 (1 + 0.44 h 	+ 6 ( h ) 2 (1- h 5 

	

C 	720 u 2h in 10  

E dw 	w> 1  

in dB/unit length. 	dw/dt is derived here from the 
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expression for the effective strip width as 

w > 1 
W ff  = W + 	+ 	2h 
 TT 	 t 	h2u 

and 

W 4 	w+--(l +lri e.t.f 	 ) 	h - 2 TT 

giving 

in 	> 
11 	t 

and 

dw1 	4rrw 	w< 1 = -- in t' 

Conductor attenuation is plotted in Figure 4.9 as a 

function of w/h with frequency as a parameter for gold 

and aluminium conductors. 

The microstrip conductor material, in practice, is 

usually chosen so as to be compatible with the rest of 

the circuit requirements and to minimise the conductor 

losses. 	It therefore needs to exhibit the following 

properties: 

high conductivity 

good adhesion to substrate 

good etchability 

easily deposited and/or electroplated 

The two metals most commonly used for microwave 

integrated circuits are gold and aluminium. 	Their 

respective conductivities are 4.35 x 10 and 

3.6 x 10 mhos cm- 1. 	Both metals are usually vacuum 

deposited with the gold heeding a chromium or nichrome 

base to effect good adhesion. A conductor thickness of 

approximately four skin depths is usually considered 
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desirable and is achieved by subsequent electroplating 

for gold or by successive evaporations for aluminium, 

The skin depth at 1 and 10 GHz for a gold conductor 

is 2,4 x 10 cm and 7,6 x 10 cm respectively and for 

aluminium, 2,7 x 10-4  cm and 8,2 x 10-  ' cm respectively. 

4.502 DiELECIIC ATTENUATION 

The major loss mechanism in most insulating 

dielectrics is associated with the internal 

polarisation of the material and occurs only under a,c. 

excitation. 	Semiconductors do not qualify as perfect 

dielectrics in that they exhibit ohmic losses as well. 

In calculating the dielectric attenuation for a 

microstrip on a silicon substrate it is therefore 

necessary to take into consideration losses due to both 

displacement as well as conduction currents. 	The 

dielectric constant thus needs to he considred in its 

COiij)leX -Corm as 

I 	 • 	I? 

£ 	 C 	 C 
efx 	efr 	eff 

where C eff/ £ ff  is the ratio of the effective real 

current component to the reactive current compn oent in 

the dielectric at a given frcquency. 	The effective 

dielectric loss tangent is now given as 

I, 

(tan 5) off = 

eff 

The dieloc:ric attenuation for a TEN wave in a 

homogeneous medium is given by 

70 



ad = 	(i ) 	tan 6 x 20 iog10e dB/cm 

whore 	f = frequency 

= permeability of the medium 

C = perinitivity of the medium 

tan 	1/2lTf Pc 

For the case of the mixed dielectric in a micrestrip:  

v,T
(1'  heele 	' defines an effective filling factor for the 

line as 

= 

which can be used in conjunction with the above 

expression to give the effective dielectric attenuation 

as 

10 	f  
d 	3.11 10 	=

Ici: I ; 	
d13/cm 

The dielectric loss is therefore seen to he a function 

of the w/h ratio tbrouoh cthe substrate eff 

conduLtivity and the dc value c-f the die:Lect:dc 

constant 	Since the die].cctric- cnstant and the 

resistivity of silicon 3  remain unchanged  at microwave 

frequencies from the commonly quoted low frequency 

values, the dielectric loss per unit length effectively 

remains constant.. 	The loss per wavelength will 

however decrease with the increasing frequency. 

The dielectric attenuation for a 50 2. silicon 

microstrip is plotted in Figure 410 as a function of 

substrate resistivity. 	Figure 411 is the variation of 

the dielectric attenuation with substrate 
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temperature showing the increased dielectric losses at 

both high and low temperatures, 

The suitability of high resistivity semiconductor 

grade sfl icon as a dielectric substrate for 

ifltCO)cC'L3-Ofl between microwave functions is thus 

established from the considerations of the preceding 

sections. 	The theoretical data presented in this 

chapter was used in the design of the interconnection 

pattern for the microstrip diodes to be discussed in the 

following sections. 
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CHAPTER 5 

TECHNOLOGY 

5,1 DIFFUSION AND ALLOYING 

5 .1.3,  INTIoDucT:coN 

The addition of impurities to a semiconductor 

affects such electrical properties as conduction type, 

carrier concentration, mobility and resistivity, and many 

other important physical properties. 	The principal 

methods normally used for the controlled introduction of 

impurities into a semiconductor are 4 : 

Addition of elements to the nisit during crystal 

growth resulting in a uniform doping of the 

semiconductor. 

Solid-state diffusion of elements from the 

surface or a suitable interfaces 

Ion - implantation. 

Alloying with suitable metals; for example, a 

pure group III element like aluminium or an 

alloy such as gold-antimony, antimony being a 

group V element, may be alloyed into silicon 

(group IV semiconductor) to give respectively 

a P or an N contact, 

Vapour-phase epitaxy (which uses gas doping). 

Methods 2, 3, 4 and 5 are all used to create 

localised impurity concentrations. 	The solid-state 

diffusion and ion - implantation teshniques result in an 
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impurity concentration gradient with the highest impurity 

concentration at the surface in the case of diffusion and 

within the semiconductor in the case of ion - 

implantation, 	The alloy process on the other hand 

yields nearly abrupt doping profiles with a nearly 

uniform carrier concentration in the doped region. 

Impurities in semiconductors may act as acceptors or 

donors, or their energy level within the energy gap of 

the semiconductor may be so far removed from either band 

edge (deep levels) that they behave like electrically 

neutral atoms, although they may be active carrier 

recombination centers. These deep levels are also very 

important for causing thermal runaway through the release 

of such trapped charge carriers. 	The presence of 

impurities in a semiconductor can also act to create 

localised stress, usually due to the mismatch of the 

atomic radii of host and impurity and also due to any 

thermal stressing to which the material is subjected to 

during processing. 

Table 1 lists the propel-ties of some of the more 

common impurities used in silicon. 

The following sections, after a brief introduction 

to diffusion, are devoted to the discussion of the 

process of alloying specific dopant metals into silicon 

for the purpose of preparing the surface-oriented PIN 

diode. 

74 



TABLE 1 

4-1  4J 4 3  

t!) 

H(I 

> 
r 	(1) 

H14 

'HO 
0 r1 

'H 

0 
00 
9 

H r1 

d 
4' 	+ 
+ 	D 

ri 
w 

-rl C) 

(flU 

Ag Deep ± 961 830 0.23 
Lying 

Al A s 659 577 0.08 
As D s 817 - 0.01 
Au Deep i 3.063 370 0.23 

Lying 0.28 
B A s 2027 - -0.25 
El D s 271 - 0.23 
Cu Deep ± 1083 - 0.09 

Lying 0.15 
Fe D s 1539 - 0.08 
Ga A 1 30 29.8 0.08 
In A s 156 156 0.23 
Li D s 181 - - 
Ni Deep ± 1455 - 0.06 

Lying 
0 - s - - -0.44 
P D s 597 - -0.06 
Sb D s 630 630 0.15 
Si - - 1410 - - 
Sn - - - 232 - 

i = interstitial 

s = substitutional 

A = Acceptor 

D = Donor 

Misfit factor = 

where 	r1  = covalent radius of impurity 

= covalent radius of silicon 



5,1.2 DIFFUSION 

Impurity diffusion, like thermal diffusion, can be 

considered as a return to the state of equilibrium; it 

takes place whenever there exists a concentration 

gradient. The transfer of impurity atoms is due to 

their random motion. 	The rate of impurity transfer per 

unit area (flux F) depends upon the impurity 

concentration gradient (grad C) 	The coefficient of 

proportionalty is called the diffusion coefficient (D). 

Thus  

2 F = .-.D grad C 	cm-  sec -1  

which is FICIS first law of diffusion. 	In geneai, the 

diffusion coefficients, ID, tend to decrease with 

increasiig atomic weight, those for acceptor atous in 

silicon being normally some ten to a hundred times 

çjreater than those for donor atoms. 

When preparing diffused devices, ithe silicon is held 

at the diffusion temperature for a limited 'time so that 

the diffusant is only able to penetrate or leave the 

silicon from or to a restricted depth. The rate of 

change of the impurity density is given by 

dC -=div F (2) 

So that for diffusion from a plane surface at which the 

suiface concentration of impurities (Ce)  is maintained 

constant throughout the process (infinite source) the 

resulting impurity distribution is given by 

C 	C0  erfc (X (4Dt)/2 ) 	 ( 3) 

(1) 
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where X is the distance from the surface, t is the total 

time of diffusion and erfc is the complementary error 

function which is related to the erro:r function erf by 

erfc = 5. - erf 

erf Is defined for a variable, R, as 

erf (R) 	
2  dA 	 (4) 

and has the properties 

erf (-R) = -erf (R); erf (o) = 0; erf (r) = 1 

Values of erf or erfc are tabulated in mathematical 

(42'  reference tables 	. 

Deviations normally occur from this compie.mcntary 

error function distribution with impurity conctrations 

or short diffusions since it takes a finite time foz the 

surface concentration to reach its equilibrium value d 

for the semiconductor to reach the final diffusion 

temperature 

If diffusion is carried out from a iimithd cu::ce. 

then the resulting impurity distribu±on is given by 

, 2 
C = 	M 	exp( 2 ) 	 ( 5 

(Dt) 
1/2 	 2 \JDt 

where M is the total mass of mpur1ty. 	This gives v;hut 

is known as a Gaussian distributions 	(For a more 
I 

comprehensive discussion of diffusion, see ref. 36,37) 

Junctions can normally he fabricated on both N - and 

P - type silicone 	Popular N and P - type diffusants 

are Phosphorous and Boron respectively, 	For an N - type 

base, 	the l3oron produces the P-N junction and the 

phosphorous the high-low junction; the opposite is true 
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for a P - type base. 

The necessity to maintain the semiconductor at the 

high temperatures used in diffusion, 900°C to 1200°C, has 

certain disadvantages. 	Devices, for instance, will be 

particularly dependent on crystal perfection, material 

with high dislocation densities producing inferior 

devices. Another important consideration is that 

changes in the resistivity of the silicon may occur 

during the temperature cycling, especially when high 

resistivity silicon is used as the starting material. 

These changes in resistivity, and occassionally even in 

conductivity type (20) (see. Figure 5,1) can lead to an 

uncertainty in the position and even nature of the 

junction, and, thus, to a variable device performance. 

In monolithic integrated circuit applications where it 

is intended to use the silicon as a dielectric also, a 

decrease in this resistivity can rapidly raise the 

circuit losses to unacceptable levels. 

5.1.3 ALLOYING 

In the alloying process, the dopant metal or a 

suitable alloy containing the dopant impurity is held in 

contact with the surface of the semiconductor and heated. 

The metal and the semiconductor interdiffuse during this 

process until the eutectic composition is reached. 	As 

the temperature is increased further, the semiconductor 

enriches itself with the metal until it melts. 	This 

melt then dissolves the adjoining layer until one of the 
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solid substances is used up and the system attains 

equilibrium. 	If the sample is now cooled, the melt 

gets supersaturated with the semiconductor. 	With slow 

cooling, the excess semiconductor precipitated from the 

cooling solution regrows in crystallographic continuity 

with the underlying semiconductor. This recrystallised 

zone grows rapidly until the eutectic temperature is 

once again reached when the residual melt solidifies as 

an eutectic mixture. 

The process is better explained qualitatively for 

aluminium and silicon with the help of the aluminium 

silicon phase diagram shown in Figure 

At a sufficiently high temperature, the aluminium 

melts to foriii an Al-Si (liquid) with some silicon ti1l 

remaining as silicon (solid). 	(Melting point of 

aluminium = 660°C.) 	If the temperature is now held 

constant, the following reactions take place. 

Si (s)—> Al. Si (1)  

Al. Si (1) ± Si ( 	[3)  

where Si ( [3 ) is,  silicon with equilibrium concentration 

of aluminium, solid phase. 	Reaction (7) proceeds more 

rapidly to the right than to the left and the net result 

is a precipitation of Si ( [3) and a dissolving of Si 

(solid). 	If the melt is now cooled slowly, Si ( [3) 

precipitates on to the Si (s) with the single crystal of 

Si (s) acting as seed 	The Si ( 13  ) thus takes the 

orientation of Si (s) and will essentially be an 

extension of the crystal structure. 	Such a regrowth 

region on N type silicon would constitute a rectifying 
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contact. The main body of the melt solidifies into a 

mixture of pure aluminium and Si ( P  ), 	The aluminium 

predominates if the system is heated for a short period 

since then the composition of Al. Si (1) is mainly 

alum in ium, 

5.1.4 CONTROLLIW FACTORS IN SILICON ALLOYING 

The control of junction areas is more difficult for 

the alloy process than for diffusion since it involves 

additional control factors such as surface tension, 

crystallographic orientation and surface wetting 

conditions which often lead to bulk and surface spreading 

of the alloy. Consequently, even in situations where 

the contact area is defined through an insulating film s  

it is not the area of the window alone that dictates the 

area of the alloyed junction because the alloy front will 

penetrate into the crystal in all directions until it 

reaches a configuration determined by the crystal 

structure. 	The process is described qualitatively as 

follows. 

The area of contact between the silicon and the 

metal is defined initially by the area of nietallisation. 

As the temperature is increased and the metal wets the 

silicon, some dissolution of the crystal into the metal 

takes place. 	The rate of dissolution of the crystal is 

ariisotropic, being slowest in the 111 direction. 	Thus 

the alloy front proceeds rapidly outwards from the 

original wetted area until bounded on all sides by 100 
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terminal planes. 	The resulting configurations for the 

terminal planes for the 111 and 100 crystal orientations 

are shown in Figure 5.3(a) and (b). 	(It is of interest 

to note here that for the 111 oriented crystal the 

spreading does in fact stop at three single planes and 

not a variety of haphazardly arranged 100 planes because 

the process of dissolution in effect constitutes an 

etching of the silicon surface,) 	For the case of the 

111 oriented crystal, the junction area will increase 

rapidly until the terminal 100 planes are reachcd due to 

the rapid lateral movement of the alloy front across the 

111 Lace as shown in Plate 5.1. 	There is little 

penetration of the alloy front into the bulk 

perpendicular to the surface since this direction 

corresponds to the slow direction for alloying. 	The  

resulting configuration of the alloy region is a thin 

sheet. 	On a 100 oriented crystal, the alloy front 

penetrates into the bulk perpendicular to the surface 

since it is not restricted by a slow alloying face in 

this direction. 

To pzoduce controlled area junctions, excessive 

spreading can be controlled by the volume of metal 

available, the alloy temperature, and by the selection 

of a suitable carrier metal, whereas the depth of the 

junction is controlled by the crystal orientation. 

The carrier metals most widely used to date to 

create the P and the N4  regions in silicon are aluminium 

and gold-antimony respectively and these were selected 

for the present study as being compatible with the more 
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commonly used metallisation procedures in industry. 

They are both metals which may be evaporated conveniently 

and both exhibit good adhesion to silicon, gold to a hot 

substrate and aluminium to a hot or a cold substrate, 

thus making a wide range of coating thicknesses possible; 

they are both excellent electrical conductors and 

finally, are easy to etch using the techniques of modern 

photolithography making virtually any geometrical 

configuration possible. 	- 

The choice of a crystal orientation for the 

substrate is limited to the 111 orientation in view of 

the planar junctions desired. 	In practice, therefore, 

the area of the junction is effectively dictated by the 

alloying temperature and the volume of metal available. 

The spreading of wet areas across the silicon surface is 

affected by the solubility of silicon in the liquid 

metal. 	Too low a solubility inhibits wetting, too high 

promotes local erosion rather than lateral wetting. 

Silicon is more soluble in gold than in aluminium in the 

., alloying temperature ranges; e.g. at 700 0  C. the 

respective solubilities are 3217 and 20175 (compare 

Figure 5.2 and Figure 54(37))• 	Hence the conditions 

to promote uniform wetting are likely to be more 

stringent for the Au/Si than for the more tractable Al/Si 

structure, 	Also, the surface tension of most liquids 

decreases almost linearly as the temperature rises (4 

so wetting is improved by having a higher maximum 

temperature in the temperature cycle. The effects of 

high temperature, however, are not all beneficial: 
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solubility and the associated tendency to local 

penetration also increases with increasing temperature. 

The choice of an appropriate thermal cycle needs to take 

all these factors into consideration and will be a 

compromise which is not optimum for either system. 

The depth of penetration of the alloy into the 

silicon is determined in equilibrium conditions by the 

silicon rich liquidus line of the appropriate phase 

diagram, since there is invariably more silicon than the 

alloying metal available to feed the melt. The amount 

of silicon dissolved is therefore determined by the 

quantity of metal available, the maximum temperature 

reached in the thermal cycle, and the extent to which the 

process approaches equilibrium. The quantity of silicon 

dissolved is given by the following relationship 

Vol, of silicon dissolved - at, % silicon in the melt 
Vol. of alloying metal 	at. % metal in the melt 

	

iietal 	at. wt. of silicon  
density of silicon 	at, wt. of metal 

or for the composition of the melt 

weight concentration of metal in the melt 
weight concentration of silicon in the melt 

	

-densitv  of metal 	thickness of metal 
- density of sllicon X penetration depth 

The depth of penetration in a given thermal cycle is 

given by the thickness of the metal film. 	Figure 5.5 

shows the penetration depth of gold and aluminium into 

silicon at various temperatures as a function of film 

thickness. 
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5.2 PROCESSING 

5.2.1 PRACTICAL CONSIDIiRATIONS OF DEVICE FABRICATION 

Pin diodes have been fabricated in the present study 

using the techniques for alloying aluminium and gold-

antimony into a silicon surface. From the theoretical 

considerations of the previous section it is apparent 

that, in view of the extremely shallow junctions and the 

surface orientation of devices considered here, the state 

of the silicon surface prior to metallisation should be 

of vital consequence in obtaining satisfactory device 

performance. Most of the devices were fabricated on 

1000 & cm, N - type, single crystal silicon but some 

processing experiments were also clone using 350-400 2 cm 

silicon and N silicon wafers which had commercial 

epitaxial N silicon on them. These last two materials 

were used because they were readily available and were 

considered adequate for the particular experiments. 

The 1000 2 cm silicon used here was supplied by the 

Wolf son Microelectronics Unit at Edinburgh University in 

the form of a boule which then had to be sliced and 

polished. 	After some initial difficulties, an adequate 

removal of the surface work damage was achieved using 

commercial colloidal silica (the Monsanto product is 

called Syton) on a vibratory polisher (Syntron) to give 

optically polished silicon slices ready for processing. 

Plate 5.2 is an x-ray topograph of one such slice showing 

the absence of dislocations within the material. 
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Lang Transmission Topograph of 

1000 2 cm Silicon used for Diode Fabrication 

PLATE 5.2 



5.2,2 SURFACE CONTAMINANTS AND SLICE CLEANING 

From the point of view of reliability and good yield 

it is most important to ensure that the silicon slices 

are as free as possible of surface contamination at all 

stages of processing. Even the most innocuous molecules 

can be broken down by heat or ionic-dissociation to form 

products which, by drift or diffusion, cause electrical 

leakage or severe change in device properties. 

Surface contaminants on the silicon slices, apart 

from the more general contaminants such as room-dust, 

lint from clothing, hair, skin, dandruff etc., can be 

classified broadly into three types: molecular, 

ionic or atomic. 

Molecular contaminants. 

Typical molecular contaminants are natural 

and synthetic waxes, resins and oils usually 

introduced during the mechanical sawing, 

grinding, lapping and polishing operations 

on the wafers. These may also include 

grease from fingers and greasy films that 

are deposited when surfaces are exposed to 

room air or stored in plastic containers. 

Molecular contaminants introduced during 

processing include photoresists and the 

residues from organic solvents. 

Ionic contaminants. 

Ionic contamination is caused by ions which 

attach themselves to the silicon surface by 



chemisorption and as such is removeable only 

by chemical reaction. 	In particular s  ions 

may be present after acid etching or exposure 

to caustic solutions. 	Alkali metal ions are 

particularly harmful due to their tendency to 

move under the influence of an electric field 

causing drifts, leakages, instabilities and 

inversion layers during device operation. 

3) Atomic contaminants. 

These are normally present in the form of 

heavy metals such as gold, silver and copper 

deposited from acid etchants and are capable 

of seriously reducing minority-carrier 

lifetime and increasing surface conduction, 

Any slice cleaning procedure has to be capable of 

removing all three types of contaminants. 	It also needs 

to be sequential in its effect, removing the organic 

contaminants first since any water insoluble organic 

compounds on the surface will tend to make the silicon 

surface hydrophobic, thus preventing the effective 

removal of adsorbed ions or metallic impurities. 

One frequently occuring processing step in silicon 

technology is a hydrofluoric acid (HF) dip to strip a 

layer of oxide from the silicon wafer. 	This step 

results in a vast number of fluoride ions being left on 

the silicon surface 	which then have to be removed by 

a thorough rinse in water. The water used in any of 

the cleaning procedures must be free from particulate as 

well as ionic contamination to achieve effective rinsing 
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and to prevent recontamination of the silicon surfaces. 

The clean water system at Edinburgh University consisted 

of double distilled tap water in a polythene weir washer 

with a Fermutit de-ionising cartridge and a 1.2p. 

Millipore in-line filter. 	The purity of the water thus 

produced is typically: 	input 8-12 M5 cm at 25°C and 

output 2-5 M2 cm at 250C. 

The slice cleaning procedure used in the present 

work was based on the one established by Kern and Puotine 

of RCA laboratories (44) and is described in the following 

paragraphs. 	Broadly, it consists of the removal of 

gross organic residues followed by the removal of any 

residual organic materials and lastly, the removal of 

ionic and atomic contamination.  

The first step was carried out by rinsing the 

silicon slices in hot trichloroethylene. Care has 

normally to be exercised when using hot 

trichloroethylene not to allow the solvent to dry on the 

silicon surface since the triethylamine used to stablise 

trichloroethylene reacts with the hot HCL formed by the 

decomposition of the solvent to form triethylamine 

hydrochloride, which may remain on the surface even after 

rinsing. 

For the removal of any residual organic materials, 

the slices were heated for approximately 20 minutes at 

80°C in a solution consisting of H 2  0 - H 2  0 
 2 - NH4OH* in 

the ratio 6:1:1 by volume after which the mixture 

* 
See Appendix F for details of chemicals. 



was quenched in running de-ionised water. This was 

followed by a wash in the weir washer until the 

resistivity of the return flow was greater than 2 M2 cm. 

Any surface oxide built up upto this stage was removed in 
* 

a 105; solution of HF , followed once again by a wash in 

double-distilled de-ionised water (DDDI). 

The ionic and atomic impurities were removed by 

heating the slices for approximately 20 minutes at 800C 

in a solution consisting of H20 - 11202 - HC1* in the 

ratio 7:2:1 by volume. 	This was followed by a quench 

and a wash in DDDI as for above. The final step in the 

cleaning procedure consisted of the removal of any 

residual odde on the silicon surface in a 2% solution 
* 

of HF and a wash as for above. 

The slices were then blown dry using filtered dry 

nitrogen and introduced into the evaporator with the 

minimum of delay to avoid any recontamination of the  

surface. 

Frequently in the above procedure, the slices were 

seen to come out grossly stained after the HF dip. 	In 

these cases, the 11202 - N4OH step had to be repeated and 

a progressively weaker solution of HF used until 

satisfactory results were achieved. 

The inclusion of the final HF dip above would at 

first sight appear to negate the effects of the 

preceeding cleaning solution and was in fact omitted in 

the initial studies. 	Virtually all the samples thus 

* See Appendix F  for details of chemicals. 
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fabricated appeared as non-rectifying contacts of high 

resistance indicating the presence of a blocking layer 

between the silicon and the metailisation. 	The final 

oxide etch was thereafter included in all the subsequent 

cleaning operations since no effective alternative was 

available. 	In view of the reported 	contamination 

introduced during this stage, a certain degradation in 

the reverse characteristics of the diodes had to be 

expected. 

5.2.3 METALLISATION PROCEDURES 

Two separate evaporation systems were used to 

evaporate the dopant metals, aluminium and gold-antimony. 

Aluminium was evaporated in a standard vacuum 

evaporator (C.V.C, 18) capable of a vacuum of better than 

torr, fitted with a liquid nitrogen cold trap 

situated immediately below the baffle valve. 	SN purity 

aluminium wire (supplied by Johnson Matthey) was employed 

throughout and the evaporation was carried out in the 

upward direction using a resistive tungsten filament 

source, 	The silicon was mounted onto a stainless steel 

substrate holder with the help of sprung metal strips and 

the holder was then suspended immediately below a low 

voltage molybdenum wire heater. Substrate temperature 

was controlled by a thermocouple located in the vicinity 

of the holder and connected to a Eurotherra controller 

unit. 	A shutter was also incorporated in the system to 

allow the masking of the source until a satisfactory 
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evaporation rate had been achieved. 

The gold-antimony metallisation was carried out in 

a twelve-inch coating unit (Nanotech) incorporating an 

automatic pumping sequence and otherwise standard 

fitménts. 	The ultimate vacuum in this case was, 

however, never better than 5 x 10 torr. 	Substrate 

heating was by radiant heat from two 420 watts, 120 volts 

tungsten-halogen photographic bulbs fed through a Variac. 

0.957o, 0.020 inch antimony-gold wire (Johnson Matthey) was 

used as the source material and evaporated in the mariner 

described previously but using a tungsten wire basket 

instead of the spiral filament. 

It is inevitable that in the time taken to transfer 

the substrates to the evaporator, some contamination of 

the substrate should take place and so a glow discharge 

cleaning procedure was included in the evaporation 

sequence in virtually all the evaporations 	The 

mechanism of glow discharge cleaning is not well 

understood but has been attributed to 

Vaporisation of substrate surface impurities. 

Promotion of outgassing of adsorbed layers. 

Physical etching of the surface. 

Inciting of chemical reactions between adsorbed 

substrate gases and residual gas in the 

chamber. 

The environment for the discharge was created by 

bleeding in argon into the evacuated chamber to a total 

pressure ranging between 5 x 10-2  and 10-1 corr. Argon 

is used almost universally for this purpose because it 
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is inert and because it has a low ionisation potential 

which allows a glow discharge to be struck fairly easily 

at these pressures. 

Most of the metal films thus evaporated were found 

to have a homogeneous appearance and the same finish as 

the parent substrate provided that correct evaporation 

rates were achieved. 	Plates 5.3 and 5.4 show the 

dependence of the quality of the antimony-gold film on 

the rate of evaporation. 	It can be seen that for 	this 

system, a higher evaporation rate tends to produce a more 

homogeneous film. No such dependence was observed for 

the aluminium metallisation. 

Special care had to be exercised regarding the 

substrate temperatures whenever an aluminium film was 

evaporated on top of existing gold contacts because of 

the possibility of the formation of "purple plague"(45) 

This normally appeared as a black or a dark purple 

formation resistant to both the gold and aluminium etches 

and was seen to occur at substrate temperatures as low 

as 1250C. 	No such effects were observed when the 	order 

of the evaporations was reversed. 

5.2.4 DEVICE GEOMETRY AND MASKING 

The diodes consisted of two alloyed junctions 

separated by a narrow gap. 	The areas of the alloy 

regions and the gap had to be accurately defined by some 

means. 	Several different masking techniques were 

considered and are discussed briefly below 
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'Out-of-Contact'_Masking. 

This consists of restricting the area of the 

substrate which can receive the evaporant. 

The mask in this case consists of a metal 

foil which has been etched to the required 

pattern  and can he inserted in the path of 

the evaporant in the coating process. 	The 

shading effect of the mask makes an accurate 

definition of the areas virtually impossible 

and hence the use of out-of-contact masking 

was considered impracticable. 

'In-Contact' Mask inçj. 

In-contact masking involves the evaporation 

of the requisite metal film over the entire 

surface of the substrate followed by 

subsequent photolithography and selective 

etching to yield the desired motallisation 

pattern. A very accurate definition of 

areas is thus possible, making this the more 

suitable masking technique for the present 

study. 

The processing involved consisted briefly of 

1) The coating of the metallised silicon surface 

with photoresist. 	Positive photoresist 

(Shipley AZ 1350) was used, spun on at 

4000 r.p.m. for 30 seconds. 	The freshly 

coated slices were then placed in a laminar 

flow of air for 15 minutes followed by a bake 

at 700C for 30 minutes prior to exposure. 
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Exposure to ultraviolet, typically in the 

region of 810 seconds, was carried out in 

an in-contact Mask Aligner, designed and 

built at Edinburgh University. 

The exposed films were developed in AZ developer 

for approximately 30 seconds followed by a 

thorough rinse in filtered tap water. 

Surplus iuetailisation was removed in the 

appropriate etching solution (see APPENDIX G 

for the aluminium and gold etching solutions 

used), 

Finally, the residual photoxesist was removed 

by a wash in acetone. 

A total of five masks were used in the present 

study and are shoun in Figure 5.6. 	The entire mask 

making irocedure, including the cutting of the 1ubilith, 

was carried out by the Microelectronics unit at 

Edinburgh University. 

Mask 1 was used to create adjacent identical 

inetallised areas which could be treated to various 

thermal cycles to establish a suitable routine for 

either dopant. 	Mask 2 was similarly used to fabricate 

a matrix of diodes, the same mask being used twice in 

this case, once for each metallisation. 

Considerable difficulty was frequently experienced 

in cleaning up the residue left on the silicon surface 

by the gold etch, since a rigorous cleaning procedure 

was no longer applicable due to the presence of the 

metallised areas. A novel masking technique was 
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therefore developed using the evaporated aluminium film 

as a mask for the gold-antimony film, thereby avoiding 

the use of the gold etch. 	This was achieved as follows. 

An aluminium film of desired thickness was first of 

all evaporated using techniques described previously. 

Mask 3 was then used to cut contact windows in the 

aluminium for the Sb/Au. The residual photoresist was 

however left on at this stage. 	The Sb/Au was evaporated 

on next after which the substrates were soaked in acetone 

when the residual photoresist dissolved causing the 

Sb/Au film outwith the contact holes to lift off. 

Finally, the aluminium contact was defined to give the 

required device geometry. The aluminium etch leaves no 

visible residue and hence the resulting silicon surfaces 

are considerably cleaner than those that have been 

exposed to the gold etch, but the method has the 

disadvantage of causing poor adhesion between the silicon 

and the Sb/Au metallisation. 

Masks 4 and 5 were used in the fabrication of the 

microstrip diodes. The lift-off technique was once 

again employed for the microstrip metallisation after 

considerable difficulty had been experienced in 

successfully etching the relatively thick aluminium films 

for the microstrips. 	The microstrip ground planes were 

prepared by an aluminium metallisation over a sputtered 

silica film on the back of the substrates. 	A sputtered 

silica film was also evaluated as a passivator for the 

silicon surface. Mask 1 was used in this case to etch 

two windows in the silica to be followed subsequently by 
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the two metallisations as for the unpassivated surfaces. 

The aluminium metal had to be accurately aligned into 

the contact hole in this case since the slightest 

overlap between the aluminium and the silica was likely 

to lead to an unacceptable spreading of the aluminium 

into the silica as shown in Plate 5.5e 

5.2.5 THERMAL ALLOYING 

The first attempts at alloying were carried out in 

a programmable furnace (Stanton Redcroft, type 8104) 

which was already available but it proved completely 

unsatisfactory because of the considerable difficulty in 

ma1ntcm.ng  a uniform temperature zone within the 

furnace. 	Better temperature control was achieved using 

a three zone semiconductor furnace (Centronic Stackabie 

Junioru) which was then used exclusively during all 

subsequent temperature cycling sequences.. 

The quartz reaction tube designed to maintain the 

do sired ambient atmosphere during the temperature 

cycling is shown in Figure 5,7, 	Samples were 

introduced into the furnace on a quartz boat and the 

substrate temperature wa6 monitored by means of a 

thermocouple located at the boat, 	Initial alloying 

conditions were determined from the considerations of 

the preceding sections. 	The actual proceures adopted 

and the xesults achieved are discucsJ in the following 

chapter. 
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Undesirable Spreading of the Aluminium 

into the Silica (x 32) Mask 

PLATE 5.5 



CHAPTER 6 

EXPEIIENTAL RESULTS AND ANALYSIS 

6. 1 INTRODUCTION 

Aluminium alloying is widely used in the 

semiconouctor industry to form both ohmic contacts to, 

and prn-n junctions in, silicon. 	In part:cu.lar, shunt 

oriented silicon alloyed PIN diodes have been on the 

market for several years. The nost commonly used 

aluminium alloying method involves the use of aluminium 

pellets or spheres, typically about 3 x 10 cm in 

diameter s  to give alloyed areas in the region of 

5 x 10 2  cm in diameter, 	The conditions for suitable 

alloyed junction formation for this system can be 

readily established from the theoretical corzsidera.ons 

of the previous chapter since a sufficiently large 

volume of reacting metal is available to enable 

equilibrium conditions to be atta' ed dtix ing the 

alloying sequence. 	The chief disadvantage of this 

method is that no rigorous control over the surface area 

of the alloyed region is possible. 	This can be 

overcome with the use of thin evaporated metal filrils  

instead of the pellets for then, any requisite shape for 

the area to he alloyed can be realised using modern 

photolithographic techniques. 

This method was used in the present study to 

fabricate alloyed coplanar junctions for the purposes of 



the surface oriented diode. 	No similar study has been 

reported in the literature although thin film alloying 

has previously been used for the fabrication of impatt 

diodes on mesa like structures (46). 	Several hitherto 

unimportant features of alloying were encountered and 

are discussed below. 	Successful diode operation upto 

microwave frequencies was achieved using a single 

alloying sequence for the two junctions. 

6.2  EX'ERIMENTAL ALLOYING PROCEDURES 

Initial, experimental work on alloying was aimed at 

verifying the theoretically predicted alloying 

conditions for both the rectifying and high-low junctions 

for the urface oriented configuration. 	Preliminary 

runs proved to be singularly unsuccessful at achieving 

the desired diode characteristics of low forward 

resistance and high reverse blocking capability for th:.s 

structure while resulting in good characteristics for 

the shunt oriented configuration. 	No viable 

explanation could be established for this behaviour and 

so a programme was instituted to establish an equivalent 

"state of the art)' condition for the alloyed surface 

oriented diode by systematic variation of the following 

controlling parameters in the alloying sequence. 

the highest temperature reached during the 

temperature cycle 

the time for which the silicon was maintained 

at that temperature 



the heating and cooling rates 

the ambient gas inside the reaction tube. 

The apparatus used for the alloying was well suited 

to such experimental techniques since the temperature at 

the reaction zone could be controlled to better than 

t 50C and the desired ambient atmosphere maintained 

around the reacting materials with a minimum of gas 

wastage. 	Heating rates of upto 30°C per injnute were 

possible using the furnace controllers with faster rates 

being achieved by manual adjustment of the sample 

position within the furnace. 	The alloyed samples each, 

on average, contained a matrix of ten diodes to enable 

a verification o:. the diode characteristics by 

measurements on several identically precessed diodes. 

Representative results for the several hundred 

diodes thus tested are summarised in tables 2, 3, and 4 

and include the effects of a ten minute anneal in 

nitrogen at approximately 300 or,. 	Furnace cooled 

refers to the case when the samples were cooled at the 

rate at which the furnace itself returned to ambient 

temperatire (approximately 250/nm.). 

Virtually no difference was observed between the 

characteristics of devices alloyed in a nitrogen and a 

high purity nitrogen ambient. 	These have therefore 

been grouped together in Table 2. 	Table 3 shows the 

results of alloying in an argon ambient. 	A general 

improvement in the diode characteristics is at once 

apparent, specially at lower reverse bias voltages. 

The results of an attempt at passivating the silicon 
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TABLE 2 

Ambient Gas 	Maximum 	Time at 
inside 	Temperature Temperature 

Reaction Tube in Cycle °C 	Minutes 

Reverse Bias(V) 
for 

lOOnA 10tA 10OpA 

Forward Bias(V) 
for 

lOrnA 	lOOmA 

Nitrogen 
and 

High Purity 
Nitrogen 

725 

753 

1-2 

5 

10 

Furnace 
Cool 

1-2 

5 

1-2 

Furnace 
Cool 

1-2 

4-8 25-30 30-45 1.5-2.0 2,4-3,0 

0.1 16-19 40-50 1.52.0 2e23*5 

0.2 10-18 60-70 1.2-1,6 2,5-3,5 

0.,1 14-20 50-70 1.1-1.3 2.0-2.2 

0.9-1,0 25-45 60-100 1.2-1.4 2,0-2,2 

0.1 25-45 80-100 1.2-1.4 2.0-2.2 

0.1 50-60 90-100 1.3-1.5 2.2-2.5 

0.1 12-14 30-35 1.1-1.3 2,0-2.2 

0,1 11-12 50-60 1.1-1.3 2,2-2.4 



TABLE 3 

Ambient Gas Maximura Ti-me at Reverse Bias(V) 	Forward Bias(V) 
Inside Temperature Teiperature for 	 for 

Reaction Tube in Cycle 'C Minutes lOOnA 	10.tA 	1001tA 	lOmA 	lOOmA 

PJG0N 	 680 1-2 3-5 20-30 30-40 1.2-1,4 2,2-2,6 

5 6-7 17-25 40-50 1.2-1.3 2.2-2.7 

10 3.0-4.5 12-20 20-30 1,2-1.3 2.0-2,2 

Furnace 0,1 15-20 45-55 1.2-1.5 1,9-2,1 
Coo]. 

725 1-2 8-12 45-65 90-140 1.1-1,3 2,0-2.4 

5 4-6 15-20 35-45 1.1-1,3 2.0-2.2 

10 1-2,5 8-12 60-90 1.0-111 1.7-2.0 

750 1-2 0,1 20-40 40-50 1.1-1.3 2.0-2.2 

N 	H 	680 Furnace 0.5 35-70 95-180 1.1-112 2.2-2.4 
Z 	2 Coo]. 

725 1-2 0.1 30-40 50-140 1.0-1.1 2.0-2,6 



TABLE 4 

Aluminium Alloying at 725°C for 2 Minutes in an Argon Ambient 

Sb/Au 	 Time at 	Reverse Bias(V) 	Forward Bias(V) 
Alloying 	Temperature 	for 	 for 

Temperature C 	Minutes 	lOOnA 	10iA 	lOmA 	lOOmA 

330 20 015 35-45 2.2-6 3-5 

360 20 1.5 30-40 2.0 4-5 

380 1 0.75 50-60 1.8-2.5 3-5 

415 5 1,0 5080 1 1.6 3-5 

10 1.0 60-70 1,5 3-4 



surface by alloying in a 60:40, nitrocjen:hyd.rogen 

mixture are also shown in Table 39  and show a 

considerable improvement at higher bias levels. 

However, a very poor yield (<1O) was achieved with 

this mixture and its use therefore discontinued after a 

few initial attempts. 

Table 4 lists the results for diodes fabricated 

with the high low junction replaced by an ohmic contact. 

A much higher forward resistance is exhibited by these 

P-I diodes. 	The detrimental effects of the second 

temperature cycle are also evident in the relatively 

poorer reverse characteristics. 

Contrary to expectations., the use of accelerated 

aging procedures when the samples were maintained at 

150°C in a vacuum oven for periods ranging between 

1 12 hours, produced a marked deterioration in the 

diode characteristics in approximately 60 of the 

devices thus tested. 	On the other hand s  saeples that 

were allowed to ago normally in an atmospheric ambient 

at room temperature for periods between 1 - 6 weeks 

showed a slight improvement in the reverse leakage 

characteristics at low voltages while showing no 

significant variation at higher voltages.. 	No aging 

procedures were therefore included in subsequent diode 

characterisations. 

The best d.c. diode performance was obtained by 

alloying at 725°C (±$°C) in an argon ambient for a 

period not less than 60 seconds and more frequently 

between 90 and 120 seconds, 	The procedure used was as 
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follows: 

The samples to be alloyed were introduced into the 

reaction tube at the mouth of the furnace, the end cap 

replaced, and the tube flushed with argon for 

approximately five minutes. 	The quartz pedal was then 

pushed slowly into the hot zone of the furnace and the 

actual alloying time recorded after the boat had attained 

the alloying temperature. 	The annealing was carried 

out in this same alloying sequence by withdrawing the 

samples to the appropriate zone in the furnace. 

Finally, the boat was withdrawn to the mouth of the 

furnace and left to cool to ambient temperature or 

alternatively, the gas flow was reversed and the samples 

force cooled to room te:upexature. 	The timetemperature 

cycles for the alloying sequences are shown in 

Figure 6,1, 

6,3 VISUAL EXAMINATION OF THE ALLOYED REGIONS 

The visual examination of the alloyed regions under 

the microscope revealed several interesting features of 

the regrowth region. 	For example, in no case was the 

alloyed surface perfectly plane. 	Rcesses and 

undulations were pre$ent in virtually all the sample-s 

examined, more so for the aluminium system than for the 

antimony-gold system. 	These were later found to 

correlate with an uneven penetration of the alloy front 

into the silicon. 	Uniformity of the alloyed surface 

was usually found to correspond with a uniform junction 

990 



t 	t2, tI3 t4, 

So 

6 

2. 

TIME - MIN. 

= Alloying time = 1.5 mm. 

Anneal time = 5 nun. 

Time Temperature Alloying Sequence 



depth. This was a very important consideration since 

it meant that a correlation between the physical and 

electrical properties of the junctions was frequently 

possible without recourse to the laborious angle-lap and 

stain process. 

The detrimental effects of the lateral spreading of 

the alloyed regions were also clearly visible under the 

microscope and are highlighted in Plate 6.1. 

Plate 6,1(a) shows the negligible spread of the regrowth 

region into the gap when the long edge of the gap is 

aligned with a 100 plane. Failure to do this can 

result in the type of lateral spreading shown in 

Plate 6.1(b) where triangular regrowth regions are seen 

to spread into the gap to effectively provide a 'weak 

spot' where preferential breakdown can occur. 

The alloyed junctions formed as above were 

evaluated by a physical examination of the junction by 

the 'angle-lap and stain' technique and through various 

electrical measurements, both d.c. and r.f. 

6.4 PHYSICAL EVALUATION OF THE ALLOYED REGIONS 

In the 'lap and stain' technique, samples were 

lapped at a shallow angle (15°  or 30) using in the first 

instance 0.05 pin alumina abrasive in a water soluble 

lubricant in an effort to expose the junction area. 

The bevelled areas in this case were found to be too 

badly scratched to make any meaningful examination of 

the junction possible. All subsequent bevelling 
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operations were therefore performed using the 

appropriate mounts in the vibratory polisher when a much 

more satisfactory surface finish was achieved. 	A small 

inaccuracy in the junction depth measurement was 

considered inevitable using this technique since a 

degree of tilt about the axis of the mount was 

unavoidable during the polishing operation. - 

Several solution recipes are known for junction 

delineation in silicon prepared by bevelling and are 

generally classified, into three categories depending 

upon the solution reaction at the junction leading to 

delineation, 

Staining solutions hascd on silicon oxide 

reduction, 

Plating solutions based on a displacement 

reaction produced under illumination. 

Unievelling solutions based on different 

etching rates. 

Various solutions and their corresponding reactions 

at the junction have been considered in some detail by 

(47) 	 (48) Burger and Donovan 	and by Nicolau 	Most are 

restricted to delineating either the pm or the n +n 

junctions whereas in the present study it was considered 

desireable to delineate both junctions simultaneously 

to avoid, a tedious repetition of the polishing operation 

for the second junction. 	A measure of success was 

achieved using a staining solution suggested by Nicolau 

and consisting of 

101 



2 g  H1040 2H70 

+ 1 ml HF (48%) 

+ 20 ml h20 

The p and n4  layers for this case showed up bright 

against the dark background of n type substrate. An 

approximate measure of the junction depth was finally 

obtained from the consideration of the geometrical 

factors involved as shown in Figure 6,2 

Plates 6.2(a) and (b) are representative 

photographs of the type of uneven pn junctions 

encountered most frequently in practice. 	The sample in 

Plate 6.2(a) was alloyed at 7500C for five minues and 

then lapped at an angle of 15 0 on a glass plate using 

the 0.05 alumina abrasive whereas that in Plate 6.2(b) 

was alloyed at 7250C for five minutes and polished on 

the vibratory polisher using the 30  mount. 	In both 

cases the measured maximum penetration depths of 4.3 im 

and 3.7 ji.m for the alloy are seen to be far in excess of 

the theorcticaliy predicted values (0.8 and 0,6 Iim'  for 

a 2 pm thick metallisation, even after allowing for a 

degree of tilt for the substrate mount in its holder. 

The correlation between the recesses in the alloyed 

surface and the alloy penetrations is clearly visible. 

Such irregularly shaped alloyed junctions were 

observed in approximately 60% of all the evaluated 

samples that had been subjected to a maximum alloying 

temperature in excess of the melting point of aluminium 

(6600C). 	This tendency towards irregular penetration 
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is an inherent feature of alloying and its total 

avoidance is virtually impossible, even when defect free 

silicon is used as the starting material as shown in the 

present study. 	Locallised strain caused at the silicon 

surface by the presence of the metallised areas can 

cause the solubility of the silicon to vary at 

different points on the surface and lead to a 

preferential dissolution of the silicon at these points. 

This effect is shown in Plate 6.3 which is a 

photomicrograph of an asynLwetricai Lang transmission 

topograph of four of the microstrip diodes. 	The high 

degree of contrast between the areas around the 

metallisat ions and the rest of the silicon indicates the 

presence of a considerable strain thre. 	Poor contact 

between the i1Icon and the alloy contact metallisation 

due to surface contamnaton or unclean surfaces will 

obviously be another major contributory factor towards 

loca penetrat!ois. 

The highest percentage of uniform regrowth regions 

was recorded in samples that had been alloyed for 

between 60 and 120 seconds at 680°C (3556) and 

725°C (47). 	The measured penetration depths in these 

cases were cn average between 50 and 1007o greater than 

those predicted in Chapter 5, 	These results compare 

with those published by Roberts and Vlilkinson 49  whose 

measured values of the penetration depths for the 

regrowth regions vary between one and four times those 

predicted as above. A reasonable agreement with theory 

within experimental error, is therefore regarded as 
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having been achieved. 

No direct correlation between the physical and the 

electrical properties of the junctions was attempted by 

the sectioning of individual diodes in view of the 

extremely laborious procedures involved. 	In general 

however, a uniform appearance of the alloyed surface was 

usually found to correspond to a satisfactory dec., 

performance. 

6.5 D.C. ELECTRICAL EVALUATION 

The dec, test measurements on the fabricated 

devices were carried out on a transistor curve tracer 

using a muitipoint prober. 	Virtually all the 

fabricated devices were subjected to this test since a 

fast curnover time was possible due to the simple 

measurement procedure involved. The results are 

discussed beiow.  

6.5.1 REVERSE CHARACTERISTICS 

Figure 63 shows the V-I characteristics of five 

reverse biased FIN diodes fabricated using the above 

optimised alloying procedures. 	The reverse current in 

all cases is seen to be far in excess of the reverse 

saturation current for an idealised pn junction as given 

by 

N D P 
= Aq (_J + 

n 	p 

104 



istics 

:)des 

ties  

:)des 

-7 
10 

0 	 .L2o 	160 	260 

0 	 40 	00 	110 	.5 	 200 

VOLTAGE - VOLTS 

VOLTAGE - VOLT 5 



where 	A = area of the junction 

N P = minority (electron) concentration in 

the P region 

minority (hole) concentration in the 

N region 

D+ ,  D+ = minority diffusion constants for the P 

and N regions respectively 

= minority diffusion lengths for the P 

and N regions respectively. 

Using the values of D F = 1.4 cm2  sec, L' = 4 x 10 4cm 

and a doping concentration of 10 19 cm for the P region 

and D= 18 cm 2  sec', L 	5x 10 cm and an 

intrinsic doping of 5 x 10 12  cm gives a value of the 

ieverse saturation current density as 1.4 x 10 A cm 

This reverse current is that resulting from the thermal 

generation of carriers near the junction and is 

independent of the reverse bias voltage for the idealised 

diode. 

The pract:ical diode on the other hand has added 

reverse current components due to carrier generation in 

the depletion-region and surface leakage effects. Of 

these, the depletion-region generation current is 

voltage dependent through the width of the depletion 

layer (more carriers are generated in a wider layer) 

which for the PN junction is given by 

= 2 F_Sz £ V/qN 

where 	= dielectric constant of silicon. 

V = junction voltage 

ND = donor concentration in the middle region 
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and is roughly in the same order of magnitude as IS O 

The actual reverse or leakage current in the 

practical diode is therefore controlled by the conditions 

at the surface boundary of the junction. 	The surface 

leakage mechanisms are complicated and not well 

understood. 	It can be readily seen that the silicon 

surface forms a discontinuity in the crystal structure 

and is susceptible to contamination despite precautions 

adopted in the fabrication sequence. Adsorption of 

many foreign elements will occur from the environment 

and the various etching solutions used, and provide 

additional recombination centres which go to reduce 

carrier lifetimes and promote surface currents. 	An 

important feature of the alloyed surface oriented diode 

is the considerable locallised strain created in the 

gap, as shown in Plate 6.3, by the alloying materials. 

This can create crystal imperfections which can further 

reduce the lifetime and increase the leakage current. 

Figure 6,4 shows the reverse biased V.i 

characteristics of junctions fabricated using a 

sputtered silica film to mask thy silicon surfaces 

outwith the contact metallisation. 	A slight 

improvement in the reverse leakage current is apparent 

and is attributed in the main to the protection accorded 

by the silica during the evaporation and masking 

procedures. 

The reverse leakage current in the surface oriented 

diode thus exhibits a much greater dependence on factors 

other than the quality of the rectifying junction than 
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the simple shunt oriented diode. This is shown in 

Fioure 6,5, where the characteristics of two identically 

alloyed shunt and series diodes are graphed for 

comparison .. 	The series d:i.ode is seen to exhibit a 

much higher reverse leak-age current and forward 

resistance. 

6.5.2 DIODE CPYACITANCE 

The equivalent circuit of the PIN diode under 

reverse bias can ideally be approximated by the diode 

capacitance in parallel with the high substrate 

resistance as shown in Chapter 3G 	The value of this 

capacitance for the fabricated diodes was measured 

using a capacitance-inductance meter (Boonton 

Electron:Lcs Model No, 71AI) and its variation with the 

applied reverse bias is shown in Figure 6,6 for five 

different diodes. Access to the diodes was by means of 

a twopoint prober. 	The dashed curve represents the 

computed value of the capacitance for a fully depleted 

diode with the following dimensions 

Height of contact metallisation = 4 x 10
-4 cm 

Depth cf junction = 2 x 10 cm 

Contact area = (3 x 10-2 2 ) cm 2 

Gap width = 10 -3 cm. 

This computation does not take into consideration any 

lateral spreading in the regrowth region which could 

substantially reduce the width of the gap region and 

cause a. corresponding increase in the diode capacitance. 
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Any reverse leakage through the diode will also cause 

the meter to register a higher capacitance value. 	The 

measured variation of approximately 307o from the 

computed values is therefore riot considered too 

excessive. 

6, 5,3 FORwARD DIODE CHARACTERISTICS 

The forward biased V-I characteristics of five 

representative diodes are shown in Figure 6,7, 	The 

theoretically derived characteristics based on 

equation (24) of Chapter 2 are also graphed for 

comparisor, . 	The width of the gap regiou in each case 

was approximately 10 microns. 

The V-I characteristics of all the diodes shown in 

Figure .7 are seen to be dominated by recombination of 

the ±xjccted carriers in the lightly doped region of the 

semiconductor, 	This is verified by the slope of the 

curves which is very close to the theoretically predicted 

slope of qV/2kT. Above an actual diode current of 

about 10 A the characteristics begin to deviate from 

the exp(qV/2kT) dependence and show the effects of 

conductivity modulated IR drops in the centre region of 

the diode. 	These effects are not simply equivalent to 

an ideal diode in series with a resistor but are highly 

non-linear. 

The deviations from the theoretically predicted 

V-I characteristics at the low and high current ranges 

are not unexpected since no account was taken of the 
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generation-recombination current (g.r' important at 

low current ranges, or the effects of carrier-carrier 

scattering and contact resistance, important at higher 

current densities, in the derivations of Chapter 2. 

for a forward biased pn junction has been 

approximated by Sze 	as 

qd 

g-r 	Tcy vvi t NN1  e( 1) 

where d1  = width of the depletion region 

= carrier capture cross-section 

Vth = carrier thermal velocity 

N  = trap density. 

The forward current contribution from J 	will 

therefore boost diode current at very low bias voltages. 

As the bias level is increased, the width of the 

depletion layer gets reduced to negligible proportions 

and there is a corresponding reduction in the 

contribution 

	

The effect of carrier-carrier scat -ter 	on carrier 

mobilities is shown in Figure 2.7 of Chapter 2. 	This 

was incorporated in a computer routine to calculate the 

diode V-I characteristics with injection dependent 

mobilities. 	(The computer routine used for this is 

detailed in APPENDIX D. 	The total diode current at any 

applied bias is calculated using an itterative technique 

to sum the contributions from the individual current 

elements along the length of the contact. 	Symmetrical 

voltage distribution across the two junctions and zero 

contact resistance are assumed.) 	This result, also 
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shown in Figure 6.7 (dashed curve), exhibits a marked 

flattening in the V-I characteristics at high current 

levels. 	The predicted current levels are, however, 

still higher than the actual values in the high 

injection region, 	This is to be expected since the 

analytical expression takes no account of the resistive 

losses at high injection levels. 

Figure 6.8 shows the dependence of the diode 

forward current on the contact width. 	The dimensions 

_4 2 for the diode of trace (a) were 1.9 x 2,5 x 10 cm and 

those for (b) were 4,2 x 2,5 x 10 cm2, 	A good 

agreement with theory is demonstrated by the approximate 

doubling of the diode current for the larger dIode. 

An approximate value of the diode forward 

resistance was calculated by considering an average 

value of the injected carrier concentration as being 

distributed uniformly within a region two and a half 

diffusion lengths along each contact and within the 

semiconductor. 	This ratherrrAperica1 approach was seen 

to yield final resistance values within about 101`6 of the 

experimental values as dexived from the slope of the 

V-I characteristics and is shown in Figure 6,9, 	The 

resistance of the region was calculated as 

R= 

where w = length of the region 

A = cross-sectional area 

p = average resistivity in the region 
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= jjr1 r qp 

1 

2qVn  

where. 	averaged mobility of the charge carriers in 

the lil region 

and 	n = averaged injected carrier concentration, 

6.6  PULSE MEASUPEMENTS 

In order to make any meaningful measurements on the 

microstrip diode, it was necessary to provide a 

suitable transition between the microstrip and the 

external co-axial line circuitry. 	This was done using 

a 50 2 OSM tab connector with its 0,020 in. centre tab 

mechanically tapered to provide connection to the 

0.012 in, aluminium microstrip on a nominally 0,020 

in. substrate, 	Electrical (d.c.) continuity was 

achieved by having the tab an.' the microstrip conductor 

physically in contact using the test fixture shown in 

Plate 6,4. 	This fixture was designed to accommodate 

substrate sizes ranging from 0,5 in, to 1.125 in. in 

steps of 0,125 in, as a precaution against the shortage 

of suitable substrate material. 	Plate 6,5 ShOWS a 

single surface oriented diode with the accompanying 

microstriplines. 

The experimental scheme used in the pulse 

measurements on the diodes is shown in Figure 6.10. 

The biasing pulse was obtained using a 1,5 ns rise time 

pulse generator and the diode response was observed on a 
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(Tetronix 1904) oscilloscope, 	The results are 

summarised in Plates 6.6(a) and (b) which are 

oscillogram pictures of the diode response to a 70 ns 

square voltage input pulse. 	The top trace in each case 

represents the diode response whereas the bottoii trace 

represents the reference input from the pulse generator. 

Extremely fast rise and fall tines, in the region of one 

to three nanoseconds, are evident indicating a 

drastically reduced minority carrier lifetime in the 

'intrinsic' region. 	An order of magnitude estimate of 

this was obtained using the so called 'W.ison eh' (50) 

discussed briefly below. 	The technique basically 

consists of injeoting excess carriers into the lightly 

doped region of the diode and observing the open circuit 

voltage transient across the structure. 	The lifetime 

is then calculated simply as a function of dv/d.i. 

Consider a PNN4  diode in the forward biased steady 

state condition. 	Under the assumptions of abrupt 

junctions negligible minority injection into the 

heavily doped regions and d<  L where d is the effective 

separation between the contacts and L is the diffusion 

length in the middle region, the carrier concentrations 

on either side of the junctions can he related by the 

Boltzmann distribution functions as 

qV1/kT 
nne 	 (1) 

and 

qV2/kT 
p=p0 e 	 (2) 

112 



"ON" 

"OFF" 

Diode Response to a 70ns Input Pulse 

Top trace : diode response 
Bottom trace: input pulse 

PLATE 6.6. 



Diode Response to iOns Input Pulse 

Top trace : diode response 
Bottom trace: input pulse 

PLATE 6.6(c) 



where n, p are the equilibrium carrier concentrations 

in the middle region and v1  V are the junction 

voltages at the NrN  and P + N junctions respectively. 

Multiplying (1) and (2) above gives 

np=n 
I 
 e .2 qV/kT 	 (3) 

where 

	

V-V1+V2 	 (4) 

Also, from the requirement of space charge neutrality in 

the base 

n=p 	 (5) 

The recombination lifetime in the middle region is then 

effectively defined as 

dn 	n - n 
- 6 '' dt 	T 

Under high level conditions, " >> n and so (6) can he 

rearranjed to give 

dt = - T d(ln n) 	 (7) 

or 

= 1E'_cLi. 	 (8 dV 	I • dt' 

Also (3) may be differentiated to give 

(9 
dV 	2 k 

and finally, neglecting the sign 

T2i3 	 (10) 

Thus, excess carriers can be introduced in the intrinsic 

region of the diode by forward biasing the junction and 

the open circuit voltage produced by terminating the 

diode current observed as a function of time. 	This can 
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then be related to the lifetime through (10). 	With 

good junctions, the excess carriers in the middle region 

are restrained there by the fields in the heavily doped 

regions and their disappearance is solely due to 

recombination 

The effective high level recombination lifetime for 

the diode in Plates 6.6 by this method is thus seen to 
' 

be in the region of 10 	 ( 51,  
20 ns. 	Some doubt 	J has 

recently been, expressed as to the accuracy of this 

method since it effectively determines a pseudolifetime 

corresponding to the disappearance of the carriers 

through recombination and diffusion near the junctions 

where much steepr concentration gradients exist and e 

much reduced lifetime therefore prevails. 	In any case, 

this estimated value of the lifetime in the region of 

perhaps tens of nanoseconds for the finished, device is 

considerably reduced from the estimated value of 

between 10 	3.010 microseconds in the starting 

semiconductor material. 	A further indication of this is 

seen in the ability of the diode to follow the smallest 

pulse it was possible to generate with the existing 

facilities as shown in Plate 6.6(c) where the top trace 

once again represents the diode response to the 3 ns 

pulse input shown in the bottom trace. 

6.7 R.F. MEASUREMENTS 

The ability of the fabricated diodes to switch 

r.f. is shown in Plates 6.7(a) and (b) which are 
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oscillogram traces of the r.f. power transmitted by the 

diode when pulsed into the ON condition by a low 

frequency d.c. signal (as in the previous section) 

A zero bias isolation of approximately 30 dB at 200 MHz 

is indicated. No higher frequency measurements were 

possible using this technique because of the inherent 

limitations of the oscilloscope display i af..lities. 

The microwave performance of the diodes was therefore 

characterised by the measurement of the zero bias 

isolation and the forward bias insertion loss on a 

Network Analyser (Hewlett-Packard) Sparameter test set 

as shown schematically in Figure 6.11. 

The concept of S or scattering parameters may be 

explained briefly by reference to the generalised. two 

port network shown in Figure 6.12, 	It has four 

scattering parameters: 	S21, S19  and S, 1. 	S22. The 

forward and reverse parameters, S21  and S12, are the 

magnitude ratio and phase shift of the signal flow 

between ports when the signal source is attached to one 

port and the opposite port is terminated in the 

characteristic impedance, Z0, of the line. 	The 

reflection parameters, S11  and S22  at the input and 

output ports are determined under the same test 

conditions, i.e. with the signal source attached to the 

input or output port with the opposite port terminated 

in the characteristic impedance of the line. 	S13.and 

S22  as obtained from microwave reflection measurements 

can be directly related to the device under test as 
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More generally, the Sparaineters may be described in 

terms of the incident and reflected waves at the two 

ports as 

bSCDL 1 	'11 	12 	i 

bC" 	a 2 	21 "22 2 

where JZ0a1  = voltage wave incident on Port 1 

j Z 0  a  2 = voltage wave incident on Port 2 

\JZb1  = voltage wave reflected from Port 1 

Jz0b2  = voltage wave reflected from Port 2 

For the zero bias isolation measurements in the present 

case, the test device was connected across the two arms 

of the test set and the Network Analyser set to measure 

the tranuission, S12, parameter, 	The diode was biased 

through the test set and the relative increase in the 

transmitted power as a function of biasing current 

observed for frequencies between 200 MHz and 8 GHz. 

Typical results are shown in Figure 6,13. 	Zero bias 

isolation in excess of 25 d13 was achieved for frequencies 

upto 4 GHz beyond which a rapid deterioration was 

observed. 	The relatively poor isolation characteristics 

of two chip diodes measured on an alurina microstrip are 

also shown for comparision. 
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Figure 6.14 is a Smith Chart plot for five diodes 

measured using the Polar display in the Network Analyser. 

For these measurements the reflection S11, parameter 

was measured with the output of the diode short 

circuited. 	The capacitive and resistive nature of the 

diodes in the off and on states respectively are clearly 

Shown.  

Considerable difficulty was experienced in 

obtaining any meaningful measurements of the insertion 

loss for the diodes because of the severe mismatches 

that existed at the transitions between the silicon 

microstrips and the external circuitry due to the 

differing characteristic impedances. 	The 

characteristic impedance of the microstrips tested 

varied between 45 and 35 S since the microstrip mask was 

designed to achieve a 50 2 impedance on a 0,020 in, 

substrate whereas the thicknesses of the substrates used 

varied between 0.008 and 0.015 in. 	A much better inatii 

was possible using the 50 2 alumina microstrip. 	Four 

chip diodes tested using this arrangement exhibited 

insertion losses of 1.02  1.0, 1.3 and 2.0 dB 

respectively upto 4 GHz. Similar performance is 

anticipated of the silicon microstrip diodes. 

6.8  CONCLUSION 

The properties of the alloyed surface oriented 

diode have been thoroughly investigated from d.c. 

through to microwave frequencies. 	All the fabricated 
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diodes have tended to exhibit relatively large reverse 

leakage currents and high forward resistances. 	The 

r.f. properties of the integrated diodes have, however, 

been very satisfactory with most diodes exhibiting an 

r.f. isolation of over 20 dE at zero bias, and an 

expected forward insertion loss in the region of 1.5 dB 

upto 4 GHz 	Switching times in the region of 2 ns have 

also been established due to the much reduced minority 

carrier lifetime in the middle region, 
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CHAPTER 7 

CONCLUSIONS 

7.1 INTRODUCTION 

Surface oriented PIN diodes have been fabricated 

using the relatively cheap and simple alloying 

technique. Very satisfactory diode performance has 

been achieved upto 4 GHz with large area 

(3 x 3 x lO cm2) diodes. 	Better performance at higher 

frequencies should be possible by the use of 

appropriately smaller geometries as discussed below. 

No processing difficulties are envisaged in view of 

compatibility of the coplanar configuration with 

microelectronics processing techniques. 

7.2 REVIEW OF RESULTS 

The alloying process has been effectively re-

evaluated in the microelectronics environment and for 

surface oriented configurations. Much shorter alloying 

cycles have been found to be necessary than predicted by 

theory. The critical dependence of the diode 

characteristics on the state of the silicon surface and 

the physical orientation of the contact edges, with 

respect to certain crystallographic planes, was aptly 

demonstrated in Chapter 6. 	Briefly, better definition 

within the gap region is obtained by aligning the long  
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edge of the alloyed contact with the 100 planes on the  

surface. Yields of over 50% are predicted with proper 

cleaning and alloying procedures. 

The d.c. electrical characteristics of the surface 

oriented alloyed diodes were found to be somewhat 

inferior compared to those of the commonly used shunt 

oriented diodes. 	Even the best'diodes exhibited a 

reverse leakage current in excess of 10 iA for reverse 

bias voltages in the region 50 - 70 V as compared with 

over 150 V for the more conventional diodes. 	Further, 

all the diodes exhibited a soft reverse breakdown. 

This is considered to have largely been due to surface 

contamination during the metallisation and etching 

procedures, and the inherent strain created by the 

alloying process itself, as born out through x-ray 

topography. A little improvement should nevertheless 

be possible through further process refinement. 

Al]. the diodes exhibited a forward biased 

resistance of between 8 - 12 2 as compared with the 2 2 

resistance encountered in most commercially available 

(shunt) diodes. Once again, this is an inherent 

property of the structure when extremely thin regrowth 

regions are employed. 

Inspite of all their shortcomings, the surface 

oriented diodes exhibited very satisfactory r.f. 

characteristics upto well into the microwave region. 

Most diodes exhibited a reverse isolation of well over 

30 dB at 200 iz, reducing to approximately 22 dB at 

4 GHz. 	Insertion loss at 4 GHz is estimated to be in 
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the region of 1 - 2 dE for the complete microstrip diode 

which compares very favourably with available packaged 

diodes. An interesting property of the fabricated 

diodes was their extremely fast turn-on and turn-off 

times, (This has been attributed to the drastically 

reduced minority carrier lifetime in the gap region) 

with most diodes switching off in under 3 ns. 

An overall appraisal of the alloyed diode is now 

possible in view of the above considerations. 	Its 

relatively high reverse leakage current under reverse 

bias and the large forward conductance resistance 

obviously makes it unsuitable for high power 

applications when a considerable fraction of the r.f. 

power might be dissipated in the diode. 	Even if such 

losses could be tolerated, the diode heat sinking might 

prove to be inadequate and the device would be 

correspondingly more liable to failure. On the other 

hand, the alloyed diode is seen to be ideally suited 

to low power applications. 	It can be operated with 

zero or a small reverse bias to provide good isolation 

in one direction and with a small forward bias to 

provide a low insertion loss in the other direction. 

Full advantage can be taken of its excellent switching 

characteristics in this case. 

7,3 RECOIvNENDATIONS FOR FUTURE WORK 

The two main shortcomings of the fabricated diodes 

are the high value of the forward conductance resistance 
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and the latively roor isolation provided at hi:z 

frequencies 	Ectu these prc;perties are a runction o 

the dicas 	5t537 &fl. can 55 55)rOVcd UTOn Oy 5ULtably 

fying the cos test areas 	It was shown in Chapter 2 

that the diode current is •csroentrated largely in th 

vicinity of t1e,e::eiOfl 	is a direct functisa 

of the gap length. Contact widths beyond appro:imatoly 

2.5 diffusion lengths provide a negligible contributioL 

to the total diode current hut make a significant 

contribution to the diode forward resistance. 	Thus 

better forward characroxistics can be oweocted if long 

thin contacts are used. 	This will also lead to a 

smaller value for the reverse bias dio capacitanoc 

a correspondingly throVed diode perfcr.ancc at hi.h 

frequencies. 

An alternative device geometry which should alse 

be considered for future evaluation is that of the 

pocket diode (Chapter 3) in which the alloying 

could be carried out into pockets etched into the 

silIcon surface. 	A suitable choice of the crysal 

orientation in this case would enable the zcgrowth 

regions to penetrate preferentially into the pocket 

walls and effectively constitute a serallel rlar:: dIO: 

between th mockets, Thus the advantages of a low 

forward conductance resistance and a small casacitane 

can be combined in a coplanar structure to civ: 	im: 

performance in both the forward and the reverse biased 

states 

In final conclustcn,  thc viability f 
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low temperature alloying technique for monolithic 

surface oriented PIN diode fabrication has been 

demonstrated. 	The diodes have been shown to compare 

favourably with commercially available diodes in 

electrical performance inspite of the severe limitations 

of the alloying process. 
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APPENDIX A 

SOLUTION OF PARTIAL DIFFERENTIAL EQUATION UNDER 

ELECTRODES 

V 2 n 
	

(Al) 
L 

For a two dimensional case, assuming a separation of 

variables, a possible solution to (Al) is 

x 
	= -4- n(x,z) 	 (A2) 

z 
	= -4- n(x,z) 	 (A3) 

(A2) has a solution of the form 

n(X) = Aex(x/L) + Beyp(-x/L) 	 (A4) 

n is a decreasing function of x for x > d and vanishes 

for large values of x 

At x = ci, n(X) = n(d,O) = Be(-d/L) 

B = n(d,O) ex(cI/L) 

and 

n(X) = n(d,O) exP((d_x)/L) 	 (A5) 

Similarly (A3) has a solution of the form 

n(Z) = Cexp(z/L) + Dexp(-z/L) 	 (AG) 

with the boundary condition 

n(Z)—O as z —>o 

c=O 
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and 

ri(x,z) = n(X) n(Z) 

= n(dO) e((d.x)/L) Descp(-'z/L) 	(A7) 

At z = 0, x = ci, 

n(x,z) = n(d,O) 

and 

= 1 

and, the complete solution to (Al) is 

n(x,z) = n(d,O) ex((d-x)/L exp(-z/L) 

for IciI 	x 
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APPENDIX B 

CARRIER DISTRIBUTION IN THE GAP 

The carrier distribution in the gap region is 

obtained by solving the current continuity equations 

for electrons and holes there under steady state 

conditions, i.e. 

D 	V 2p = 	 (Bi) 

and 

D 	v2n = 	 (B2) 

under the assumption of a linear recombination 

relationship in the region. The above relationships 

can he combined under the assumption of charge 

neutrality, thus 

= V 	2D 	T 
n  

(133) 

where 

2D  D 
L= 

J D+D  

the ambipolar diffusion length. Assuming a 

separation of variables again, a possible solution to 

(B3) is of the form 

n(x,z) = n(X) n(Z) 

with 

n(X) = Acosh(x/L) + I3sinh(x/L) 	 (134) 
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n(Z) = Cexp(z/L) + Dexp(-z/L) 	 (B5) 

The boundary conditions for (B4) are 

n(X) = n(d,O) 	for x = Idi 

n(d,O) = Acosh(d/L) + Bsirih(d/L) 	x = 

rz(d,O) = Acosh(d/L) - F3sinh(d/L) 	x = -d 

and 

A = n(d,O)/cosh(d/L) 

The boundary condition of n(Z) -- 0 as z - 	and 

n(x,z) = n(d,0) for x =1 dl, z = 0 once again leads to 

cosh_x/L -z/L 
n(x,z) = n(d,O)Sh d/C e 	- 
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APPENDIX C 

CURRENT MW CONTINUITY EQUATIONS WITH INJECTION ---- 
DEPENDENT MOBILITIES,  

The hole and electron current densities in the 

semiconductor are given by 

J 	q D(E9P - v) 	 (Cl) 

J 	= q D n  (E On + Vn) 	 (C2) 

The electron and hole current continuity condition is 

expressed as 

VJp = VJ=qR 	 (C3) 

If the diffusion coefficients of holes and electrons 

are considered to be functions of position, then from 

(Cl), (C2) and (C3) above 

VJ, = q VD(E op-  vp) + q D( 0 V (Ep)- V4P) = -q R 

and 

V j 	= q V D(E 0 n+ V n) + q D( 0 V (En) + v 2ri) = q R, 

or 

and 

VD + q D 	p 	
0 D V  (Ep) - D V2p =• -R 	(C4) 

V D +8 D V(En) + D v2fl = R 	(C5) q 	n 

Under high level conditions, n = p and we can eliminate 

the electric field from the above relations to obtain 

the particle differential equation 
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1 1 2 V n + 1 —- 
2q D2 n 
(VD - 	

_ 
- 	+ j5-1  )R (C6) 

n p 

If we now assume that both D and Dp  are functions of 

position because of carrier-carrier scattering and that 

the high level mobilities of both electrons and holes 

are of the form 

(C7) 

	

0 	flp 

then by differentiation 

-4- V 	= -4- V = 	VD 	 (C8) 

On substituting for the mobility ratio and the 

	

recombination function R as 	- 

(C9) 

IMM 

R= T  + 
n 	 (ClO) 

po no 

where T po and T no are the electron and hole lifetimes 

respectively in the bulk region, (C6) reduces to 

2 n + nj2L j_ 	 C11) 2q V 	2q 	D2 	VD = 2L)( T po 
+ Tno) 

np 

can be expressed in terms of the total current 

density and the mobility ratio, thus 

J=J+J1 	 (C12) 

from (Cl) and (C2) 

J/q D - (b-1)V n 
E = 	 (C13) 

(b+1) 0 n 
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bJ + 2qDVn 
..J n = 	li-b 	 (C14) 

J.2qD Vrx 
J 	 (C15) 

	

P 	li-b 

substitution in (Cli) therefore yields 

2 	1 b-1 	4qD  
V n + J—( t+—!J + b~1 V n) 4- V 	= 

(Clô) 

This is the general form of the partial differential 

equation governing the distribution of carriers between 

the two electrodes assuming quasi-neutrality and high 

level injection, i.e. ii p>> no. 	If we now introduce 

the simplifying assumptions of b = 1 and D 

= constant, (C16) above reduces to the more familiar 

form 
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APPENDIX D 

PIN FORWARD CURRENT WITH ITTERATION AND MINORITY 

INJECTION 

NU IS KT/Q 
NI IS INTRINSIC CARRIER CONCENTRATION 
MUO IS STARTING MOBILITY 
DOA IS STARTING DIFFUSION CONSTANT 
LN IS CONTACT LENGTH- ---WIDTH 
G IS HALF GAP WIDTH 
VA IS APPLIED BIAS 
NJN IS CARRIER CONCENTRATION AT JUNCTION 

REAL NI,NU,MUO,MUNAVR,L,LNNJN 
INTEGER TT,GG,VVA 
REAL*4 X(500),VI(500),V(500),D013(500),D(500) 
REAL*4 CRL(500) ,CRH(500) ,CRNT(500) ,CRO(500) 
P=3.1416 
NU=2. 586E-2 
Q=1 . 602E-19 
NI=1 .45E10 
14UO=2. *1350. *475/1875 
DOA=MUO*NU 
LN2 • 5E-2 
WRITE(62  100) 
DO 97 GG=5 511095 
G=GG*1.E_4 
DO 98 TT=1,102 
T=TT*1 . E-ô 
DO 99 VVA=113 
VA=VVA*1 . E-1 
L=SQRT ( DOAT) 
X(1)=5.E-4 
ASINH(X(1)JL) 
VI(1)=2. *NJJ*A*ATAN(A) 
V(1)=(VA-VI(1))/2 
NJN =NI*EXP(V(1)/NU)*EXP((G_X(1))/L) 
DOB(1)=1.73E18*SQRT(243.)/(NJN*1.*ALOG(1.+8.28E8*9. 
&4E4/(NJN**(0.667)))) 
D(1)=DOA*DOB(1)/(DOA+DOB(1)) 
L=SQRT(D(1)*T) 
MU=D(1)/NU 
CRL(1)=(2.*Q*NU*MU*NI/L)*EXP(V(1)/NU*ExP((G_x(1))/L 
&)*(5.25O.E_8) 
CRO(1)=O.7*(NI*EXF(V(1)/NU)*EXP((G_X(1))/L)**2)/(1. 
&E19*TANH(O.25)) 
CRH(1)=CR0(1)*5.*250.E_8 
CRNT ( 1) =CRL( 1) +CRH ( 1) 
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SUMCRNT (1) 
1=1 

200 CRUD(10.+(I_1)*10.)*1.E_4 
X(I)=CRUD 
ASINH(X(I) IL) 
VI ( I) =2.  *T *A--ATAN ( A) 
V(I)=(VA.-VI(I))/2 
NJN 	=NI*EXP(V(I)/NU) EXP( (G-X(I))/L) 
IF(NJN .LT. Ni)GO TO 300 
Dos(I)=i.73218sRT(243.)/(NJN*1.*ALoG(1.+8.28E8*9. 
&44/(NJN(0.667)))) 

D(I)=DOA*DOB(i)/(DOA+DOB(I)) 
L=SQRT(D(I)*T) 
MU=D(I)/N1J 
CRL(I)=(2.*Q<NU*MU*NI/L)*EXF(V(I)/NU)*EXP((G_X(I))/ 

&L) *(10.';(-250.Z-8) 
CRO(I)0.7*(NI*EXP(V(I)/NU)*EXP((G_X(I))/L)**2)/(1. 
&E19*TANH(O.25)) 
cRH(I)=CRO(I) *I0.*250.E_8 
CRNT( I)=CRL( I)+CRH(I) 
SUN= SUM+CRNT ( I) 
1=1+1 
IF(I •LE. 25)00 TO 200 

300 CRDN=SUM/(2.5*2.5E-4) 
WRITE(62  101)GG,T,VA,MU,SUM,CRDN 

101 FORMAT(' ',G9.2,3X,G9.23X,G9.2,3X,G9.2,3X,G9.2,3X, 
&G9.2) 

99 CONTINUE 
98 CONTINUE 
97 CONTINUE 

STOP 
END 
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APPENDIX IL 

E.1 CAPACITANCE OF A TOROIDAL - REGION 

Consider a section of the toroidal region shown in 

Figure E,1. The electric flux for this region is 

concentric about 00 and is contained between the 

equipotential surfaces S1  and S2. The capacitance of 

this space is given by 

- -flux 	across the equipotential surfaces 
- potential rise across the space along the flux lines 

In analogy with the magnetic flux in a similar space 

b £1271 	ln((d+fl/d 
ëT2rr 

0 = ii for the present case and therefore 

C I 	d+l C 	TT  

E.2 CAPACITANCE OF A SEMICIRCULAR CYLINDERICAL 

REGION 

Strictly speaking, because of our simplifying 

assumptions this region does not have any flux crossing 

it and therefore should exhibit no capacitance. This 

is of course a gross simplification since it will 

contain flux from the closer parts of the surfaces 

considered in Figures 2.13(a) and (b). 

In general, the capacitance of a region bounded by 

lines is given by 

£ 	volume of region/mean length of path 
o 	 mean length of path 
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The mean flux path length for the present situation will 

be as shown in Figure E.2 subdividing the total flux 

into two equal parts. From simple mathematical 

considerations, this is given by an arc of a circle 

radius 	Jd sustaining an angle of rr/2 and is equal to 

U, .J . R. The desired capacitance can now be 

obtained by appropriate substitution in the above 

expression. 

R.3 CAPACITANCE OF SPHERICAL QUADRANT 

The three dimensional nature of this spherical 

quadrant, Figure E.3, makes it very difficult to 

estimate the mean free path length for this region. 	In 

keeping with the approximate nature of these derivations 

therefore, a mean of the two extreme values for the path 

length, 2R and flrZ, has been used to estimate this 

capacitance. 

E. 4 CAPACITANCE OF A QUADRANT OF A SPHERICAL 

SHELL 

The requisite volume of this quadrant, Figure E.4, 

is 

vol = --((d+l)3 	1) 

and approximate mean flux path length equals 

R = +((1) + d) 
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APPENDIX F 

DETAILS OF CHEICAI USED IN PROCESSING 

All chemicals supplied by B.D.H. Chemicals Ltd. 

Hydrogen Peroxide 30 Unstblised 

Ammonia Solution 27% Electronic Grade 

Hydrochloric Acid 377o Electronic Grade 

Hydrofluoric Acid 48% Aristar 
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APPENDIX G 

ETCHING SOLUTIONS 

Aluminium Etch 

Mix 46 grannies of Ammonium Persuiphate with 54 cc 

of deionised water. Add this to 500 cc of 

orthophosphoric acid (98% strength) at 40°C. 

Gold Etch (to make 2 litres) 

Dissolve 300 gius. of Potassium Iodide crystals in 

1 litre of deionised or DD water. When dissolved add 

100 gras. of Iodine crystals and top up solution with DD 

water to make 2 litres. 
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