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SECTION I 

INTRODUCTION 

A. History and Development of SOS Technology 

When small scale integrated circuits were being developed in the 

early 1960's, the only available method of electrically insulating 

components on the same chip was by reverse-biased p-n junction diodes. 

This technique possesses well-recognized disadvantages. The drawbacks 
• fostered the development of several alternative schemes, one of which was 

silicon on sapphire technology. It was clear that the fabrication of 

circuit components directly onto an insulating substrate would eliminate 

the problems associated with junction isolation. 

The epitaxial growth of single crystal semiconductor films on 

insulating substrates has been the subject of much research effort in the 

past decade or so. A comprehensive review of the subject has been 

published recently (1). For theoretical and practical purposes only the 

heteroepitaxy of silicon is commercially utilized for integrated circuits, 

and only sapphire substrates will be treated at length in this report. A 

wide variety of other substrate materials, including spinel, quartz, silicon 

carbide, beryllium oxide, chrysoberyl, and garnet, have been investigated 

and discarded, perhaps prematurely. Only spinel remains as a subject of 

current investigation, but sapphire alone is commercially utilized, for 

reasons which will be discussed. 

The first successful epitaxial growth of silicon on sapphire was 

reported in 1963 by Manasevit and Simpson (2), (3). They utilized the 

reduction of silicon tetrachloride by hydrogen at elevated temperatures 

to deposit single crystal layers on oriented sapphire substrates. The 

films were p-type, of high resistivity. The authors noted that good 

epitaxial films depended on the apparent condition of the substrate, which 

was cleaned and etched by hydrogen at 1260 o C. There was also evidence of 

reaction between the silicon and sapphire during initial stages of 

deposition. Growth occurred by nucleation, as opposed to formation of 

monolayers. The observations of Manasevit and Simpson are basically 

unchanged after extensive research in a number of laboratories since 1964 
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(4) - (9). 

Practically all device processing is done with (100) silicon on 

(1102) sapphire. It has been clearly established that the surface finish 

of the substrate is critically important to good film growth, and various 

mechanical and chemical etches plus some form of hydrogen or air prefiring 

are commonly, but not universally used. Silane is used exclusively instead 

of silicon tetrachloride, which causes excessive etching of the substrate. .. 
Aluminum autodoping of the silicon films, by outdiffusion from the substrate 

or transport from the backside of wafers via the carrier gas, can be 

controlled or counteracted. 

The most undesirable characteristic of silicon films heteroepitaxially 

deposited on sapphire is the low lifetime of minority carriers, roughly 

1 ns. In contrast, minority carrier lifetimes in bulk silicon devices are 

several ordersof magnitude higher. The short lifetime makes it difficult 

to fabricate good bipolar devices, and leads to high leakage in MOS devices. 

The cause of the low lifetime is the highly disordered interface layer and 

the presence of impurities introduced from the substrate. Rai-Choudhury, 

et al (10), have shown that the lifetime can be increased by a factor of 
+ one hundred by first depositing an n layer of silicon, followed by a 

lightly doped n layer. 

Hall mobilities are found to be 20-50% of the values in bulk silicon, 

and increase with the thickness of the silicon film (9). Once the film 

thickness is greater than a few tenths of a micron, the silicon quality is 

very good. Since the channel of an enhancement mode device is only several 

hundreds of angstroms thick, good quality MOS devices can readily be 

fabricated in such films_ 

Although bipolar transistors have been fabricated in SOS films (11), 

(12), the low minority carrier lifetime requires special care and novel 

processing steps to achieve useful h - Consequently, only MOS transistorsfe 
are important in 80S integrated circuits today. The earliest devices were, 

indeed, MOS p-type enhancement mode transistors (13). Since the electrical 

characteristics of MOS transistors depend mainly on the silicon properties 

near the surface of the film where quality is superior, performance of the 

devices is excellent. Boleky has reviewed the performance of the 
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complementary enhancement mode devices and deep-depletion devices on 

insulating substrates (14). Deep-depletion components make it possible 

to achieve CMOS performance with simpler processing steps (15). Normally, 

both n and p-type high resistivity layers must be fabricated to build 

complementary transistors. By using a deep-depletion transistor in 

conjunction with one type of enhancement mode device, CMOS inverters can 

be designed which require only one type of epitaxial layer. As Boleky 

points out, deep-depletion technology requires stringent control over film 

thickness and doping. Nevertheless, these devices are currently utilized 

in existing SOS products. 

In the few years immediately following the introduction of silicon 

on sapphire technology, several integrated circuit manufacturers and 

laboratories investigated the new technique at varying levels of effort. 

With the exception of two companies, the integrated circuit industry of 

that time came to the conclusion that silicon-on-insulating substrate 

technology had sufficient technical problems to not warrant further 

investigation. These problems were mainly process related difficulties 

associated with the degradation of electrical and mechanical properties of 

silicon films deposited on insulating substrates. 

During the 1966-71 period a few companies maintained research and 

development programs in both bipolar and MOS devices. At the end of that 

period, SOS circuits were becoming available but not in sufficient quantities 

to develop serious mass market penetration. However, several other 

manufacturers became interested in producing SOS circuits. To improve the 

basic circuit performance, the integrated circuits manufacturers were 

developing CMOS circuits using two epitaxial silicon layers or implanted 

p-regions instead of one epitaxial layer with deep-depletion devices. One 

company in addition was working on bipolar circuits, with efforts to increase 

minority carrier lifetime. In the period since 1971, the list of 

manufacturers actively pursuing SOS technology has changed somewhat. 

At the present time, there are more manufacturers committed to 

and more products being developed in SOS than ever before. 4000 series 

CMOS circuits, 256 and 1024 bit RAM's, and other circuits are 

currently available. It remains to be seen if this manufacturing effort 

will be maintained and significant mass market penetration achieved in the 
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face of current poor market conditions. One signal that SOS production 

problems may still exist was the recent withdrawal of a small SOS memory 

system from the market due to lack of SOS parts in sufficient quantities. 

B. Characteristics of SOS Circuits 

The basic advantage of SOS technology is derived from the elimination 

of virtually all parasitic effects from the integrated circuits. This can • 
be readily appreciated by studying the simplified sequence of processing 

steps shown in Fig. I-I. 

The figure illustrates the so-called double-epi method of fabrication. 

The first step is the growth of a 1 ~m n-type silicon film with doping 
14 3

density 5xl0 /cm . This is a crucial step and requires good processing 

control. Then a standard oxide growth, photomasking, etc. defines the 

regions which will be used for p channel enhancement transistors, bonding 

pad pedestals, etc. Next the p-type epitaxial layer is grown and etched 

into islands. n+ and p+ diffusions are done simultaneously using 

appropriately defined phosphorus and boron doped glass for the diffusion 

sources. Part (e) of the figure shows a completed device with gate oxide 
e G 

(1000 A) and metalization (10000 A) . 

The advantages of such a structure are readily apparent. Instead of 

using various isolation schemes such as reverse-biased junctions, guard 

rings, etc., SOS circuits are constructed such that all of the thin silicon 

layer not incorporated in active or passive devices is removed. Ideally, 

the sos circuit can be conceived as a set of perfectly isolated discrete 

devices in integrated form. All silicon in the field regions of the circuit 

is removed except for crossovers. Thus, field threshold and leakage problems 

with metalization are eliminated. Also, the metal interconnection lines 

have drastically less parasitic capacitance associated with them, being 

determined solely by the number of crossovers. From a reliability stand­

point, the elimination of the field silicon eliminates possibilities of 

leaky junction isolation, low field threshold, incomplete action of guard 

rings, shorts due to field oxide pinholes, etc. From a silicon surface 

area utilization standpoint, area reductions can be made since guard rings 

in CMOS circuits and wide laterally diffused isolation junctions in bipolar 
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circuits can be eliminated. Since silicon film thickness is only about 

1 ~m there are no deeply diffused junctions to waste surface area by lateral 

diffusion. Thus, circuit design rules can be tightened and simplified. 

The circuit and device performance of SOS circuits are greatly 

enhanced as compared to their bulk counterparts. Due to the removal of 

parasitic silicon material, the isolation capacitance and leakage of bipolar 

transistors, diodes. and diffused resistors are virtually eliminated and the 

drain and source-to-channel region capacitance and leakage is reduced to 

just the sidewall component of a 1 ~m diffusion. Since the parasitic 

capacitance associated with metal interconnection lines is eliminated, the 

response time of these lines is decreased appreciably, particularly on 

large LSI chips where metal conductors frequently run the length of the chip. 

Another distinct advantage of SOS circuits is the increased hardness 

to transient radiation effects (16). The reduced junction area results in 

a dramatic reduction of the volume for photocurrent generation. 

The advantages of SOS circuits compared to ordinary bulk CMOS can 

be summarized as follows: 

1. higher speed 

2. higher packing density 

3. reduced power 

4. increased transient radiation hardness 

5. faster processing. 

At the same time the technology has certain disadvantages. Among
 

these are:
 

1. high cost of substrates 

2. stringent requirements on certain processing steps 

3. poorer electrical characteristics of films and devices 

4. low production volume. 

C. Scope of This Report 

The purpose of this report is to assess the current state-of-the-art 

in SOS technology in terms of performance, cost, and availability for system 

design. The authors have attempted to bring together sufficient information 

to give a clear indication of where the technology stands at the present 

. time and what the future trends will be. 
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The report is organized as follows. First the characteristics of 

sapphire substrates and their preparation will be described. Then the 

details of silicon deposition and circuit fabrication will be discussed in 

detail. Theoretical and experimental characteristics of MOS devices will 

be developed and illustrated, and specifications of several currently 

available circuits will be described. Finally, an overall evaluation will 

be made. 

Recently a commercial report (56) on silicon on sapphire technology 
~ 

has become available. Although much of the information is the same as 

contained herein, it also has a comprehensive coverage of markets, 

applications, and semiconductor company activities. Readers interested in 

these aspects of the technology will find it a useful complement to the 

present report. 



SECTION II 

SUBSTRATES 

A. Sapphire vs. Spinel 

There are several factors to be considered in the choice of a 

substrate material for use in depositing a thin film of single crystal 

silicon. The lattice mismatch between the substrate and silicon must not 

be too great, and the thermal coefficients must be approximately equal. It 

must be possible to clean and otherwise prepare the substrate for epitaxial 

growth. The substrate surface must remain chemically inert during the 

deposition, and there cannot be any compounds formed at the interface which 

will cause inversion layers or leakage currents in the completed devices. 

The electrical properties of the silicon film must be similar to 

those of bulk silicon, and remain stable during subsequent processing steps 

and projected use life of the circuits. The silicon crystalline structure 

must be free of imperfections that can cause processing fall-out (such as 

diffusion spikes), and latent failures in the finished circuits. 

More than ten single crystal materials have been considered as 

substrates for the growth of a thin epitaxial layer of silicon. Descriptions 

of these can be found in the literature (17-19). At the present time, 

however, only sapphire and spinel are being used. A comparison of the 

important physical properties of silicon, sapphire, and spinel is given in 

Table II-I. It would appear from an examination of the properties that 

spinel would be a superior substrate material because of its crystal class, 

better lattice fit, better thermal coefficient match, and lower hardness. 

This is not the case, however, as will be pointed out shortly. 

Spinel substrate material has been successfully produced by the 

flame fusion, flux, and Czochralski methods. The composition of flame 
• 

fusion spinel varies between MgO·A1 0 and MgO·3.3A1 0 while flux grown
3

,
2 3 2

spinel is stoichiometric (9). Czochralski grown spinel may vary from the 

stoichiometric composition by a small amount depending on growth conditions. 

Spinel substrates grown by all three methods are presently available. 

Flux grown spinel is not widely used because it commonly contains 

contamination from the flux used in growth (20). Methods of removing the 

flux have bee~ reported, but little work has been done with flux grown 
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Table II-I. Physical Properties of Silicon, Sapphire, and Spinel (8). 

Silicon Sapphire 
Parameter a-A1 02 3 

Crystal structure system 

Uni t cell dimension <A) 

3
Density (g/cm ) 

Hardness (mohs) 

Melting point (OC) 

Dielectric constant 

Refractive index 

Optical transmission 

Thermal conductivity 
(cal/cm'sec .oC) at 
25°C 

Thermal expansion 
coefficient 
(l/oC) at 25-800oC 

face-centered 
cubic 

a = 5.4301 

2.33 

7 

1412 

11. 7 

(500 Hz-30 MHz) 

3.4975 
(at 1. 357 IJom) 

transparent 
in infrared 

0.30 

-6
3.59 x 10 

rhombohedral face-centered 
cubic 

a = 4.758, a = 8.083 
c = 12.991 

3.98 3.58 

9 8 

2040 2130 

9.4(90° to c axis)8.4 

(l00 Hz-lOO kHz) 

1. 7707 
(at 5461 A) 
80\ min 
(0.24-6.0 IJom, 
0.0175 in.) 

0.0065 (60 0 to 
c axis) 

8.40 x 10-6 

(60 0 to c axis) 

(l00 Hz-lOO kHz) 

1. 7202 
at 5461 A) 
80\ min 
(0.31-5.1 IJom, 
0.0175 in.) 

0.035 

-6
7.45 x 10 

•
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material for this reason. Although flame fusion material is satisfactory, 

the trend has been to use the Czochralski method because of the preference 

for large diameter wafers (21). 

The stability of flame fusion spinel in integrated circuit processing 

is inversely proportional to the alumina content within the compositional 

range MgO· A1 03 to MgO· 3.5 Al 0 (8). Czochralski grown spinel becomes2 Z 3 
alumina rich during the hydrogen prefiring stage, and either the processing 

stability degrades considerably or the surface develops micro-cracks. In 

addition, large differences in electrical properties have been observed in 

silicon films deposited on spinels that differed only by small changes in 

lattice constants, and were otherwise nearly identical (Zl). Because of 

this result, it is evident that lattice matching considerations are 

secondary to the chemical reactivity between substrate, silicon, and 

carrie~ gas H2 • 

It has been shown that the major imperfections in silicon on (111) 

spinel are stacking faults (22). Deformation in these films is anistropic 

and exhibits maximum values in one direction and minimum values in the 

perpendicular direction. Silicon on (100) and (110) spinel substrates shows 

similar results, although smaller deformations are observed. In non­

stoichiometric material this deformation is accompanied by cracking of the 

substrate and exsolution of A1 0 from the spinel. The maximum deformation2 3 
is approximately five times the amount found in silicon on sapphire. The 

lO 2silicon is under compressive stress, l-4xlO dynes/cm (22). 

In the past, spinel was thought to be the better substrate material 

because of its better crystallographic match, but this has been overridden 

by practical considerations. Higher quality silicon films can be deposited 

on sapphire because of its higher degree of chemical inertness and lower 

stacking fault density. The mechanical strength of sapphire allows wafer 

processing without special handling precautions, whereas spinel is more 

difficult to work with because of its brittle nature. Spinel substrates 

tend to shatter during thermal cycling unless temperature changes are less 

than 10°C/sec. When all considerations are taken into account, sapphire 

emerges as the substrate of choice. Spinel is still used in research 
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programs, but primarily for comparison with sapphire in order to better 

understand silicon on insulating substrates. 

B. Physical Properties of Stgthetic Sapphire 

Substrates for SOS integrated circuits are of single crystal 

synthetic sapphire, chemical composition A120 (aluminum oxide), sometimes3 
referred to as corundum. It is the crystalline form of the ceramic 

commercially known as alumina, widely used in the electrical industry because 

of its outstanding electrical, mechanical, and chemical characteristics. 

Alumina is commonly used for the substrates of hybrid integrated circuits, 

cores for discrete resistors, electrical insulators, etc. It is not 

surprising that the two seemingly unrelated materials have similar physical 

properties. 

The usefulness of sapphire is due to its outstanding physical 

characteristics, some of which include: low electrical conductivity, high 

thermal conductivity, low dielectric loss, chemical inertness, good 

mechanical strength, high abrasion and wear resistance, extremely low 

porosity, and extremely wide temperature range of usefulness. Its main 

drawback is its difficulty in machining. 

The unique properties of sapphire make it invaluable in a wide 

range of applications in addition to 50S integrated circuits. Some of 

these are: infrared windows and lenses, laser reflectors, solar cell covers, 

photomultiplier tubes, pressure cell windows, spectrometer windows, optical 

filter substrates, cryogenic heat sinks, jewel bearings, insulating washers 

and spacings, photomasks and plates, radiation light pipes, etc. 

The structure of synthetic sapphire has been analyzed by Bragg and 

Bragg (23), by Pauling and Hendricks (24), and by Newnham and de Haan (25). 

The crystal forms are sometimes referred to rhombohedral axes and some­

times referred to hexagonal axes. The rhombohedral unit cell, molecular 

group, and hexagonal cell are shown in Fig. 11-1. The diagonal of the unit 

cell is the c axis of the hexagonal cell. The molecular group is oriented at 

each lattice point of the unit cell such that a line drawn through the 

centers of the aluminum atoms is parallel to the c axis. The structure can 

also be viewed as approximately a hexagonal close-packed array of oxygen 
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a;: 5.12A arrangement of 2 aluminum 
ex = 55 0 17' and 3 oxygen atoms at 

each lattice pointrhombohedral cell 

I 

•II aaa 

, 

a ;: 4.76 A
 
c ;: 12.99 A
 

hexagonal cell sapphire crystal faces 

Figure II-I. Structure of synthetic sapphire. The dotted lines are 
parallel to the c axis. The "r" cut is used for silicon heteroepitaxy. 
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atoms with aluminum atoms in two-thirds of the octahedral interstices. 

If a large number of impurities are present colloidal particles may form, 

giving a smoky blue appearance to the crystal. If some of the aluminum 

atoms are replaced by chromium atoms, a pink (0.04% replacement) or deep 

red (0.5% replacement) ruby crystal results. 

Sapphire absorbs little water, and is insoluble in water, common 

acids and common alkalis to 1000°C. It is not attacked by HF below 300°C. 

Physical properties of synthetic sapphire are summarized in Table 11-2. 

C. Growth and Machining of Sapphire Wafers 

Single crystal sapphire can be grown by a variety of methods. The 

oldest method is the Verneuil or flame-fusion technique. It is still used, 

especially in Europe, but is a declining source of high quality sapphire 

in this country and is no longer used for SOS substrates. The first SOS 

films in 1963 were fabricated on 1/4 inch Verneuil sapphire, and flame 

fusion is used to prepare the crackle or polycrystalline material from 

which sapphire crystals are grown. 

SOS quality sapphire is currently available from three manufacturers 

in this country, each of which uses a different method. Manufacturer A 

uses the well-known Czochralski technique with an iridium crucible to grow 

crystals up to 24 inches in length and up to 5 inches in diameter. Disloca­

tion density is in the range 103_l04/cm2. This company maintains complete 

facilities for growing crystals, sawing, grinding, lapping, and polishing 

in both production and custom modes. In fact, wafers with epitaxial silicon 

can be supplied to order. Tolerances on sapphire optical parts include: 
o 

surfaces to 250 A absolute; optical finishes to 20-10; flatness, 1/10 wave 

for 1 inch diameter, 1/4 wave for 2 inch diameter, and 1 wave for 3 inch 

diameter; parallelism to 2 seconds or arc; thickness down to 1/2 mil. 

Prices for the commonly used 2 inch, 14 mil thick wafer are $35.25 each in
• 

small quantities, down to $23.25 in quantities of 4000 or more. Still 

lower prices, down to $14.00, are quoted on large volume, long-term orders. 

Vendor A is the largest supplier of SOS wafers at the present time. 

Vendor B has been marketing sapphire substrates for about 2 years. 

A heat exchanger method is used to grow single crystals up to 10 inches 

in diameter and 5 inches long. Figure 11-5 shows a diagram of a crystal 

growing furnace. 
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Table 1I-2. Physical	 Properties of Synthetic Sapphire* 

Chemical Formula	 A1 02 3 

Molecular Weight 101.94 

Specific Gravity	 3.98 

Melting Point	 2,040oC 

Thermal Conductivity	 0.46 watts/em/oK at 300 0 K, 60 degrees from the 

hexagonal axis. Affected only slightly by 

crystallographic orientation. See Fig. 1I-2 for 

temperature variation. 

Specific Heat 0.778 joules/gm/oK at 300 0 K. See Fig. 1I-3 for 

temperature variation. 

Thermal Expansion Coefficient 

Temperature range Parallel to c axis 60° to c axis 90° to c axis 
6 6 6

20-50 0 C 6.66X10- ;oC 5.8xlO- ;oC 5.0xlO- ;oC 

20-500 8.33 7.7 7.7 

20-1000 9.03 8.4 8.3 

20-1500 9.0 

Dielectric Constant Temperature E at 90° to c axis E along c axis 

20°C 9.35 11.53 

100 9.43 11.66 

300 9.66 12.07 

500 9.92 12.54 

700 10.26 13.18 

Dielectric strength 1200 volts/mil at 60 Hz 
16

Resistivity OOC	 10 ohm em 
loll.500 

9
1,000	 10

1051,500 
3

2,000 10

Hardness Moh 9 (quartz 7, diamond 10), Knoop 1525-2000 
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Bulk Modulus 

Young's Modulus 

Modulus of Rigidity
 

Modulus of Rupture
 

Index of Refraction 

Optical Transmission 

Radiation Hardness 

Electron Range 

*Values in this table are 
manufacturers •• 

300,000 psi
 
7


at	 30° to c axis 5.5xlO psi
 

45° 5.1
 

60° 5.0
 

75° 5.6
 
7

2.5xlO psi minimum 

at	 30° to c axis 100,000 psi
 

45° 78,000
 

60° 65,000
 

75° 94,000
 

(ordinary ray at 24°C) 

A =	 0.2652 I-Iom n = 1.8336
 

0.5461 1.7708
 

1.0140 1. 7555
 

5.577 1.5864 

85% at 0.55 I-Iom. Useful transmission from 0.15 

to 6 I-Iom. See Fig. II-4. 

No visible color after exposure to gamma 
8

radiation of 10 rads/hr for 60 minutes at 

-195°C. No change in transmission above 2.5 ~ 

7
after exposure to 10 rads. No change in
 

15

broadband transmission after 2.7xlO electrons/ 

2 
cm	 at 1.2 MeV. 

2.9	 mm for 2.0 MeV electrons. 

taken from various brochures supplied by 

15
 



100 

10 

.1 ..... ....... 

.0 I ~I_.&.-.........L-I....L.L...LLI~---JL-..L...-.JI-L...L.1-u..L_---L--lI--I.--L-L.LJ,..J..I 

-

~ 
0 

I 

E 

-a
() 

......-

-~ 

>­
I-­> 
I­
0 
:::> 
c 
z 
0 
0 

-I 
<X 
~ 
a: 
ILl 
:I: 
I­

10 10
2 

103 104 

TEMPERATURE (0 K ) 

Figure II-2. Temperature variation of the thermal conductivity 
of sapphire. (Reference (57). 

16 



... -
~ 
0
 

I
 

e 
0­
" ­
CD-::::» ..,0

-
.... 
<t 
I.LI
 
:J:
 

--
(,)


L&.

(,)
 
L&J 
Q. 
en 

.1 

.01 

.00I ......-.._~..-..........~..........~ ~--...... ...........I.&-I--=-----J...-....L--L.......I-.lI.........&.I 

10' 104 

TEMPERATURE (0 K ) 

Figure 1I-3. Variation of the specific heat of sapphire. Reference (58). 

17 



,
 
100 

90 

80 

-:=te0-
ILl 60 
0 
z « 50.... .... 
:E 
(J) 

z « 
a: .... 

20 

10 

0
.1 I 10 

WAVELENGTH (fC- m) 

Figure rr-4. Transmittance of sapphire as a funct~on of wavelength. 

18 



• 

. . . . .. . . .~ . .' . . . .. . ... . · . 
. . · . . 

. . . · . 
~ 

I I 

f@ 
..... 

t t 
VACUUM HELIUM 

• 

/ 
~ 

~ 

t-" 

V HEATING ELEMENT 

)/ MOLY CRUCIBLEv a COVER 

v 
MOLTEN ALUMINA-~ 

SEED CRYSTALl-­
~ 

Figure 11-5. Heat exchanger method of growing single crystals of 
sapphire. The helium flow is adjusted to control the growth. 

19 



A molybdenum crucible containing a sapphire seed is loaded with 

sapphire chips and placed inside a vacuum furnace. A graphite resistance 

heating element raises the temperature of the furnace to 2050 0 c. The 

temperature of the melt is controlled by the rate of flow of helium gas 

through the hollow tungsten crucible support. By reducing the flow of 

helium the crucible temperature is increased to the point where the charge 

melts and wets the seed crystal. Then the flow of gas is gradually increased, 

reducing the temperature and allowing the liquid to solidify on the seed. 

There are several advantages to this system. First of all, there 

are no moving parts. The crucible, seed, heater, etc., are all stationary 

with respect to each other. Secondly, temperature gradients in the solid 

and liquid phases can be carefully and independently controlled. Finally, 

there is no mechanical turbulence in the melt since there is no relative 

motion, and temperature gradients are in a direction to avoid convection 

turbulence. This helps to eliminate temperature and concentration 

fluctuations at the interface, promoting uniform growth and crystal 
3 2

perfection. Dislocation dens.ity is less than 10 /cm . 

Company B is new, having been formed only 3 years ago specifically 

to manufacture sapphire products. consequently, it does not perform 

in-house all of the operations required to produce sapphire substrates. 

Sapphire substrates available from this company have the following 

specifications: orientation (1102) ~ 1°, reference flat on (2201) + 1°, 

1/2 inch long; diameter - as ordered, with a tolerance of + 5 mils; 

thickness - 14 ~ 1 mil, less than 1 microinch amolute finish. Prices 

for 2 inch wafers range from $33.00 in small quantities to $25.00 each in 

quantities greater than 1000. 

The third vendor uses a modification of the Czochralski technique 

to grow flat ribbons of sapphire. A molybdenum crucible is used, placed 

inside a carbon susceptor, with the whole apparatus inside a double­

jacketed water-cooled quartz chamber. RF energy at 450 kHz is the heat 

source. Argon is used as a cooling gas. The apparatus is shown in 

Fig. II-6. 

Also shown in the figure is the molybdenum die which defines the 

shape of the pUlled crystal. The method is a refinement of an earlier 
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Figure 11-6.	 Modified Czochralski method for growing sapphire ribbons. 
The molybdenum die defines the shape of the crystal. 
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technique which used a floating die with an orifice of the appropriate 

shape. One drawbacK of the earlier method is that the die is lowered as 

material is withdrawn, hence the solid-liquid interface continuously moves 

to a new area of the furnace where temperatures and temperature gradients 

are different. The feature of the capillary method is that fresh material 

is brought to the top of the structure by capillary action and is independent 

of the level of the charge in the crucible. Once the liquid reaches the 

rtop of the capillary it flows out over the top surface of the die. The 

size and shape of the plane surface of the die determine the size and shape 

of the finished ribbon. Crystals of complex cross-sectional shape can be 

readily fabricated by this technique. 

Stable growth of high quality crystals by the ribbon method requires 

careful control of conditions at the interface. The main requirement is 

that there be a monotonic temperature gradient across the solid-liquid 

interface. This means that there must be a continuous flow of heat from 

the crucible to the solid crystal. Since the heat is removed rather slowly 

by conduction through the crystal and by radiation, the crystal pull rate 

is somewhat slower than could be otherwise achieved, a few em/minute. If 

the proper temperature gradients are not maintained, growth becomes unstable, 

with dendritic growth and bubble formation. 

This process has been licensed to four other companies to produce 

synthetic sapphire, including one company in the United States which is a 

producer of SOS circuits. Flat ribbon growth has interesting implications 

in regard to SOS substrates. In the first place the flat ribbons require 

little grinding or lapping. Secondly, the natural wafer shape is square or 

rectangular. Unfortunately, most semiconductor houses would need to do 

some retooling to utilize this new shape, but it has distinct advantages. 

For one thing, there would be little variation in structure across the 

wafer since it is grown in a long, continuous ribbon. In the normal 

Czochralski process there are radial variations which can affect the Ie 

yield, particularly near the edge of the wafer. Also, with a square wafer 

there is little or no waste at the edges of the wafer. All of these 

features add up to a possible cost advantage for the ribbon growth process. 
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Vendor C specifications are as follows for 2 inch wafers: length 

and width (or diameter), 2 inches ~ 10 mils; orientation, (1102)+ 2°; 

orientation flat (on round wafers) parallel to (0221) ~ 2 0; surface, side 

A scratch free at 70X, B fine grind to 10 microinch or better; bow, 3 mils 

maximum; taper, 2 mils maximum. Prices range from $35.25 in small 

quantities to $23.25 in quantities over 5,000. 

Even though the crystal quality is somewhat different for sapphire. 

grown by the various methods there is evidence that the parameters of SOS 

devices are not affected provided adequate wafer polishing is performed 

(59). Even Verneuil crystals are satisfactory in this regard. 

Three factors are considered to be important to subsequent SOS 

fabrication: misorientation, strain, and inclusions (26). Misorientations 

can cause line defects in epitaxial films and act as diffusion channels in 

downstream processing. Strain can cause excessive breakage during 

temperature cycling in later fabrication steps. Inclusions affect substrate 

finish and hence epitaxial film quality. 

Testing procedures range from relatively simple ones requiring no 

special equipment, to elaborate, expensive techniques. Inclusions and 

bubbles can often be revealed by inspection under good lighting conditions. 

More sophisticated optical methods using crossed polarizers for birefringence, 

Schlieren photography, or Twyman-Green double-pass interferometry can detect 

misorientations and strain. Chemical dislocation etches such as KOH at 300°C 

are often used to determine dislocation densities. X-ray diffraction 

techniques such a Laue back-reflection patterns, Schulz-Wei patterns, and 

lattice parameter measurements can also be used to check for misorientation 

and strain. 

Machining operations to fabricate wafers from solid stock are a 

difficult part of the processing since sapphire is unusually hard. The 

normal yield in the slicing operation is about 15 wafers per linear inch 

of material. Recently, yields of 20 wafers per inch have been announced 

by using an improved ID diamond saw which has kerf losses of only 25 mils 

instead of 45 mils with a standard process. In addition, wafer surfaces 

are much smoother, eliminating the need for a lapping operation. When 
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perfected, this could result in lower costs for SOS integrated circuits 

since the machining represents a considerable portion of the total wafer 

costs. 

During the slicing operation deep damage, bow, taper, and cracking 

are serious problems. The grinding operation can induce surface damage, 

including microcracks. A two-step polishing process normally follows. One • 

of the peculiarities of wafer fabrication is that surface scratches tend to 

be filled in by polycrystalline material during these last steps, making the r 

scratches all but invisible. This is decidedly undesirable since the 

scratches are propagated into the epitaxial film. The same holds true for 

other surface defects. The object of the final polish is to ensure a flat, 

damage-free surface. Chips or cracks at the edges of the wafer are also 

deleterious since they can act as stress risers and cause excessive breakage 

during circuit processing. Wafer specifications should include a maximum 

number of nicks along the edge of the wafer. 

Correct orientation of the final wafers can be checked by X-ray 

diffraction. Chemical etches can be used to detect and/or remove surface 

damage. Optical examination and Berg-Barret topography are also useful. 

Final inspection is primarily by visual methods, including Nomarski 

interference contrast. Interestingly enough, the most sensitive indicator 

of substrate surface quality is the epitaxial process itself. 

Final cleaning takes place in several stages. First the wafers are 

degreased in trichloroethylene, chloroform, methyl alcohol, a hydrogen 

peroxide solution, or by ultrasonic cleaning in hot detergent. Further 

chemical cleaning, as by hot sulphuric acid, is sometimes used. After 

thorough rinsing in deionized water the wafers are spun or blown dry. 

Substrates are difficult to keep clean, since a high static charge builds 

up on the highly polished surface and attracts particulates. 

Sapphire wafers for 50S substrates have a (1102) plane (r-plane) 

orientation. Tentative parameters for sapphire substrates for silicon 

deposition were adopted by the Semiconductor Equipment and Materials 

Institute, Incorporated, in September, 1975. These are as follows: 
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Diameter Range 2" ± 10 mils Round 2" ± 10 mils Square on Side 

(51 ± .254 mm) (51 ± .254 mm) 

Flat Location (0221) .± 2 0 
Parallel to an Edge 

Flat Length 5/8" .± 1/8" 

(16 .± 3.0 mm) 

Surface Orientation On-orientation (1102) + 2 0 

Thickness 13 + 2 mils (330 ± 51 11m) 
Bow 2 mils max (51 11m) 
Taper 2 mils max (51 11m).. 
D. Trends in Substrate Costs 

Raw material for the manufacture of single crystal sapphire is 

somewhat cheaper than raw material for the production of silicon. Fabrication 

costs for finished wafers are considerably higher, due to the higher melting 

temperature and the difficulty of machining such a hard material. Present 

costs are five to ten times as high as silicon, and have not been declining 

as rapidly as early forecasts predicted. At the present time the standard 

2-inch sapphire wafer sells for $15-$35, depending on quantity, versus about 

$3.50 for 2-inch silicon. 3-inch wafers cost.from $30-$80, versus $4-$5 for 

silicon. 2-inch sapphire with epitaxial silicon is available for $25.00. 

Several factors tend to reduce the cost differential in finished 

circuits. In the first place, 50S devices can be 30% smaller than their 

CMOS counterparts. Not only does this mean more dice per wafer, but a 

higher yield as well. Less breakage should be encountered with sapphire 

wafers, which are thicker and less fragile than silicon. Finally, there 

are no scrap wafers since rejects can be reclaimed at any stage in the 

processing simply by stripping all surface materials and regrowing the 

epi layer. A further advantage of sapphire is that there is no sagging of 

substrates during processing since the melting point is much higher than the 

processing temperatures. Silicon wafers greater than three inches in 

diameter must be carefully supported to prevent warping during diffusion 

and oxidation. 

With the present market conditions, the pricing situation is not 

likely to change much in the immediate future. Capacity is adequate to 

meet present demands. Most of today's sapphire is Czochralski grown, a 
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process which requires large capital outlays. Substantial price reduction 

will come about only through a larger volume of sales, more aggressive 

marketing by suppliers, or new innovations in sapphire growing and wafer 

fabrication. 

Vendor C's ribbon growing process could possibly provide dramatic 

breakthroughs in pricing in the next few years. This company has embarked 

on a large scale joint venture with another company to develop a multiple 

ribbon process for growing silicon. If it could be successfully applied to 
., 

sapphire growth, prices would be lowered significantly. 

In the first place, the ribbon process provides sapphire sheets with 

essentially parallel faces. This is not the case when sapphire must be cut 

from solid stock. Saw chatter and wander introduces wafer taper and bowing ­

a problem which becomes more severe with increasing diameter. The presence 

of bubbles in the ribbon is not a serious problem unless they intersect or 

come close to the surface; otherwise they have no effect on the epitaxial 

growth of silicon films. 

The high cost of sapphire substrates is cited as one of the main 

drawbacks to the use of SOS. Although it is true that the cost of 

substrates (whether silicon or sapphire) is a significant portion of wafer 

fabrication costs, the picture is complicated by changes in device size and 

yield. An analysis of this factor will be undertaken in a future report. 

In any event, substrate costs will be lowered only by high production 

volume. Some industry sources estimate that present production rates of 

3" wafers (10-30,000/year) must reach 1,000,000/year to bring the price 

down to $12 - still double the price of silicon. Other predictions, based 

on improved production techniques have been as low as $0.50 per square 

inch ($3.50 for a 3" wafer). 
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FABRICATION
 

There are two companies that are commercial suppliers of 50S circuits 

at the present time.* At least half a dozen others are engaged in contract­

ual work or laboratory programs at different levels of effort. The purpose 

of this section is to describe various aspects of the manufacturing processes 

utilized by these companies as described in the scientific and trade 

literature, company publications, or by private communication. Some of the 

details are proprietary and are not included here. Furthermore, the 

descriptions which follow are intended to be more or less inclusive, and it 

must be recognized that diverse combinations of the various processes could 

exist, even within a single company • .. 
This se~tion is divided into descriptions of the following phases of 

fabrication: substrate preparation, silicon epitaxial deposition, and circuit 

fabrication methods. 

A. Substrate Preparation 

In principle, incoming wafers should be inspected for scratches, edge 

chips, crystallographic misorientation, etc. This is not worthwhile, however, 

and companies are willing to accept a 5% or so loss in wafers after epitaxial 

deposition. It is generally acknowledged that the growth of high-quality 

epitaxial layers of silicon does require careful substrate preparation. The 

as-received wafers contain a work-damaged surface layer which, if not removed, 

results in poor silicon films with high dislocation densities and poor 

electrical characteristics. In particular, the low lifetime of minority 

carriers is a major concern. It has been shown that work hardening of 

sapphire occurs by plastic flow during machining operations (27). In addition 

to work hardening, work damage can extend into the material to a depth two 

to three times the grit diameter of the final polishing agent. Surface 

scratches are especially deleterious. They will cause preferential silicon 

• *In the fourth quarter of 1974 there were four. One ceased commercial 
operations due to technical difficulties, and the other due to financial 
difficulties. 
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growth with the result that scratches propagate to the surface of the 

silicon film. Polycrystalline growth may also occur, or diffusion spikes 

in later processing. 

Substrates are first degreased and cleaned with standard agents. 

Carols acid can be used (5 parts H
2

S0
4 

, 1 part 30% H
2

0
2 

, 1 part H
2
0). 

Further chemical conditioning by hot phosphoric acid or borax has been tried, 

with good results (5,28,29). A commercial chemical etch-polish, consisting 
• 

of colloidal silica suspended in an ammonium hydroxide solution, is widely 

used. Some of the other etches and conditioners which have been tried are: 
r 

potassium hydroxide, berylium oxide, vanadium pentoxide, lead fluoride, 

hydrochloric acid, potassium persulphate, sulphur hexafluoride, and 

chlorotrifluoromethane. Most of these have not been developed to the point 

of producing high-quality surfaces for production purposes. 

One of the earliest methods of preparing substrates is still the most 

widely used - the technique of hydrogen etch and anneal (13). prolonged 

heating in pure hydrogen at 1100-1500°C has been found to result in high 

quality epitaxial films. This method is compatible with other steps in 

the epitaxy process, and hydrogen is not an electrically active species. 

Sapphire is removed via the chemical reaction 

This method is not without its drawbacks. Work-damaged sapphire can 

be rapidly removed, with the formation of microscratches. The reaction is 

relatively slow, etching away about 2 ~m/hour. Some manufacturers feel that 

the procedure increases the density of fast states at the interface and 

increases autodoping of the silicon films by aluminum from the substrate. 

Nevertheless, the method has found wide acceptance in the past decade. 

Advances in surface polishing have made substrate preparation less 

important in recent years. A 10-minute hydrogen prefire at ll500C is 

considered to be entirely sufficient by one manufacturer, while another uses 

only a high temperature air anneal. Still another manufacturer has 

developed a process which eliminates high temperature hydrogen prefiring 

altogether, yet produces epitaxial silicon with excellent mechanical and 
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electrical characteristics. 

B. Epitaxial Growth 

The orientation of the silicon films depends on the orientation of 

the underlying substrate. Some of the relationships reported in the 

literature are listed in Table III-I. The density of silicon - silicon 

dioxide surfaces states using silicon substrates is in the ratio 3:2:1 for 

(111), (110), and (100) silicon. Therefore (l00) surface silicon is the most 

desirable for MOS devices and (lOO)silicon on (1102) sapphire is used 

exclusively. 

Table III-I. Silicon-Sapphire Orientations 

Silicon Sapphire 

(100) (1102) (r-plane) 

(111) (0001), (1123), (1124), (1120) 

It is not intuitively obvious how a single crystal face-centered cubic 

material can be grown on a hexagonal lattice at all, which is one reason why 

spinel was utilized so extensively in early work. A great deal of attention 

has been focused on such things as lattice mismatch, lattice strain, etc. 

Nevertheless, good silicon films of the same orientation can be grown by 

either chemical vapor deposition or physical vapor deposition (vacuum 

deposition) under a wide range of growth conditions. The main requirement 

is that the sapphire surface be oriented to (1102) within 4 0 for (100) 

growth (more stringent for other orientations). This in itself indicates 

that the atomic structure of the host lattice is important. The answer 

seems to be that the lattice structure of the substrate crystal is modified 

at the surface boundary in some manner not yet understood. Growth does 

not proceed by the buildup of monolayers of silicon, however, but by the 

growth of individual islands which eventually coalesce into a single crystal 

layer of one crystallographic orientation. 

Silicon films have been deposited on sapphire through the hydrogen 

reduction of silicon tetrachloride and the chlorosilanes, and by the 

pyrolysis of silane using hydrogen and helium as the carrier gases., Both 
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vertical and horizontal reactors have been successfully used. It has been 

reported that silicon deposited on sapphire at 1200 0 c using a hydrogen/silane 

source is of one orientation and that the nuclei prior to coalescence were 

not faceted (30). On the other hand, silicon deposited at the same 

temperature and rate using hydrogen reduction of trichlorosilane was of more 

than one orientation and faceted. The nucleation was three dimensional in 

both cases with appreciable reaction with the substrate when using 

trichlorosilane due to the formation of hydrogen chloride which, with the 

hydrogen carrier gas, caused etching. 

Many experiments have been performed to find the optimum epitaxial 

deposition conditions. Temperatures in the 1100 - 12000c range coupled with 
° relatively slow deposition rates of 100 A/min have been found to produce 

silicon films with good crystallinity, while in the low temperature range 

of 850 - 950°C the crystal quality becomes poor. There is also a tendency 

for the silicon to become (110) rather than (100) (31). As deposition 

temperatures are increased, film quality increases up to a point where 

chemical reduction of the substrate occurs and autodoping becomes a serious 

drawback. Polycrystalline silicon is deposited when substrate reduction 

occurs because of the additional surfaces that are exposed during the 

reduction of the substrate. At still higher temperatures (1250°C) silicon 

leaves the sapphire surface in gaseous form. 

Early stages of film growth are complicated by the formation of oxides 

of silicon and aluminum. Two reactions which can occur are 

and 

Oxygen and aluminum complexes are deleterious to good film growth and it is 

important to eliminate even trace amounts of oxygen from the reactor and 

source gases. Below about 10000C siO is stable and hinders good film growth. 

Above 1100°C both SiO and Al 0 leave the surface in gaseous form. A1 20 from2
the back surface as well as the front surface can lead to autodoping problems 
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in the film. Once the surface has been sealed off by coalescence of the 

growing nuclei, growth conditions are much more ideal. It is in the first 

several hundred Angstroms of film growth that poor crystallinity and reaction 

products lead to the poor electrical characteristics of the film. The best 

growth method would tend to minimize this problem. 

The pyrolysis of silane with hydrogen as the carrier gas is used 

almost exclusively at present. The useful range of temperature and 

deposition rate has been determined to lie in the range 950 - l250 0c and 

0.1 - 10 ~m/min. Surface preparation has developed to the point where low 

deposition temperatures of 950 - 10000C at deposition rates of 4-5 ~m/min 

are capable of routinely producing high quality films. One technique which 

is used is a rapid initial growth to seal off the surface, followed by a 

slower growth rate to produce high quality silicon. 

One group of researchers has developed a technique whereby a heavily 

doped layer is initially grown to act as a barrier to outdiffusion of 

aluminum and other contaminants (10). Others have experimented with helium 

as the carrier gas and report that lower deposition temperatures and films 

with less contamination can be produced (28,31). A vacuum deposition 

technique for sputtering silicon has also been described (32,33). Further 

investigation of these methods is warranted, since the epitaxial film growth 

still remains a critical step in SOS circuit fabrication. 

With the deposition rates currently being used thickness variations 

in the silicon film can be a significant problem. Reactor geometry, 

temperature variations, and gas flow rates are all extremely important for 

uniform deposition. With a carefully designed reactor, film thickness can 

be controlled to within 10%. A high degree of uniformity is required in 

later processing steps such as island etching and metalization. 

A great deal of effort has been expended on determining the electrical 

properties of the silicon films. Hall effect, resistivity, and van der Pauw 

measurements are commonly used. Carrier concentrations, mobilities, and 

lifetimes are the parameters which determine device performance and hence 

are of major concern. These parameters are dependent on the substrate 

quality and preparation, the silicon thickness, doping density, deposition 

temperature, and deposition rate. Electrical properties can also change 

31 



during subsequent processing steps; the oxidation cycle is particularly 

important in this respect. 

Figures III-l through III-4 show the effects of film thickness, 

carrier concentration, and oxidation treatments on the carrier mobilities 

in epitaxial (100) silicon films on (1102) sapphire substrates. Generally 

speaking, Hall mobilities between 25% and 50% of those found in bulk-MOS 

transistors are typically obtained in silicon on sapphire films. 

Film properties are determined by three sublayers: the substrate-

film interface region, the film-Sio interface region, and the region between
2 

these two layers. Early growth conditions affect the quality of the 

substrate-silicon layer. Chemical reactions between the substrate, silicon, 

doping gases, etc. cause aluminum and reaction compounds to be incorporated 

into this first layer. Aluminum autodoping is not a problem at deposition 

temperature belowl050°C, and fast initial growth of the film quickly seals 

off the substrate and halts the accumulation of oxygen complexes in the 

interface layer. Complete coverage of the substrate occurs after a few 

hundred Angstroms of film growth. This first grown layer is heavily 

disordered, with a high concentration of impurities and neutral complexes, and 

is thought to be responsible for the low lifetime of carriers. 

Figures III-3 and III-4 show that the properties of the silicon film 

change after the film has been oxidized. The change in carrier concentration 

(increase in electrons, decrease in holes) is caused by the absorption of 

aluminum into the thermal oxide (35). It has also been proposed that oxide 

charges can deplete the silicon - silicon dioxide interface layer, resulting 

in a decrease in average carrier mobility in lightly doped films (36). 

It is not yet understood why the electrical properties of hetero­

epitaxial films differ from ordinary bulk silicon properties. One would 

expect that as the film is made thicker the effect of the two interface 

layers would become less important. Furthermore, one would expect the 

silicon between the interface layers to be similar to that of homoepitaxial 

films. Instead, one finds that the average mobility in thick films still 

does not approach that of bulk material. Because low carrier lifetimes and 

reduced mobilities affect the performance of SOS devices, this whole area 

merits further investigation. 
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c. Fabrication Methods 

Epitaxial film deposition is a crucial step in the fabrication 

process. Many manufacturers have encountered difficulties in gruwing their 

own films and purchase epitaxial wafers directly from suppliers, especially 

during early SOS development programs. In the subsequent steps of circuit 

fabrication a variety of methods are used, sometimes more than one at the 

same time by the same manufacturer. A description of the various techniques 

is given below. 

1.	 Device Structures Available 

Figure 1II-5 shows the various devices that can be made with 

• silicon on sapphire technology. The fabrication of anyone or 

a combination of any of the MOS devices is easily accomplished 

with standard SOS processing techniques. The bipolar structure 

is relatively unimportant, and will be discussed only briefly. 

It is fabricated with four epitaxial layers to eliminate 

diffusion control requirements that are normal in ordinary 

bipolar transistors. Enhanced diffusion along stacking faults 

and other defects creates nonplanar junctions, emitter-collector 

shorts, etc. The extremely low minority carrier lifetime of 

1 ns or so makes bipolar devices impractical at the present 

time. 

All forms of the various MOS structures are variations of 

the complementary pair, and detailed fabrication processes will 

be described only for complementary metal gate and silicon gate 

devices. Deep-depletion MOS transistors (14) can be obtained 

merely by changing the starting material and/or a dopant source. 

2. Double Epitaxial Metal Gate Process 

High quality nand p-type films can be sequentially 

deposited on the same sapphire substrate. In fact, depositing 

and removing a silicon layer, then redepositing a second layer 

improves the quality of the second layer because of the impurity 

gettering action of silicon. 

Referring to Fig. 1II-6, the complementary structure can 
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be achieved through the following process steps. 

a) Epitaxial deposition of either n or p-type silicon 

b) Thermal oxidation 

c) Photolithographic process to define silicon islands 

d) Oxide etch to form silicon etch mask 

e) Silicon etch 

f) Removal of oxide mask 

g) Thermal oxidation 

h) Epitaxial deposition of opposite conductivity type 

i) Repetition of steps c) through f) to define second type 

of silicon islands 

Isolated nand p-type complementary islands now exist. The 

process continues from this point with either of two diffusion 

techniques, the single or double diffusion. 

Single Diffusion 

j) Pyrolytic deposition of oxide 

k) Photolithographic delineation of transistor channel areas 

1) Oxide etch to form diffusion mask over channel areas 

m) pyrolytic deposition of either phosphorous or boron doped 

oxide 

n) Photolithographic delineation to leave doped oxide only 

in selected source and drain areas 

0) Doped oxide etch 

p) At this point, a choice for the opposite dopant source 

can be made. 

i) Furnace solid or gas dopant source 

ii) Second layer of doped oxide 

q) Drive-in diffusion to form source and drain areas 

r) Removal of all oxides 

The wafers are now ready for the gate oxidation cycle. 
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Double Diffusion 

j) Pyrolytic deposition of oxide 

k) Photolithographic delineation of one transistor type 

gate area 

1) Oxide etch to form diffusion mask over channel areas 

m) Furnace diffusion operation to form one conductivity 

type source and drain areas 

n) Removal of all oxides 

0) Repetition of steps j) through n) to form source and 

drain areas of complementary transistors 

The product is now ready for gate oxidation, which will be 

discussed in a later section. Following gate oxidation, the 

pre-ohmic etch, metalization, and scratch protection steps are 

standard to the industry and will not be discussed. 

The total number of masks required is 7, including scratch 

protection. 

3. Single Epitaxial Metal Gate Process with Ion Implantation 

Conversion of the original epitaxial layer into the opposite 

impurity type can be accomplished with an ion implantation step, 

as opposed to the double epi method of growing a second epitaxial 

film. Much better control of the doping in the channel region 

can be achieved, with correspondingly better control of threshold 

voltage in the completed device. Furthermore, distinct photo­

lithographic advantages are realized because a totally planar 

geometry is maintained up to the silicon island etch, which is 

done late in the process. 

•	 Referring to Fig. 1II-7, the complementary structure is 

fabricated in the following steps. 

a) Epitaxial deposition of either n or p-type silicon 

b) Thermal oxidation (optional) 

c) Photolithographic operation to define well areas 

d)	 Ion implantation (with either oxide or photoresist as 

mask) 

e) Thermal oxidation 
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Single Diffusion 

f) Repetition of steps k) through r) of single diffusion, 

double epi process. 

Double Diffusion 

f) Repetition of steps k) through 0) of double diffusion, 

double epi process. 

The following steps are common to either the single or double 

diffused variations. 

g) Thermal oxidation 

h) Photolithographic operation to define silicon islands 

i) Oxide etch 

j) Silicon etch 

k) Removal of all oxides 

The wafers are now ready for gate oxidation. The total 

number of required masks is 7. 

Ion implantation offers several advantages, as explained 

earlier, and given the opportunity, most manufacturers would 

select it rather than a second epitaxial growth or an additional 

diffusion. Certain advantages can also be realized by implanting 

the source and drain regions in addition to the channel. The 

major advantage is that a photoresist layer can be used as a 

mask. This simplifies the process by eliminating one or two 

oxidation steps required to define the transistor channel areas. 

In addition, high temperature predeposition steps are eliminated. 

Finally, and most important, the technique makes possible a self­

aligned gate process with its distinct advantages in terms of 

lower capacitance, small geometries, less registration problems, 

etc. 

Although ion implantation is now used to a limited extent 

for source and drain doping, it requires a long time to achieve 

the heavy doping with presently available beam currents. 

Crystalline damage and a need for subsequent annealing must 

also be considered. 
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4. Planar Metal Gate Process 

Distinct photolithographic advantages would be realized if 

a planar structure could be maintained throughout the total 

process. A planar surface can in fact be achieved by incorpora­

ting a silicon nitride layer and oxidation step for the silicon 

oxide etch in the double epitaxial process. 

The following process steps would be employed, as shown 

in Fig. 111-8. 

a) Epitaxial deposition of either n or p-type silicon 

b) Deposition of Si N (thin layer of Si02 grown first)
3 4 

c) Deposition of an oxide layer, or oxidation of the Si N3 4 
d) Photolithographic step to define silicon islands 

e) Etch oxide and Si N3 4 
f) Oxidation (10-12 hours) 

g) Removal of oxide and Si N used to define island areas3 4 
h) Photolithographic step to define channel areas 

i) Ion implant of channel areas 

Dielectrically isolated nand p-type complementary islands 

now exist. The process would continue along the same lines as 

used in the double epitaxial metal gate process beginning with 

step j), and depicted in Fig. 111-6. care must be taken in the 

succeeding steps to preserve the field oxide so that a planar 

surface will be maintained throughout the final operations. 

Total number of masks required is 7. 

5. Silicon Gate Process 

A silicon gate process differs only slightly from those 

discussed so far. One reason for utilizing a silicon gate is to 

lower the threshold voltages for low voltage applications. In 

addition, the polysilicon layer can be utilized for a second layer 

of interconnects. The most important advantage of the silicon 

gate technique described below is the self-aligned gate feature. 

A typical process would consist of the following steps (Fig. 111-9). 

a) Epitaxial deposition of either n or p-type silicon 

b) Photolithographic definition of well areas 
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c) Ion implantation of well areas 

d) Thermal oxidation 

e) Photolithographic step to define island areas 

f) Oxide and silicon etch 

g) Oxide removal 

h) Gate oxidation (described in detail later in this 

section) 

i) Deposition of polycrystalline silicon 

j) Oxidation 

k) Photolithographic operation to define gate regions 

1) Oxide and silicon etch 

m) Gate oxide etch to open source and drain regions 

At this point the processing steps would be the same as for 

the double epitaxial process, starting with step m), except that 

gate oxidation has already been accomplished. Seven photomasks 

are required. 

It must be pointed out that the silicon gate process described 

here is a basic one, and there are as many variations as there are 

companies. For example, the polycrystalline silicon could be 

intrinsic or doped n+ or p+ at the deposition step, or it could 

be doped later with either a gas, solid, or doped glass source. 

If doped oxides are used for diffusion sources, they may be left 

on or removed, etc. Source and drain doping can be performed 

prior to ion implantation. The variations are endless. 

6.	 Gate Oxidation 

Gate oxides are thermally grown to a thickness of about 
o

1000 A. Thinner oxides would produce better transistor 

characteristics, but would increase the number of gate to channel 

shorts due to oxide pinholes. 

The current literature indicates that the gate oxide 

can be doped by introducing Hel gas during the oxidation 

process (37,38,39). Source to drain leakage currents 

are found to depend on the gate oxidation conditions. 

Leakage can be controlled by proper choice of a gate 
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oxidation and anneal cycle with He1. For example one manu­

facturer uses a low oxidation temperature to minimize leakage 

in p-type transistors, and a high oxidation temperature to 

reduce leakage in n-type transistors. 

The gate oxidation operation is probably the most critical 

step in silicon on sapphire processing. It involves the highest 

temperature used in the process, and is of primary importance in 

adjusting transistor electrical characteristics . 

.., • Thick Oxide 

Prior to gate oxidation, an optional thick crossover oxide 

may be used. This involves the formation of a thick oxide on 

the silicon underpasses across which aluminum metalization runs 

will lie. An additional photomasking step is required to remove 

the thick oxide from transistor gate areas so that the proper 

gate insulator thickness can be formed. With thick oxide, the 

parasitic capacitance between interconnections can be reduced. 

8. Silicon Etch 

A great deal of work has been done on techniques of taper 

etching silicon to promote step coverage of deposited oxides and 

metalization. Experiments have included preferential etches 

such as KOH:isopropyl alcohol, controlled roll-back of photo­

resist, and step etching. Although a great deal of progress has 

been made, metalization open circuits at the silicon step is 

still a problem of concern. 
. . 15 3

N-type s~l~con layers (10 fcm) used in MOS processing and 
16 3

p-type layers (10 /cm) both etch at about the same rate, while 

polycrystalline silicon requires approximately 50% longer to 

etch in the commonly used KOH:IPA solution. The difference in 

etch rate reverses with HF/HN0 etches. This different etch
3 

rate coupled with silicon thickness variations can cause problems 

in dimensional control when single crystal and polycrystalline 

silicon are both present, such as occurs during double epitaxial 

processing. 

The most severe silicon etching problems occur when 
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+ +conductivity types ranging from p through p , n , and n are all 
+being etched at the same time. KOH:IPA solutions etch n material 

. and p+ areas s11/ow y. HF HN0
3

rap~dly can be used when buffered 

properly, but undercutting has an adverse effect on dimensional 

control. 

The recent introduction of plasma silicon etching has solved 

many of the problems associated with variations in etch rate and 

silicon thickness. Plasma etching with silicon dioxide as the 

etch mask allows good dimensional control while defining heavily 
19 3

doped (10 /cm) silicon regions of opposite conductivity type. 

9. Process Reproducibility 

One of the more important steps in wafer fabrication is the 

epitaxial deposition. This step affects both the electrical 

characteristics of finished devices and dimensional control 

problems. Regarding the latter, absolute control of film 

thickness is not as important as variation in film thickness. 

In fact, rejected wafers can be salvaged at intermediate stages. 

When reprocessed, these wafers undergo a greater number of 

oxidations, hence the silicon film thickness is less than normal. 

Because of advances in surface preparation and epitaxy, it 

is possible now to complete this stage with a high degree of 

reproducibility. Stringent quality control procedures are all 

that is required to maintain control and uniformity in the 

deposition process. 

In later fabrication steps silicon etching and gate 

oxidation operations are the most critical and therefore require 
• 

more careful control than other processing steps. In all
 

fabrication techniques except the planar process it is necessary
 

to deposit oxides, polycrystalline silicon, and metalization 

over silicon steps. As explained earlier, if the shoulder is too 

steep, good coverage will be difficult to maintain. 

Device leakage currents continue to be a problem in SOS 

circuits. The gate oxidation cycle is critical, and exceptionally. 

clean environments and handling techniques must be maintained. 
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10. Dicing 

Because of the hardness of sapphire the dicing operation is 

more difficult than with silicon. The ability to separate dice 

depends on the sapphire thickness and die size. For small 

circuits a back lapping operation to thin the sapphire to 5 mils 

or so is sometimes performed. The scribing operation is accom­

plished with a standard diamond scribe, with single or multiple 

passes in each scribe lane. The circuits are then broken apart 

against a sharp edge. 

Laser scribing techniques are also used. Because of the 

transparency of sapphire in the visible region, CO lasers at
2 

10.7 ~m are used, since this wavelength seems to couple well with 

sapphire. Laser scribing can be done either from the back surface, 

or from the front surface with suction to remove debris. 

11. Mounting and Packaging 

SOS circuits are mounted with a non-conducting epoxy cement. 

The transparency of the sapphire is an advantage in examining 

bond integrity, particularly in high reliability applications. 

SOS circuits can be mounted in all the commercially 

available ceramic and plastic packages. Glass encapsulated CERDIP 

packages can also be used with reasonable yields. This process 

involves heating in air to about 500°C. Bulk MOS devices have 

been found to experience a considerable loss in yield under these 

conditions whereas SOS devices do not. 

12. Sununary 

The silicon gate, single epitaxial layer, ion implant process 

is generally acknowledged to be the superior one, and will probably 

be universally accepted in SOS work. The single epitaxial layer 

is a distinct advantage, indeed a necessity for companies in 

initial stages of SOS development who buy only epitaxial wafers. 

Ion implantation, apart from its better control over channel 

doping and threshold voltages, makes it possible to build CMOS 

circuits from a single epi layer, as opposed to single channel 

53 



plus deep depletion devices. 

The silicon gate makes possible a self-aligning feature. 

With lower gate to source and gate to drain capacitances higher 

speeds can be obtained. Also, more stringent design rules can 

be used, leading to smaller devices, smaller chip area, and higher 

yield. The availability of a second layer of interconnections is 

also an important advantage. 

In the silicon gate process the gate oxide is grown early 

in the fabrication sequence, then immediately covered by poly­

silicon. Hence the gate is protected from contamination during 

later processing steps. This could have important ramifications 

regarding reliability, since the gate oxidation phase is so 

crucial. 

All the processes which were described here require seven 

levels of masking. Standard bulk CMOS circuits likewise require 

seven masks: p-well diffusion, p+ diffusion, n+ diffusion, 

channel oxide etch, contact windows, metalization, and overcoat 

protection. There are three diffusions required, as opposed to 

only one or possibly two shallow, non-critical diffusions in SOS 

processing. There is no question but that SOS circuits can be 

processed at a faster rate than bulk CMOS, and this may well prove 

to be the most significant advantage of silicon on sapphire 

technology. 
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SECTION IV 

ELECTRICAL PROPERTIES OF SOS DEVICES AND CIRCUITS 

A. Bipolar Diodes and Transistors 

Initially, p-n junction diodes and npn bipolar transistors were 

fabricated with structures similar to those of usual bulk silicon types. 

However, it quickly became apparent that new approaches were required to 

overcome several inherent problems. One of these was the difficulty of 
8 10 2

fabricating good planar junctions in material with 10 _10 dislocations/cm • 

Enhanced diffusion along defects produced nonuniform junctions and junction 

shorts. To reduce this problem, epitaxial layers 10-40 ~m thick were grown, 

and all devices were fabricated close to the surface where the best single 

crystal material existed. 

p-n diodes are now fabricated in a lateral configuration. This 

eliminates many diffusion problems since the diffusions extend completely 

through the thin epitaxial layer. The junction is a vertical junction, 

extending all the way to the silicon-sapphire interface. As in any SOS 

device, aluminum autodoping and crystal imperfection can still be problem 

areas. Since the initial silicon layers are of poor crystallinity and contain 

aluminum from the substrate, it is not easy to maintain the n-region of a 

diode. Enhanced diffusion constants of the initial layers can cause diodes 

to have different electrical characteristics from the desired p+-n-n+ or 
+ + p -p-n diodes. A problem of some concern is the high reverse leakage 

current, one or two orders of magnitude greater than similar bulk devices. 

This leakage current is due to bulk leakage caused by high dislocation density 

and is not entirely due to the substrate interface layer, as deduced from 

its variation with silicon film thickness (40). A related problem is the 

extremely low minority carrier lifetime, 0.1-1.0 ns, which can be increased 

an order of magnitude by Hel gettering techniques (38). As with all lateral 

devices, the series resistance of the n-region becomes significant at 

higher current levels and limits the maximum current rating of the diode. 

It is concluded that diodes in SOS circuits have rather poor electrical 

characteristics and must be limited to applications where the electrical 

limitations of the diode do not significantly limit the circuit performance. 
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In the investigation of bipolar transistors the bulk device structure 

was found to be undesirable for the same basic reasons. An attempt to 

utilize lateral geometry met with limited success. To eliminate the diffusion 

control problems, a four epitaxial layer structure was developed (11,12). 

Arsenic was used for the n-type dopant. By using HCI-Cl gettering, carrier 

lifetime was increased from the subnanosecond range to about 10 ns, with a 

resulting current gain increase from 5 to 65 at 5 mAo However, the low 

current beta dropped off rapidly. The frequency response of this structure 

has been improved and exhibits a measured f 
t 

of almost 1.2 GHz and a projected 

f 
t 

of 3 GHz. • 

More recent developments (10) demonstrate that the minority carrier 

lifetime can be increased significantly, which will improve the electrical 

characteristics of diodes and bipolar transistors. The technique of doping 

the first epitaxial layer with a phosphorus doped glass is used to obtain 
+ 

a heavily doped n layer which traps aluminum and other lifetime killing 

impurities. The second epitaxial layer which is grown on the n+ layer has 

achieved carrier lifetimes in the 1 ~s range. This development has been 

mainly utilized in microwave varactors and pin diodes, but does have direct 

application to bipolar integrated circuits. It would appear that currents 

gains and ft's should increase significantly, and leakage currents should 

decrease somewhat. However, a four epitaxial layer system (such as shown in 

Fig. 111-5) is inherently costly and difficult to control. Thus it is 

concluded that SOS bipolar circuits that utilize the improved lifetimes 

will still be relegated to specialty applications. 

B. Sin~le Channel PMOS Or NMOS 

Single channel circuits have been processed on sapphire substrates. • 

The fabrication of either PMOS or NMOS SOS circuits is almost as complex as 

CMOS and there appears to be no great advantage to a single channel SOS 

technology. It is true that devices of one polarity can be optimized for the 

key leakage, threshold, and gain parameters without regard for the devices of 

opposite polarity. In particular, there are several techniques for reducing 

the leakage current of n-channel or p-channel devices alone. However, the 

optimized leakage would still be higher than comparable bulk MOS devices. 
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The speed of single channel SOS devices should be greater than that 

of bulk MaS devices of the same channel type since parasitic capacitances 

are less. However, larger devices would be needed to achieve the same 

current drive capability. If the increase in speed is essential it would 

be better to utilize an SOS CMOS circuit. 

Since most single channel MOS circuits are ratio-type, the device 

geometries are more critical than in CMOS circuits, which are ratioless. 

The problem from this standpoint with SOS circuits is control of the channel 

width, which is determined solely by the width of the etched silicon islands . 
• 

In bulk MOS the channel width is determined by an oxide etch and can be 

controlled to much better tolerances. 

C. CMOS Devices 

1. General Characteristics 

In general, the characteristics of enhancement mode MOS devices 

processed on sapphire are similar to the characteristics of conventional 

bulk MOS devices. The same device equations apply in both technologies. 

SOS threshold voltage, device gain, and breakdown voltage are similar 

to those of comparable bulk MOS devices for both aluminum gate and 

silicon gate processes (41,42). The same transistor models are also 

used for both types of devices (43), although the transient performance 

is somewhat different due to the difference in some capacitance 

parameters. The major differences between SOS and bulk MOS devices are 

source to drain leakage and the phenomena which result from the "floating 

substrate" in SOS devices.* These effects will be described shortly. 

A drain characteristic curve for a typical p-channel aluminum gate 

SOS transistor is shown in Fig. IV-l. This transistor has a channel 

width of 20 mils, an effective channel length after diffusion of 

approximately 0.2 mils, and a 1 ~A threshold voltage of 1.8 volts. 

Characteristics for an n-channel transistor with the same dimensions 

are also shown in the figure. In this case the 1 ~A threshold voltage 

is 2.0 volts. The gate oxide thickness for both devices is 1100 ~. 

*This unfortunate choice of terminology has been adopted from useage 
in bulk MOS technology. The term "floating substrate" does not refer to 
the sapphire substrate, which is an insulator. It means that the silicon 
in the channel region below the induced inversion (or depletion) layer is 
not electrically connected. 
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Assuming that the drain characteristics can be approximated 

reasonably well in the saturated region by the commonly used square 

law relationship, two important electrical parameters can be found. 

The pertinent equation is 

(IV-I)
 

where 

l3 = IJ, 
s
ox (IV-2)

t ox 

and W is the channel width, L is the effective length, V is the gate
GS 

voltage with respect to the source, V is the threshold voltage, IJ, is
T 

the carrier mobility, & is the permittivity of the gate oxide (4 & , 
-14 ox 0 

where & = 8.85xlO F/cm) and t is the thickness of the gate oxide. 
o ox 

The p-channel device a calculated from Eq. IV-l at the operating 
2point V = V =	 5 volts in Fig. IV-l is 5.3 ~/V. The p-channelGS DS 

mobility calculated from Eq. IV-2 is then 160 cm2/v-s. Similar 
2

calculations for the n-channel device yield aN = 6.2 ~A/V and ~N = 
2

190 cm IV-so The low value of n-channel mobility is typical of many 

aluminum gate SOS devices. 

Drain characteristics of silicon gate SOS transistors are shown in 

Fig. IV-2. The change in characteristics from the aluminum gate 

device is mostly due to the smaller geometry. The silicon gate 

transistors both have a channel width of 2 mils, a channel length of 

0.25 mils, a threshold voltage of 1.5 volts, and a gate oxide thickness 

of	 1300 A. From the characteristics at V
GS 

= V = 5 volts, it is found 
2 2 DS 2 2 

that a = 5.1 IJ,A/V , IJ,p = 190 cm /V-s, aN = 11 IJ,A/V , and IJ,N = 400 cm IV-so p 
Ever since the deep-depletion MOS transistor was described in 1966 (44), 

it has been investigated as a potentially viable addition to the SOS 

family. The device can be either p-channel or n-channel as shown 

previously in Fig. 111-5. In CMOS/SOS deep-depletion technology, one 

transistor in the complementary pair is a normal SOS enhancement mode 

device and the other is a deep-depletion device. The primary advantage 
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is that only one transistor bulk deposit polarity is required. Thus, 

only a single epitaxial layer need be grown, and no counter doping by 

diffusion or other means is required. 

For digital circuit operation the deep-depletion transistor must 

operate like an enhancement mode transistor. That is, it must turn off 

with zero gate to source voltage. This off condition is achieved by 

depleting the entire channel region down to the sapphire substrate. To 

achieve this there are two significant parameter boundaries in designing 

the deep-depletion device (14). First, the zero gate voltage depletion 

width must extend completely through the epitaxial layer. Second, this 

depletion width must be less than the maximum possible value for the 

given channel doping. Since the same epitaxial layer is used for both 

the deep-depletion device and the enhancement mode device, the epitaxial 

film doping concentration is no longer an independent parameter but must 

be chosen to simultaneously meet the deep-depletion device requirements. 

Unfortunately, these requirements are rather stringent. 

Deep-depletion devices have low threshold voltages and are not suited 

to general purpose applications over wide voltage ranges. The device is 

now being used in low voltage specialized circuits such as timing chips 

for watches. Strict processing parameter control is required, particularly 

with regard to epitaxial layer thickness and resistivity. 

2. Threshold Voltage 

The threshold voltage equation for enhancement mode SOS transistors 

is identical to the bulk MOS threshold equation and is given by (45) 

(IV-3) 

where ¢MS is the work function difference between, gate material and 

semi-conductor channel material, q is the electronic charge, equal to 
-19 21.6xlO Coulombs, N is the surface state density in states/cm , Cox

SS 
is the gate capacitance/area, QB is the bulk charge density in the 

depletion layer of the silicon channel, and ¢F is the Fermi level of the 

channel material. The bulk charge density is given by 
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(IV-4)
 

where &Si is the relative permittivity of silicon, 12, and N is the
B 

impurity density in the channel material. The Fermi level can be 

calculated from 

(IV-5) 

• 

where kT/q is equal to 0.026 eV at room temperature and n. is the 
10intrinsic carrier concentration in silicon, 1.5xl0 /cm3 . 

l. 

The quantities in Eq. IV-3 have the following algebraic signs for 

enhancement mode devices. 

p-channel n-channel 

+ 

+ + 

+ 

+ 

Typical values of ¢MS for background concentrations in the range
 
14 16


5xlO to 2xlO have been computed for aluminum gate, p-doped silicon 

gate (assuming 100 % gate sheet resistance) and n-doped silicon gate 

(assuming 10 O/[J gate resistance) (45,46). For the n-doped silicon gate 

the assumed sheet resistance approaches the value for solid solubility 

•limit and the work function is the same as that for aluminum. Values of 

work functions under these conditions are listed below. Difference in 
Gate Conductor Substrate Doping Work Function 

Aluminum or n-type -0.3 volts 
n-type silicon 

p-type silicon n-type +0.6 volts 

Aluminum or p-type -0.9 volts 
n-type silicon 

p-type silicon p-type o volts 
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Because N for <Ill> oriented silicon is high, n-channel devices tend
SS 

to be depletion type and thus cannot be turned off in digital applica­

tions. Consequently, <Ill> is not used for n-channel or CMOS circuits. 

<110> silicon has a surface orientation dependent N and the thresholds
SS 

would vary within a circuit layout, depending on the transistor orienta­

tion. Therefore <110> silicon is not used for MOS devices. <100> is 

the orientation chosen for n-channel and CMOS circuits. Well processed 
lO 2

<100> silicon has an N value of approximately 5xlo /cm which is a
SS 

good value for matching n- and p-channel threshold voltages. 

The threshold voltage is plotted in Figures IV-3 - IV-6 as a function 

of background concentration and gate oxide thickness for both aluminum 

gate and p-doped silicon gate p-channel and n-channel devices. The work 

function difference between the two types of gate is clearly evident. 

Threshold matching of p and n-channel transistors can be readily 

achieved for different fabrication prQcesses by a proper choice of the 

background concentration for each transistor. The following combinations 

have been selected from the curves as examples of threshold matching. 

Gate Transistor Type Threshold Voltage Background 
Concentration 

15 3p-doped silicon p-channel 1.5 volts 4.5xlO /cm15 3p-doped silicon n-channel 1.5 volts 2.2xlO /cm 
15 3

Aluminum p-channel	 2 volts 1. 5xlO /cm16 3
Aluminum n-channel 2 volts 1. 5xlO /cm
 

15 3

p-doped silicon p-channel 1.5 volts 4.5xlO /cm16 3
n-doped silicon n-channel 1.5 volts lxlO /cm 

3.	 Drain Current and Gain 

The drain current in the triode region is given by 

e	 V 2 
oxI	 = I.L W [(V V) V ~] (IV-6)D t L GS- T DS- 2 

ox 

and in the saturation region (from Equations IV-l and IV-2) 

I.L eox W 2 
- (V - V )	 (IV-7)
2 t L GS T ox 
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The small signal gain in the triode region is 

eo I D U. ox ~V= gm (IV-8)0 V t L DSGS ox 

and in the saturation region 

(IV-9)
 

These equations are based on the gradual channel approximation and do 

not take into account the variation of effective channel length with 

drain voltage nor the saturated velocity of carriers, among other second 

order effects. Consequently, the equations are not necessarily accurate 

representations for all geometries. Nevertheless, they are widely used 

because of their simplicity. 

It is apparent that drain current and gain are functions of ~/t • 
ox 

In general, the goal is to maximize I and gm with a given W/L ratioD 
o

and operating voltage. Gate oxides are usually about 1000 A. Thinner 

oxides are more susceptible to pinhole failures or oxide rupture and 

thus lead to potential reliability problems. As explained previously, 

SOS mobilities are somewhat less than bulk values for reasons not 

clearly understood. The current drive capacity of 80S devices is 

thereby reduced, necessitating larger output transistors. This is an 

area of continued concern to SOS manufacturers. 

4. Source to Drain Leakage 

Leakage current in SOS is a problem because it is an order of 

magnitude higher than in comparable bulk SOS circuits. The increased 

quiescent power dissipation in SOS CMOS is of little consequence since 

it is completely overshadowed by the dynamic power dissipation which is 

several orders of magnitude higher. In certain applications where the 

circuit operates in the standby mode for long periods of time the 

battery drain may be an important consideration. But the main reason 

for concern is that the increased leakage currents indicate that the 
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semiconductor industry has an incomplete understanding of the reasons 

for its existence and, as yet, an inability to design a process to 

control the problem. Any lack of knowledge or control indicates a 

potential reliability problem. 

It has been shown (47) that the significant leakage currents in CMOS 

devices are due to the reverse junction current of the drain to channel 

diode of the transistor. Typical reverse current versus voltage 
+ +measurements of SOS junctions indicate that both the p nand n p vertical 

junctions perform as step junctions in accordance with the Sah-Noyce­

Shockley theory (48) of generation current in silicon diodes. The 
1 

reverse current is proportional to V2 over several orders of magnitude 

of the voltage. This is due to the dependence of the depletion region 

width, x ' and hence depletion region volume on voltage.
J 

The generation current per unit area of junction is 

qn i X 

I =
J (IV-10)

2T 

where T is the minority carrier lifetime and 

(2 ¢F + V ) 1[2 eSi eo R x ]2 (IV-H)
J q N

B 

where V is the applied reverse voltage.
R 

with typical background concentrations of 1015/cm3 for p-channel 
4transistors and 1016/cm3 for n-channel devices, x is 3.7xlO- cm and 

J
-41.18xlO cm, respectively, for a reverse bias of 10 volts. With a 

minority carrier lifetime of 0.5 ns and 1 ~m silicon thickness, a leakage 

current of 225 pA/mil of width for a p-channel device and 72 pA/mil for 

an n-channel device is predicted by the above equat.ions. (This 

compares with measured values of 150 and 80 pA/mil). 

5. Kink Effect 

The n-channel drain characteristic in Fig. IV-l indicates an 

anomalous increase in drain current at a drain voltage of about 5 volts. 

This current increase is the so-called "kink effect." An explanation 

for this effect which correlates well with measurements is as follows 

(49). With a sufficiently high drain to source voltage (usually less 
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than 10 volts} and with the gate voltage greater than the threshold 

voltage so that the surface is inverted, a channel current exists. An 

additional component of current flows from the drain into the bulk 

(that is, into the channel region which has not been inverted) due to 

carrier avalanche multiplication in the depletion region at the drain 

end of the channel. The electrons generated in the depletion 

layer flow toward the drain whereas holes flow into the bulk. 

These holes tend to forward bias the bulk with respect to the 

source. The change in the bulk voltage has the effect of lowering 

the threshold voltage. thus increasing the drain current. This 

increase in current is the kink effect. 

A second kink effect can also occur due to lateral bipolar transistor 

action (50). In this mode the source of the MOS transistors acts as an 

emitter, the channel region the base, and the drain the collector 

terminal. Electrons from the source are injected into the channel 

region to initiate the transistor action. At relatively high drain 

currents the effective base width is small due to the Early effect, and 

S of the parasitic bipolar transistor can be high. The collector current 

adds to the normal drain current to produce the second kink in the 

characteristics. Normally this transistor action is only significant 

at higher drain voltages (greater than 10 volts) and should not be a 

major factor in SOS design. 

Although the kink effect is mentioned in conjunction with n-channel 

SOS transistors, it also occurs in p-channel devices but is much subdued 

because of the lower ionization coefficient for holes. Kink effects can 

be completely eliminated by grounding the substrate (that is, the channel 

region). In fact, it will be demonstrated in the next chapter that the 

kink effect can be seen even with bulk MOS transistors if the substrate 

is left floating. 

The distortion in the curves produced by the kink effect does not 

seriously affect circuit operation. Figure IV-7 illustrates the path 

of operation during switching of a device which exhibits a kink effect. 

At point 1 the device is turned off and there is no kink effect since 

no current is flowing. Assuming that the load is capacitive, turning 
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on the transistor will cause the operating point to shift momentarily 

to point 2, then to point 3. The enhanced current due to the kink 

effect at point 2 will actually cause faster switching. At point 3 the 

device is turned on but is in the deep triode region with very low drain 

to source voltage so that the depletion layer between drain and channel 

regions is very much reduced. 

6. Edge Effects 

The leakage current in an SOS transistor fabricated in a closed 

geometry, that is, in a pattern of concentric circles, is considerably 

less than that of an equivalent open geometry device, where the edges 

of the gate are exposed. Similarly, in comparing the electrical 

characteristics of an SOS transistor in which the gate overlaps the 

silicon island edge with one in which the gate is confined to only the 

top face of the island, it is found that an additional current flows 

through a surface channel at the edge of the island. At first the 

effects were thought to be due to the difference in crystallographic 

orientation at the top surface and edge of the island, with a correspond­

ing change in N and threshold voltage. This is not adequate to explain
SS 

the effect in both p and n-channel devices however. 

More recently (51) the edge effect has been explained in terms of two 

charge transfer mechanisms which produce interface charge at the island 

edge and a shift in threshold voltage. The first mechanism is charge 

transfer by tunneling. Its effects can be seen on both n-and p-channel 

devices from a variety of manufacturers. The second mechanism involves 

charge transfer through the gate dielectric itself. It is observed only 

at elevated temperatures. Furthermore, it is strongly affected by the 

type of gate which exists, being reduced to a negligible amount if a 

p+ silicon gate is used, or if an appropriate dielectric exists between 

the gate and gate oxide. 

In the continuing trend to sma.ller and smaller geometries, the current 

carried by the channels at the island edges becomes a larger and larger 

fraction of the total device current. Unfortunately, the only methods 

for eliminating the edge effect are to build closed geometries or to 

preferentially increase the doping density at the island edges. 
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o. CMOS Logic Circuits 

All CMOS logic circuits are extensions of the basic CMOS inverter in 

Fig. IV-8 (45,52). The circuit is normally operated so that both transistors 

are not turned on simultaneously, except during input transients. In the 

static condition there is no connection between Voo and ground since one of 

the transistors is always blocking current. The static power dissipation, due 

only to leakage current, is typically less than 10 nanowatts per inverter. 

Although MOS circuits are notoriously slow speed, CMOS begins to 

approach the speed of slower bipolar circuits (10 to 20 MHz) due to the fact 

that the transistors provide a relatively low impedance drive to the load 

capacitance for both rising and falling output transitions. 

CMOS circuitry achieves good noise immunity (typically 40\ of the 

power supply voltage) because of the high circuit gain in the transition 

region and because of sYmmetry in the characteristics of the nand p-channel 

transistors. The high gain results from the use of an active load and the 

sYmmetry is obtained by adjusting the channel widths to compensate for the 

difference in mobilities. 

Typical dc transfer characteristics for a CMOS inverter are shown in 

Fig. IV-9 for three different power supply voltages. It is clear that the 

transfer characteristic is symmetrical over a wide range of supply voltages 

and that the transition region is centered at V ol2. The gain is also higho
in the transition region. 

The cross-hatched bands are drawn between the 40% and 60% V
OO 

voltages. The points of intersection with the transfer characteri~tic are 

circled and define the output voltage when noise of 40% of the power supply 

voltage is applied to the input as either positive transients with respect 

to 0 volts or negative transients referenced to V In all cases the out­OO • 

put perturbation is less than 2 volts and is not sufficiently large to switch 

a similar CMOS circuit connected to the output. Therefore, the noise immu­

nity in this example is at least 40\ of the power supply voltage. In 

practice, variations in processing parameters and more complex logic circuits 

with several inputs result in non-ideal transfer curves. However, in almost 

all cases noise immunity of at least 30% of the power supply voltage is 

achieved. 
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A NAND logic gate can be constructed by connecting two p-channel 

transistors in parallel and two n-channel transistors in series as shown in 

Fig. IV-IO. This circuit configuration is typical of all CMOS technologies. 

The NOR gate configuration is the dual of the NAND configuration, with the 

n-channel transistors in parallel. 

With bulk CMOS logic the substrates of all n-channel transistors are 

connected to ground. As a result, some transistors will exhibit a threshold 

body effect since the source and substrate are not at the same potential. * 

This can be compensated for by making these transistors slightly larger to 

restore the gain. As an alternative measure the substrate could be connected 

to the so~ce, but this increases the layout area since the transistors 

would have to be individually isolated. In SOS CMOS the situation is 

entirely different since the transistors are individually isolated and the 

substrates are left floating anyhow. 

E. Transient Performance 

The switching speed of fast bipolar digital circuits is typically 5 

to 50 times faster than comparable bulk MOS circuits (47). The primary 

reason is the lower device gain per unit area for MOS circuits compared to 

bipolar circuits. It can be shown (47) that the transit time for carriers 

is roughly the same for both MOS and bipolar devices. With lower transistor 

gain for MOS transistors it is imperative that circuit capacitance be reduced 

to a minimum to achieve high speed operation. 

An equation for the propagation delay t pd of a CMOS inverter that has 

been widely used and which agrees reasonably well with measured values is (52) 

1.8t L Cox n out 1 1 
pd

;:: 

V V
t + (IV-IO) 

E: Wn VDD (1-
V

Tn)2 
V

ox lln (1- ~)2B 
DD DDwhere 

LIIp W 
nB P (IV-H) 

Llln W
n p 

*The substrate, in effect, acts as a second gate and causes a shift in 
threshold voltage. 
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t and e are the gate thickness and permittivity, respectively. C 
~ ~ ~t 

is the total capacitance at the output node.L, W, ~' and V are the
T 

channel length, width, mobility, and threshold voltage magnitude, 

respectively, with the nand p subscripts designating the transistor 

polarity. V is the power supply voltage.
DD 

This equation will be used to calculate the delay time of an inverter 

driving another inverter as shown in Fig. IV-II. The following parameters 

will be used. 

~p = 200 
2 

cm /Vs 

~n = 400 2 
cm /Vs 

t = 1200 A 
ox 

3.54xlO-13 F/cm 

V 2 V 
Tn 

= 2 VV~ 

Minimum device geometries of 0.3 mil channel width and 0.2 mil effective 

channel length, and a power supply voltage of 10 volts will be used. 

Substituting into Eq. IV-lO, the delay from point A to B is 48 ns/pF of 

capacitance at node B. This capacitance consists of the gate input 

capacitances of Q3 and Q4 and the drain-to-channel capacitances of Ql and Q2. 
2

The capacitance of the gate oxide is 0.19 pF/mi1 . Assuming an 

aluminum gate which is 0.5 mil long and 0.3 mil wide, the sum of the gate 

capacitances of Q3 and Q4 is 0.057 pF. The drain-to-channel capacitance 

exists only along the vertical junction between the drain of each transistor 

and the channel. The area of this junction is equal to the epitaxial layer 

thickness (taken as 0.04 mils) times the transistor width. The junction 

capacitance for typical channel doping levels and 10 volts applied is 
2

estimated at 0.1 pF/mi1 • Therefore, the total capacitance contributed by 

Ql and Q2 is 0.0048 pF. This is negligible compared to the gate capacitance. 

The propagation delay based on this assumption is then 2.74 ns, in fairly 

good agreement with measured values. 

If the power supply voltage is reduced to 5 volts the propagation 
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Figure IV-II. Basic configuration of one inverter driving 
another for purposes of calculating delay time. 
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delay is 85 ns/pF, or a total of 9.6 ns. 

For CMOS logic circuits with 2 or more inputs the series p-channel 

or n-channel transistors are usually enlarged or scaled up in width to 

achieve the same approximate gain as a single parallel transistor. Referring 

again to Fig. IV-la, Q3 and Q4 of the NAND gate would each be doubled in 

width so that when both are turned on, the composite would be equivalent to 

one single transistor. Similarly, Ql and Q2 of the NOR gate would be 

doubled in width. Circuits with more than 2 inputs would have the series 

transistors scaled up linearly with the fan-in. The input capacitance for 

each input of an N input gate would be 

C 
g 

(IV-12) 

where C is the input capacitance for an inverter. Thus the input
gI 

capacitance for a 2 input gate would be 1.5 C
gI 

. 

As a more realistic propagation delay example, consider a circuit 

driving 2 gates, each with 2 inputs. The total gate capacitance is then 

3 C The propagation delay for V = 10 volts would be 8.2 ns.gI DD 
When a silicon gate structure is used the self-aligning feature 

decreases the gate conductor length and reduces the gate capacitance. For 

this reason silicon gate SOS circuits will switch faster than aluminum gate 

circuits. With a typical gate length of 0.3 mils for a silicon gate vs. 

0.5 mils for an aluminum gate, all of the previous propagation delays would 

be multiplied by 0.6. Delays of about 500 ps per inverter stage have been 

reported (43) with self-aligned gate structures using channel lengths of 

3 ~m, and 1100 ps with channel lengths of 5 pm, both with 10 volt supply 

voltages. 

The propagation delay for bulk CMOS is strongly affected by the 

drain-substrate capacitance since there is junction capacitance between the 

entire drain region and substrate. If the drain region measures lxO.6 mils, 
2

the drain-substrate capacitance at 0.1 pF/mi1 would be 0.06 pF, which is 

equal to the total SOS inverter capacitance. Thus the drain-bulk 

capacitance alone adds the equivalent of one logic load to the circuit, 

increasing the propagation delay accordingly. 
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The interconnect capacitance in bulk CMOS is also significant. 

Unlike SOS, all bulk CMOS conductors form a capacitance with the underlying 
o 

substrate.	 If the field oxide is 10,000 A thick this capacitance will be 
2 2

0.023 pF/mi1 • Hence, every 2.5 mi1 of interconnection will be equivalent 

to the input capacitance of one SOS inverter. 

F. Power Dissipation 

Power dissipation in CMOS circuits can be divided into quiescent 

power and dynamic power. The quiescent power is very low and is due to 

leakage currents in the devices. Dynamic power is supplied when the circuit 

is switching and is due to the power required to drive the internal circuit 

capacitance and to the power supply current spikes which occur when both 

p and n-channel transistors are simultaneously conducting during the 

switching transition. 

It has been shown that the quiescent power dissipation of CMOS 

circuits is due to the drain current of the off transistor (47). If the 

transistor is well below threshold voltage, for example, V = 0, the sub­
GS 

threshold current will be small compared to the drain leakage current. Typi­

cal values of leakage current are 80 pA and 150 pA per mil of transistor width 

for nand p-channel SOS devices, respectively (47). A 500 node circuit 

with 0.3 mil wide transistors operated at 10 volts would have a quiescent 

power dissipation of about 200 nW on this basis. 

The portion of the dynamic power dissipated in the transistors during 

the switching transient has been determined to be small compared to the 

power required to replenish the charge on the circuit capacitances'(43,47). 
2

This is the	 classical CV f power, where C is the total capacitance being 

switched, V	 is the voltage swing (usually V ), and f is the switching
DD

frequency. The previously calculated node capacitance for an inverter 

driving 2 logic gates with 2 inputs each was 0.171 pF. For a typical 

circuit with 500 nodes and V = 10 volts the dynamic'power dissipation is•	 DD
-98.55xlO f watts. At 1 MHz the dynamic power would be 8.55 mW. 

G. Bulk CMOS Layout 

To show the possibility of realizing greater circuit density with SOS, 

the layout of a CMOS inverter in both SOS and bulk MOS technologies will be 

illustrated. Figure IV-12 shows a typical aluminum gate bulk CMOS inverter 
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Figure IV-12. Bulk CMOS inverter layout. 
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pair. The p-channel transistor has a channel width of 1.8 mils and the 

n-channel, 0.9 mils. The difference in widths is to balance the trans­

conductance, since electron mobility is about twice the hole mobility. These 

are representative sizes for logic transistors which drive other gates on the 

same chip. OUtput transistors are usually much larger. 

Note that each transistor is surrounded by a channel stop or guard 

ring to prevent field inversion current flow. The gate oxide extends from 

the side of the channel to the edge of the guard ring so that the silicon 

surface potential between the transistor and the guard ring will be 

completely controlled by the gate conductor at all times. The gate conductor 

overlaps the guard ring to complete the channel blocking effect. The guard 

rings are spaced 0.5 mils from the transistor drain regions to prevent 

reduced breakdown voltage. Not shown in the figure is the field oxide and 

the oxide which covers the remainder of the inverter. 

The n-channel transistor is located entirely within a diffused p-well 

which serves as the substrate and channel region. The n-channel source is 

connected to the p-well by the overlapping contact shown in the figure. 

This grounds the p-well to prevent back-gate threshold effects and 4-layer 
+ 

The area of this inverter is 22 mi1 measured from the outside edges 

diode action. The p-channel source is connected to the n guard ring (and 

hence to the n substrate) for the same reasons. 
2 

of the guard rings. In a more complex layout some transistors of like 

polarity could share p-wells and guard rings. Further area reduction would 

occur with a silicon gate process, but probably not more than 40%. 

Many low voltage bulk CMOS applications, such as watch and clock 

circuits, eliminate the guard rings since the applied voltages are lower 

than the field inversion threshold voltage. However, the maximum supply 

voltage which can be safely used in such specialized cases is 5 volts. 

H. SOS CMOS Layout 

The layout of an aluminum gate SOS CMOS inverter is shown in 

Fig. IV-13. The channel widths are 1.8 and 0.9 mils for the p-channel and 

n-channel transistors, respectively. Each transistor is an island of 

silicon, with silicon completely removed around each trasistor. Apart from 

the sapphire substrate, the only other materials are the thin gate oxide 
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and the aluminum gate conductor and interconnect system. 

The most distinctive feature is the simplicity of the entire 

structure, with the complete lack of wells, guard rings, etc. Note also 

that where the gate oxide is etched away to allow for ohmic contact between 

the aluminum and the source and drain regions bare silicon is sometimes 

exposed. This is contrary to all other integrated circuits where the 

aluminum contact always overlaps the edges of the contact window. Also note 

that no provision is made for contacting the silicon in the channel region. 

As mentioned earlier, this allows the "substrate" to float and produces the 

kink effect. 
2The area of the inverter as shown is only 6.7 mils , measured from 

the edges of the silicon islands. In an actual circuit the average inverter 

area is considerably larger to allow for spacing between devices, aluminum 

interconnects, plus space for bonding pads, scribe lanes, alignment marks, 

etc. A silicon gate process allows some saving in chip area by allowing 

smaller devices and a second layer of interconnects. 

I. Linear Circuits 

At first glance there appears to be little reason to utilize SOS 

technology for linear circuits. The gain per unit area is less than that 

of bipolar circuits, with lower frequency response. The power dissipation 

is no lower than bipolar when operated in a linear mode. In addition the 

noise is considerably higher. 

The kink effect results in low amplifier gain. This can be corrected 

by connecting the channel to the source, but at the expense of greater chip 

area. Also the leakage current is higher than bulk MOS (a disadvantage for 

balancing differential amplifiers). 

In spite of these drawbacks one group (60) has pointed out certain 

advantages of linear SOS circuits. In contrast to bipolar integrated 

circuits they will operate at cryogenic temperatures, and are much more 

tolerant to transient radiation effects. Frequency response is better than 

ordinary CMOS. Also, circuit elements can be interconnected in any fashion 

since there is no common conducting substrate. This means that zeners, 

temperature compensating diodes, etc., can be readily employed. 

As yet, no commercial products are planned for the forseeable 

future. 
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SECTION V 

SOS CIRCUITS AND PERFORMANCE CHARACTERISTICS 

Many silicon on sapphire circuits are available as pin for pin re­

placements for bulk CMOS circuits. This permits a direct comparison between 

bulk CMOS components and circuits and their SOS counterparts. Although the 

advantages of SOS are not necessarily realized in small scale integrated 

circuits, detailed comparisons can be more readily made at this level. Some 

large scale integrated circuits will also be discussed, together with such 

performance characteristics as are available at this time. Bear in mind that 

SOS technology is still in its infancy, with new designs and improvements 

constantly being made. Nevertheless the facts and figures presented here 

are useful in making a meaningful assessment of its potential. 

A. Bulk CMOS Dual Complementary Pair Plus Inverter 

A schematic of a bulk CMOS device is shown in Fig. V-I. It is a dual 

complementary pair plus inverter consisting of three pairs of nand p-channel 

transistors. One pair is connected as an inverter, while the other two pairs 

have common gates. Note that all three substrates of each type of tran­

sistor are connected together. 

This circuit is available in a welded-seal dual-in-line ceramic 

package, a frit-seal dual-in-line ceramic package, a welded-seal ceramic flat 

pack, and a dual-in-line plastic package. Several of the welded-seal, DIP 

parts were ordered. One part, with a 408 date code was opened. A photo­

micrograph appears in Fig. V-2. 

In this particular package the chip is epoxy bonded within a round 

well 105 mils in diameter. The chip is 7 mils thick, and measures 42 x 42 

mils. Clearly visible in the photograph are the three p-channel enhancement 

mode transistors (the large interdigitated devices at right center), the three 

n-channel enhancement mode transistors (the three smaller devices at left 

center), an n-channel test transistor (between pads 12 and 13), a p-channel 

test.device (between pads 7 and 8), three resistors forming part of the 

input gate protection circuits (connected to pads 3, 6, and 10), and four 

alignment keys. The main alignment key is located between pads 6 and 7. A 

second alignment key between pads 9 and 10 facilitates contact alignment to 
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+ +. . p and n d~ffus~ons. The alignment keys between pads 2 and 3, and between 

3 and 4 facilitate alignment ofn+ to p+ regions, and metal to n+ and p+ 

regions, respectively. 

The small test transistors both have channels which measure 0.3 mils' 

long (not considering lateral diffusion) and 2 mils wide. The drain and 

source diffusions measure 1.25 by 2 mils. The drain of each test transistor 

is wholly contained within a well of the opposite conductivity type while the 

source diffusion overlaps the well and the surrounding material. The contact 

window for the source is large enough to include part of the source diffusion 

and the material surrounding the well. This arrangement is similar to the 

bulk CMOS layout previously discussed and illustrated in Fig. IV-12. 

The full-size p-channel devices are fabricated in an n-region which 

is the original n-type epi layer~ Each well measures 5 x 11 mils and is 
+surrounded by an n guard band which covers most of the chip area. Thep+ 

source diffusion is U-shaped, surrounding the drain region on three sides. 

The channel is again 0.3 mils long, and 20 mils wide. The source region of 
+the center transistor in Fig. V-2 is connected to the n guard band through 

a contact window adjacent to the n-well. The metalization run then continues 

to pin 14. This arrangement serves to connect the substrates of all three 

p-channel devices to V • (Note, however, that the sources and substratesOD
of two transistors are not automatically connected together.) A diagram of 

a p-channel transistor and a cross section view are shown in Fig. V-3. 

The n~channel devices are somewhat smaller. The p-well is 5 x 5 mils, 

10 ~m deep, and doped to 5 x 1016/cm3. The p-well is surrounded by, a p+ 
+guard ring. n source and drain regions are diffused such that the channel 

length is 0.3 mils and width is 7.7 mils. The source, p-well, and p + guard 

ring of one transistor are connected together and brought out to pin 7. A 

diagram of an n-channel transistor is shown in Fig. V-4. 

Gate input protection devices consist of a series resistor, a dis­

tributed diode connected to V ' and a discrete diode connected to ground.OO
 
The diagram and circuit layout are shown in Fig. V-5. The resistor is formed
 

from a p+ diffusion into the n epi layer, which is surrounded in turn by the 
+ . 

n guard band. With a sheet resistivity of 50 ohms per square this resistance 

would be about 800 ohms. Since the n+ guard band is connected to V ' thereDD 
.is a distributed diode between the resistor and V which has a breakdown

DD 
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15 3of roughly 50 volts (the n epi layer has a doping level of 5 x 10 /cm). 

The diode from ground to gate is formed from an n+ diffusion into a small 
+p-well which is surrounded by p material, and hence connected to ground. 

The breakdown voltage of this diode is about 20 volts (the p-well has a 

doping of 5 x 1016/cm3). 

The characteristics of the protection network are shown in Fig. V-6. 

The upper photograph shows the input characteristic with respect to V ,
DD 

while the lower photograph shows the characteristic between the input .. 
terminal and ground. V has a maximum allowable value of 15 volts, thusDD 
it can be seen that input transients greater than 15.5 volts or less than 

-0.5 volts will be shunted to V or V ' respectively. Typically, gate
DD ss 

oxides are capable of withstanding voltages up to 100 volts, so an adequate 

margin of safety is provided by this protection circuit. 

There are several other diodes which restrict the sources and drains 

from going negative. The diodes are the same as the gate protection diodes 
+between gate and ground, formed by n diffusions into p-regions, hence to 

+the p guard band and to ground. Figure V-7 shows the diodes, discrete and 

parasitic, which exist for a dual pair. 

Table V-I summarizes the structural features of this circuit. 

Table V-I. Characteristics of the Bulk CMOS Process Used for
 

the Dual Complementary Pair Plus Inverter
 

chip size 7x42x42 mils contact windows 0.4 mils wide 

substrate doping 5xl0
15

/cm
3 street width 4 mils 

p-well depth 10~m 
+ p -n breakdown voltage 50 volts 

p-well doping 5xl0
16

/cm
3 + n -p breakdown voltage 20 volts 

o 

n+diffusion depth 2~m gate oxide 1000 A 
+n sheet resistivity 5 ohms/square field oxide 

o 
10,000 A 

+ p diffusion depth 2~m bonding pads 4x4 mils 
o 

metalization thickness 14,000 A effective channel length 0.2 mils 

metalization width 0.5 mils n-channel width 7.7 mils 

metalization spacing 0.4 mils p-channel width 20 mils 
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Electrical characteristics of the transistors are shown in Fig. V-So 

All three transistors of each type had nearly indentical curves. The n­

channel devices have a threshold voltage of 1.2 volts. If the transfer 

characteristic is plotted and approximated by a square-law characteristic at 
2

V·
DD 

= V = 5, B = 12 ~A/vOlt2 (defined in Eq. IV-2) and ~N = 340 cm /volt- s .
GG N 

For the p-channel devices V = 1.0 volts, 8 = 6.3 ~A/volt2, and ~ T p p 

180 em
2
/volt-s. Breakdown voltage for the n-channel transistor was 25 volts, 

and 28 volts for the p-channel transistor •
• 

Much has been said in the literature about the "kink effect" in SOS 

transistors, and that it could be eliminated by grounding the substrate,
• 

meaning the material in the gate region below the induced channel. In bulk 

MOS similar effects can be seen if the p-well or n-substrate is left float­

ing. Figure V-9 shows this effect for the identical transistors whose 

characteristics appear in Fig. V-8. Kinks and loops are present, and the 

ov~rall characteristics are difficult to distinguish from those of SOS 

devices appearing elsewhere in this report. 

A summary of the electrical characteristics of this circuit appears 

in Table V-2. 

Table V-2. Electrical Characteristics and Specification of Bulk CMOS 

Devices in the Dual Complementary Pair Plus Inverter 

2
B 12 ~A/volt
N 2

Bp 6.3 ~A/volt 

340 cm
2
/volt-s~N 

2
ISO cm /volt-s~P 

breakdown voltage n-device 25 volts
 

breakdown voltage p-device 28 volts
 

V n-device 1.2 volts
 
T
 

V p-device 1.8 volts

T
 

breakdown voltage n-p + 50 volts
 
+
breakdown voltage n -p 20 volts 

p+ ;heet resistivity 50 ohms/square 

drain current n-device 0.43 rnA/mil width at V =V =5
DD G 

drain current p-device 0.25 rnA/mil width at V =V =5
DD G 
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Table V-2 (continued) 

Table V-2. Electrical Characteristics and Specification of Bulk CMOS
 

Devices in the Dual ,Complementary Pair Plus Inverter
 

. + 2 
capac~tance p -n, 15 volts 0.04 pF/mi1

. + 2 
capac~tance n -p, 15 volts 0.12 pF/mil

2capacitance, metal over field oxide 0.023 PF/mi1
2capacitance, metal over gate oxide 0.23 pF/mil

quiescent dissipation/package 10 nW at 10 volts 

dissipation/gate 1 kHz, 10 volts, .. 
15pF 3.5 llW 

dissipation/gate 10 MHz, 10 volts, 
15 pF 35 mW 

propagation delay 20 ns at VDD=lO, C =15 pFL
transition time 30 ns at VDD=lO, CL=15 pF 

B. SOS Dual Complementary Pair Plus Inverter 

A silicon on sapphire version of the circuit just described is 

available from Vendor D. A photomicrograph appears in Fig. V-IO. Samples 

which were examined were packaged in a 14 pin frit-sealed ceramic dual-in­

line package, date code 7403. Parts can also be supplied in a welded-seal 

DIP or a plastic DIP. The chip, which measures 48 x 50 x 12 mils thick, is 

epoxy bonded to the package. Connections to the package leads are by ultra­

sonically bonded aluminum wire. 

Although this circuit is now made by a metal gate, ion implantation 

process, the circuits discussed here were fabricated by the double epi method. 

Recall that with this process, an n-type epi layer is grown for the p-channel 

devices. After the n islands are defined, the rest of the n layer is removed. 

A p-type layer is then grown, and etched away everywhere except where the n­

channel transistors will be. Boron and phosphorus doped glasses are the 

diffusion sources for the source and drain regions. The fabrication then 

proceeds as in any other standard process: gate oxide, ohmic etch, metaliza­

tion, and passivation. 

Referring again to Fig. V-la, the devices visible on the chip are 

three n-channel enhancement mode transistors (at the top of the figure), 
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three p-channel transistors, six gate protection devices, and a test struc­

ture (between pads 7 and 8). Not quite visible are the mask alignment 

patterns between pads 2 and 3. The chip is inherently simpler because of 

the absence of wells, guard bands, isolating regions, limiting diodes, 

extra contact windows, etc. 

The test structure consists of a 2x2 mil p-channel transistor, plus a 

2x3 mil device whioh has an n-channel transistor and a separate p+ diffusion 

at one end. Channel length is 0.3 mils (less lateral diffusion). Gate 
•

metalization is 0.5 mils wide. Source and drain minimum metalization width 

is 0.3 mils. 
• 

The gate protection device is a series connection of 2 p-channel 

transistors, 2 mils wide, with 0.3 mil channels. These transistors are 

connected in series. The gates are connected together, and are connected to 

the common terminal of the two transistors. Two protection devices are used 

with each complementary pair. One is connected between the gate input 

terminal and V the other between the gate terminal and ground. The
DD 

, 

structure and circuit schematic are shown in Fig. V-II. 

A p-channel transistor with gate connected to source conducts only 

leakage current for any value of drain voltage, until the breakdown voltage 

is reached, about 50 volts in this case. With two such transistors connected 

back-to-back the terminal characteristics should show essentially zero 

current, then a breakdown characteristic when the voltage reaches + 50 volts. 

This is shown in Fig. V-12. The limiting voltage is slightly higher than 

the breakdown voltage of the 3 r.egular p-channel transistors on this chip, 

but exhibits the walk-out which is characteristic of p-channel SOS tran­

sistors. To verify the composite characteristic a dual pair was connected 

in the same configuration as the protection device. The terminal character­

istics were the same, but the limiting voltage was 10 volts less in magnitude 

for either polarity. This is probably due to the much larger size of the 

regular p-channel transistors and the normal variation in breakdown voltage 

in lightly doped material. 

When a dual pair is connected as a simple inverter with the source of 

the n-channel transistor grounded and the source of the p-channel transistor 

connected to V the common gate is restricted by the protection devices
DD 

, 
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Figure V-II. Gate protection device for the SOS CMOS dual pair 
plus inverter. 
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to voltages between +50 and -(50-V). For input transients more positive
00 

than +50 volts, the transient is conducted to ground. For voltages more 

negative than -(50-V )' the transient is conducted to V ' oo oo 
The silicon islands for the full-size p-channel transistors are 7.5x 

10mils~ The source, drain, and gate of each transistor are interdigitated 

to provide a total channel width of 50 mils. As in the test transistors, all 

channels are 0.3 long, with 0.5 mil gate metalization and 0.3 mil source and 

drain metalization. The metal to silicon contacts are 0.3 mils wide. Orain.. 
characteristics and a construction diagram for a p-channel transistor are 

given in Fig. V-13. The epi layer originally has a nominal thickness of 1 

~m. After processing the thickness ranges from 0.4 to 0.8 ~m. Gate oxide 
o 

is 1200 A, while the metalization is about 1 ~m. 

Threshold voltage for the p-channel devices is 1.0 volts, with a 

breakdown of 45 volts. Approximating the drain current at V V 5 volts 
2 00 G 

by a square-law characteristic, ap = 4.5 ~A/volt , and ~p = 150 cm2/volt sec. 

These are about the same as the values obtained for the bulk CMOS p-channel 

deyice. 

The n-channel transistors have the same structure as the p-channel 

except that the island dimensions are 7.5x8 mils. Threshold voltage is 0.5 

volts, and breakdown voltage is 50 volts. Calculated values of a and ~ 
N N2 2 

are 3.3 ~A/volt , and 110 cm /volt sec, respectively. Orain characteristics 

are shown in Fig. V-14.· 

The values of aN and ~N are lower than bulk CMOS values, and are, 

indeed, lower than typical values given by the manufacturer. The drain 

current is not exactly a square law characteristic, and more typical results 

could probably be achieved with a more sophisticated I - V relationship.o G 
The calculated values are sensitive to operating point, particularly near 

the edge of the saturation region. Furthermore, there was a significant 

variation in characteristics among 5 units which were tested. unfortunately, 

not enough testing was undertaken to make definitive statements on this 

aspect of the electrical performance. 

Characteristics are summarized in Tables V-3 and V-4. Table entries 

represent measured values or characteristics supplied by the manufacturer. 
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Table V-3. Structural Characteristics of an SOS 

Dual Complementary Pair Plus Inverter 

chip size 

epi thickness 

gate oxide thickness 

metalization thickness 

effective channel length 

p island size 

n island size 

48x50x12 mils 

0.65 ~m 
o 

1200 A 

1 ~m 

0.2 mils 

7.4xlO mils 

7.5x8 mils 

thick gate metaliz. width 

min. metaliz. width 

contact width 

n-channel width 

p-channel width 

street width 

bonding pads 

0.5 mils 

0.3 mils 

0.3 mils 

40 mils 

50 mils 

5 mils 

4x4 mils 

• 

Table V-4. Electrical Characteristics of an SOS 

Dual Complementary Pair Plus Inverter 

p-channel doping 10
16

/cm
3 

V p-device	 1.0 voltsT 
n-channel doping 1015/cm3 V n-device 0.5 voltsT2f3N 

3.3 ~A/volt BV p-device 45 volts 
2f3 p 4.5 ~A/volt BV n-device 50 volts 

2 
~N 110 cm /volt-s drain current p-device 0.18 rnA/mil width 

at V =V = 5
DD G 

2 
~P 150 cm /volt-S drain current n-device	 0.16 rnA/mil width 

at V =V =5
DD G 

leakage current p-device	 40 pA/mil width at V 10 
DD 

leakage current n-device 100 pA/mil width at V = 10
DD 

quiescent dissipation/package 60 nW at 10 volts 

propagation delay 8 ns at V = 10, C = 15	 pF
DD L 

transition time 10 ns at V = 10, C = 15 pF
DD L 

The type of circuit exemplified by the dual pair plus inverter 

illustrates some of the differences between SOS and bulk CMOS. The 

structure is less complicated, and delay time, transition time, and 

probably dynamic power dissipation are improved. Quiescent power dissipation 

is higher because of the higher leakage currents. Carrier mobilities and 
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8's are smaller, at least in the devices which were measured here. This is 

probably the reason for the larger transistor size, in order to provide 

camparable current drive capability and increase the speed. This, in turn, 

leads to a slightly larger chip. The detailed description of this circuit 

in its two varieties was not undertaken to determine the advantages and 

disadvantages of the two technologies, but rather to emphasize the 

differences between bulk CMOS and SOS processing, structure, and device 

characteristics. 
• C. Quad 2-input NOR Gate 

A photomicrograph of an SOS quad 2-input NOR gate appears in Fig. 

V-IS, with a schematic in Fig. V-16. Again the circuit construction is very 

simple. Each of the vertical structures contains 2 p-channel and 2 n-channel 

transistors connected in standard NOR gate fashion. The p-channel devices 

have a channel width of 54 mils - twice as long as the n-channel devices ­

in order to provide a more nearly symmetrical transfer function as explained 

in a previous section. Channel length is again 0.3 mil before lateral dif­

fusion is taken into account. 

The chip also contains a test structure (the same as discussed above) 

and 5 gate protection circuits. Four of these are used in conjunction with 

each gate input pair, and one is connected between V and V to restrict oo SS 
V to positive values. oo 

The protection device is different from the one previously discussed, 

and is commonly used in SOS circuits. A diagram of this device and the 

electrical characteristics are shown in Fig. V-17. With V = 15, for oo 
example, the protection circuit would limit the gate input voltage between 

-15 and +20 volts. Note that input overloads are directed to V ' There is
OO 

no protective device connected between the gate and ground as in the two 

types of dual complementary pairs plus inverters described earlier. 

A comparison of this circuit and equivalent bulk CMOS circuits is 

given in Table V-5. 
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Figure V-16.	 Schematic diagram of an SOS quad 2 input 
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Table V-5. Typical Characteristics of an SOS and Bulk CMOS
 

Quad 2-input NOR Gates From Two Manufacturers
 

SOS Bulk CMOS Bulk CMOS 

chip size 55x70 50x50 60x60 mils 

quiescent power/package, 30 10 10 nW 
V =10

DD 
transition time, V =10 20 35 20 ns 

• L
DD ' 

C =15 pF 

propagation delay, V =10 10 25 25 ns 
DD

C = 15 pF
L 

output drive current, V =10 3.5 2.5 3.5 rnA 
Il 

DD ' 
V =0.5

O
output drive current, VDO=lO, 2.2 1 2.3 rnA 

V =9.5 V
O

input capacitance 7 5 5 pF 

dissipation/gate 1 kHz 3.5 - llW 

dissipation/gate 10 MHz 35 - mW 

n-channel width 27 7 - mils 

p-channel width 54 16 mils 

The same conclusions are reached for this simple gate circuit. The 

SOS transistors are considerably larger to provide a higher output current 

drive, resulting in a larger chip. The high frequency response is improved, 

however. 

D. 7-Stage Binary Counter 

A 7-stage binary counter manufactured by Vendor E is shown in Fig. 

V-lB. This circuit was made in several different versions, including a 

standard double-epi part, a metal gate ion implanted model, and a double­

epi silicon gate version. A comparison among several circuits is given in 

Table V-6. 
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Table V-6. Characteristics and Performance 

of 7-Stage Binary Counters 

SOS, SOS, 
Manufacturer D Manufacturer E Bulk CMOS 

chip size 90xlOOxlO* 75x85x7 mils 

quiescent power 10 200 5 llW 
V =10
DD 

• dissipation at 1 kHz, 40 llW 
VDD=lO, CL 15 pF 

dissipation at 10 MHz, 40 40** mW 
VDD=lO, C ""15 pFL

propagation delay, 45 46 80 ns 
VD~=lO, (input clock to 
Is output) 

maximum clock frequency, 16 20 7 MHz 
V -10DD 

* other types ranged from l20x120xlO to 70x80xlO mils
 

** extrapolated
 

E. Quad Bilateral Switch 

This circuit, shown in Fig. V-19, is an example of an ion implanted 

silicon gate device. The chip measures 55x55x12 mils. The circuit was 

manufactured by Vendor F and represents a rather sophisticated example of 

recent SOS design and fabrication technique. Apart from the novel design 

features, the process appears to be typical. Starting material is 1 llm n­

type silicon, which is ion implanted to invert the channel of the p-devices 

and adjust the threshold voltage. Unfortunately, electrical performance 

characteristics were not available at the time of this writing. 

F. SOS Test Chip 

A special test chip, made by still another manufacturer, Vendor G, is 

shown in Fig. V-20. The chip, 200x200x12 mils, is made by an aluminum gate, 

ion implant process. Individual components on the chip include, among others, 
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Figure V-19. Photograph of an SOS quad bilateral switch. 
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capacitors, resistors, diodes, transistors, Hall effect structures, metaliza­

tion runs, etc. The small test transistors have channel widths varying from 

4 to 16 ~m, and channel lengths from 3 to 12 pm (mask opening). A variety 

of circuits, including static and dynamic rams are also included. 

Minimum metalization width is 0.2 mils, and the smallest pads are 2x2 

mils. These dimensions are about half those of standard integrated circuits. 

G. Decade Counter, and 14-stage Binary Counter 

Two other examples of MSI integrated circuits are shown in Fig. V-21. 

These circuits are compared to bulk CMOS versions in Tables v-7 and V-8. 

Table V-7. Characteristics of Decade Counters 

SOS Bulk CMOS Bulk CMOS 

chip size 75x110 78x80 76x82 mils 

quiescent dissipation at 10 volts 10 5 2.5 ~W 

dynamic dissipation at 10 volts, 1 MHz 7 - mW 

propagation delay, CLOCK to CO 70 125 125 ns 

max clock frequency 13 5 5 MHz 

Table V-8. Characteristics of 14-stage Binary Counters 

SOS Bulk CMOS Bulk CMOS 

chip size 98xl03 nx83 85x87 mils 

quiescent dissipation at 10 volts 2 10 10 ~W 

dynamic dissipation at 10 volts, 1 MHz 4 - mW " 
propagation delay, CLOCK to 1st output 80 150 130 ns 

max clock frequency 16 7 8 MHz 

For the small. scale or medium scale integrated circuits discussed so 

far, the often stated advantages of SOS are not necessarily realized. The 

improvement in speed has been amply demonstrated. In each example the In­

crease in maximum clock frequency or decrease in propagation delay has been 
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a factor of two or three. The quiescent power, on the other hand, is greater 

for the SOS circuits, again by a factor of two or three. Unfortunately, the 

dynamic power drain of the SOS circuits was not measured. 

The simpler construction has not resul~din a reduction in chip size 

over the equivalent bulk CMOS circuit. Even for the 14-stage counter, which 

represents a fairly complex circuit with about 375 transistors, the chip 

area increases by about 50% in the SOS version. Much of this can be attri ­

buted to the increase in area of the output transistors for each stage, to 

provide the desired current drive. The channel widths for the output drive 

pairs are 20 mils versus 5 mils in one of the bulk CMOS circuits. Apart from 

this aspect, the supposedly higher packing density of SOS is not simply an 

automatic by-product of the elimination of p-wells and guard bands, but must 

be achieved by good circuit design and layout. This will be emphasized in 

the next circuit to be discussed. 

H. 256 Bit Static RAM 

Figure V-22 is a photograph of a 256xl bit CMOS SOS static random 

access memory. The circuit has on-chip decoding and is compatible with TTL, 

CMOS, and other SOS components. It is intended for use in scratch pad, buffer, 

and main memory applications where high speed and low power are required. 

Standby power dissipation is 40 ~W, and operating dissipation is 30 mW. 

Typical access time (address to output delay) is 180 ns. Read cycle time is 

180 ns and write cycle time is 140 ns. A block diagram of the circuit is 

shown in Fig. V-23. 

The chip	 measures 120x160 mils. The memory cell array is about 75x75 
2mils, or	 22 mils /cell. This is much larger than typical cell sizes in modern 

LSI memories, but is smaller than some memory cells in comparable 256 bit 

RAMS. The cell is a standard 6-transistor cell, shown in Fig. V-24. 

In terms of speed, dissipation, and chip size, this circuit compares 

reasonably well with other CMOS 256 bit memories. It appears, then, that 

this level of integration is required before SOS technology shows any 

significant advantage over ordinary MOS or CMOS circuits. It should be 

realized	 though, that ~ithin any technology it is possible to enhance per­

formance	 simply by design improvements. To illustrate this point, this SOS 

RAM was redesigned at the time of a changeover to an ion implanted aluminum 
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Figure V-22. Pha omicrogra h of an 50S 256-bit RAM. 
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gate process. Although the cir9uit was functionally the same, a significant 

reduction in chip size was achieved. 

The new version is shown in Fig. V-25 •. The smaller size is readily 

apparent by comparing the figure with Fig. V-22, both of which were taken 

at 50X. The new chip size is 110x110 mils, a reduction in area of nearly 
2

40%. This reduction was achieved by both a reduced cell size, 13 mi1 /cell, 

and by a decrease in overhead circuitry real estate. Presumably the speed 

and power dissipation were also improved, although figures were not available 

at the time of this writing. 

I. SOS Timing Circuit 
• 

Figure 26 is a photograph of a timing circuit designed for electronic 

watch applications. The circuit consists of a Pierce oscillator section for 

use with a 4.194 MHz AT-cut quartz crystal, an inverter, 7 flip-flop stages 

to count down to 32 kHz, and 16 more flip-flop stages to count down to 0.5 Hz 

for stepping motors. Total power dissipation is only 15 ~W at V = 1.5DD 
volts. The chip is 76 x 88 mils. 

SOS technology is admirably suited for this type of application. The 

low power drain is a necessity for 1 year battery operation and dictates the 

use of MOS circuitry. Previously used MOS circuits were limited in frequency 

and operated at 32 kHz with a l5-stage divider. This required a bulkier, 

more expensive, and generally less desirable quartz crystal. 

The SOS timing circuit is capable of achieving high frequencies at low 

voltages and can accommodate the extra divider stages without increasing chip 

size. Furthermore, it maintains the CMOS advantage of being able to operate 

over wide ranges of supply voltage. The recommended operating range is 1.1 

to 5 volts. At 5 volts the typical maximum operating frequency is 80 MHz, 

although dissipation increases to 1.6 mW. 

The circuit is also unusual in that dynamic frequency dividers can be 

used in the first few stages. Normally only static logic is used in SOS 

because the high and erratic leakage current complicates refresh cycle con­

siderations. At the high frequencies encountered at the front end of the 

timing circuit refresh is not a problem, and dynamic stages require fewer 

components. 
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SECTION VI
 

DISCUSSION
 

The purpose of this section is to summarize the status of silicon on 

sapphire technology and point out some areas where further study needs to be 

undertaken. Of course the technology is by no means a mature one, and con­

siderable growth and evolution can be expected in the next few years. 

A.	 SOS Processing 

In Section III the different methods of fabricating SOS circuits were 
• 

described in detail. In the summary of that chapter it was stated that the 

silicon gate, ion implant process will probably be accepted as the standard 

method. The technological advantages over the earlier double epi method can 

be summarized as follows. 

1)	 Better frequency response. with self-aligned gates, the gate to 

source and gate to drain capacitances are substantially reduced. 

Since this is the major contribution to the inverter node shunt 

capacitance, reductions here will pay immediate dividends. Maxi­

mum frequencies can be doubled or tripled over comparable aluminum 

gate structures. 

2)	 Greater packing density. Elimination of gate to source and drain 

overlap provides a small improvement in area. Additional economy 

results from the tighter design rules which can be permitted. Less 

polysilicon to metal spacing is required than metal to metal 

spacing. A more important advantage is the availability of another 

level of interconnection. A total of three layers is available; 
'I'	 ,+ or n+	 , and alum1num..p S1 1con, polys111con, 

3) Better circuit characteristics. Ion implantation allows better con­

trol over threshold voltage absolute value and matching. Use of a• 
p+	 polysilicon gate will reduce the threshold voltage to low enough 

levels	 to make low voltage applications feasible.• 
4)	 Processing advantages. With ion implantation only one epitaxial 

layer is needed. This is important because uniform, controllable 

epitaxial growth is still a problem in SOS technology. The elimina­

tion of one high temperature process is also an advantage. Finally, 

the critical gate oxide is grown early in the processing sequence 

and immediately covered with polysilicon. This eliminates possible 
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contamination from aluminum and affords a certain degree of pro­

tection during subsequent processing and handling. 

Since most SOS circuits are complementary MaS, it is useful to com­

pare processing in these two technologies. 

SOS Bulk CMOS 
7 masks 7 masks 
1 epitaxial deposition 

1 ion implant 

1 polysilicon deposition ~ 

1 diffusion 3 diffusions
 

4 oxidations 3 oxidations
 

1 metalization 1 metalization
 

1 glassivation 1 glassivation
 

It is difficult to be precise in comparing the two processes because some 

companies perform a high temperature anneal after ion implant, some strip and 

regrow oxides after diffusions while others grow the oxide during drive-in, 

etc. On the basis of the steps listed here the two processes have about the 

same complexity. Some people have concluded that wafer processing costs are 

about the same in either technology provided that the facilities are pro­

ducing the same number of wafers per week. Others have concluded that since 

there are no deep diffusions in 50S manufacturing the amount of throughput 

for a given production facility will be greater when processing 50S. On this 

basis 50S wafer processing costs would be less. More experience needs to be 

accumulated to verify this, however. 

B. Yield and Area Considerations 

Although good information on die sort yields is lacking, one would 

expect figures comparable to those for bulk CMOS since the processing steps 

are roughly the same. One manufacturer reports yields ranging from 1\ for 
2 2circuits 5 x 104 mi1 in area to 20\ for 1 x 104 mils (53). These figures 

apply to circuits fabricated for a special test program and not to commercial 

devices. For commercial parts 1 x 104 mi12 , yields as high as 55\ have been 

obtained. 

Certainly the yield will increase as manufacturers improve their pro­

cesses. 50S has a potentially higher yield than bulk CMOS because of two 

factors: (1) the absence of a field region, and (2) the smaller size. 
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Because silicon is removed over much of the surface of an SOS circuit the 

probability of a photo defect is substantially reduced. In the same way 

there are no silicon defects in the field region. Since the total area per 

gate or per cell can be smaller in SOS, this further reduces the probability 

of defects. 

Comparing area reductions made possible by various processes, some 

manufacturers estimate that aluminum gate SOS circuits can be 30% smaller 

than bulk devices. Silicon gate structures effect even further reductions 

since some aluminum to aluminum spacing requirements can be reduced, silicon 

gate has shorter channel lengths, and conductor crossovers can be reduced. 

Ion implantation can further decrease. the device active area. In LSI the 

packing density and chip area are ultimately limited by contact cuts, line 

spacing, line widths, etc., which are the same for any technology. Any 

improvement in basic processing steps such as photolithography will therefore 

affect all technologies. 

Some of the problems still confronting SOS processing engineers are 

non-uniform epi material, poor control over silicon etching, and poor metal 

coverage over silicon steps. On the other hand, SOS processing can be faster 

than bulk CMOS because the diffusion schedules are shorter and because a 

thick field oxide is not necessarily required. If processing times are 

shorter then the probability of defects is reduced and yield is increased. 

It appears that the potential yield of SOS circuits is greater than 

bulk CMOS, but this must still be demonstrated in volume production. 

C. Reliability 

SOS circuits have certain characteristics which point to possible 

reliability hazards. One of these concerns the high and variable leakage 

currents. As already pointed out this precludes the use of SOS circuits in
• 

dynamic logic. Another instability, previously discussed, is the edge effect 

associated with the gate conductor overlapping the silicon island edge. One
• 

of the contributions to the instability is thought to be caused by a prefer­

ential change in the fixed charge at the edge interface which causes a 

hysteresis effect when the edge current exceeds the channel current plus 

leakage current. This instability has been observed in all SOS devices 

except those with no edges and those to which no contact to the edge region 
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is allowed. A second instability occurs at high temperature and is associ­

ated with charge transport through the gate oxide. This problem is 

especially pronounced when aluminum is in contact with the gate oxide, and 

appears to be eliminated by a polysilicon gate. 

Additional sources of reliability problems are some of the same diffi­

culties which contribute to poor yields, namely, non-uniform epi material and 

poor step coverage of metalization. Metalization problems were encountered 

early in development, and are still recognized as a source of difficulty. 

Gate dielectric breakdown was a serious problem in early MOS manufac­

ture. To eliminate this hazard all circuits utilize some type of gate pro­ • 
tective device, and are shipped in some form of special conductive package to 

protect against static charge. Not only should full gate protection be 

insisted upon, but protective networks should be connected between V
DD 

and 

V S to suppress power supply transients that could damage gates connected toS . 
the power supply busses. 

A severe handicap to reliability estimation in SOS circuits is the 

lack of data on the functional operating life. What little information that 

is available now is not very encouraging. One report (53) lists 20 failures 

out of 88 devices with a total of 359,000 device hours. About half were 

functional failures, due to metalization opening up over silicon steps or due 

to gate dielectric breakdown. The other failures were due to excessive 

increases in leakage currents. These devices were not commercial parts, 

therefore these figures can be misleading. Other figures cite results of an 

operating life test for a commercial dual D-type flip-flop which yielded a 

failure rate of 0.04%/1000 hours at the 60% confidence level for 188,000 

device hours (extrapolated to 25°C) and 0.02\/1000 failure rate for 138,000 

device hours for life storage test (again extrapolated to 25 DC) (54). • 
Far more reliability data must be assembled before reliability can be 

estimated with any assurance. 

D. Radiation Effects 

Radiation effects in silicon integrated circuit devices can be classi­

fied·as displacement damage or electronic ionization effects. Displacement 

damage is mainly concerned with the creation of defects in the silicon which 

can act as scattering centers, recombination sites, and trapping levels and 
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with the release of bound contaminants in the silicon dioxide. Electronic 

ionization effects can create electron-hole pairs in silicon and silicon 

dioxide layers. The major effects on MOS circuits of displacement damage 

are the decrease in life-time due to recombination centers, the reduction in 

carriers due to trapping, and the release of sodium and other ions in sili ­

con dioxide. Electronic ionization generates conductance modulation effects 

in bulk silicon which may be significant in SOS devices, photocurrents in 

space charge regions, and carrier trapping in silicon dioxide, at the silicon 

dioxide-silicon interface, and at the silicon-sapphire interface. Electronic 

ionization may create a build-up of positive charge in the oxide near the 

silicon dioxide-silicon interface whi~h can cause gate threshold voltage 

shift. 

It has been generally assumed that SOS circuits have superior radia­

tion resistant properties as compared to similar bulk devices. The reason 

for this assumption is that SOS devices are constructed in approximately l~ 

silicon layers on insulating substrates. Most high energy radiation will 

pass through the silicon film and terminate harmlessly in the sapphire sub­

strate, and since the field region silicon is removed, the radiation-induced 

field inversion and photocurrents should be eliminated. The initial data 

which is limited and unpublished seem to support these assumptions. It has 

also been assumed that SOS devices would have similar gate threshold problems 

as bulk MOS devices. The current state of radiation hardening for gate 

threshold stability in CMOS includes the use of aluminum implants of 1015 
2ions/cm at 10 kw in the n-channel devices, chrome doped oxides, boron 

implanted oxides, and A1 0 gate dielectrics. It is reasonable to assume2 3
 
that these techniques will be equally effective on SOS.
 

One report (55) has investigated the radiation resistance of n-channel 
• 

and p-channel devices on sapphire and bulk silicon from several manufacturers. 

From the limited test sample, three generalizations were made. First, as
• 

expected, the SOS devices are inherently more resistant to photocurrent 

effects than are their counterparts in bulk silicon. Also, using gate 

threshold measurements as a function of time after radiation, the change in 

gate threshold voltage was sometimes much greater initially and did not 

recover as well as in bulk devices. Finally, a few SOS n-channel devices 

127 



exhibited high leakage currents after irradiation, which is thought to be due 

to silicon-sapphire interface changes or to threshold lowering due to charg­

ing of the sapphire which acts as a second gate. 

The current status of radiation hardening of SOS devices is unclear, 

but there are indications that more study and development work will be neces­

sary to achieve the initial SOS claims. In the important area of gate 

threshold voltage control, it may be that SOS devices are somewhat inferior 

to bulk devices. How SOS devices will respond to current gate threshold 

hardening techniques is not yet known. 

E. Comparison With Other Integrated Circuit Families 
• 

To more fully appreciate the applications where SOS circuitry has an 

advantage over existing technologies it is helpful to list the performance 

characteristics of commonly used digital integrated circuit families at 

three levels of complexity: logic gates (such as NAND gates, NOR gates, 

inverters, etc.)~ medium scale integrated circuits (such as shift registers, 

ripple counters, adders, etc.); and large scale integrated circuits such as 

large RAMS. 

In Table VI-l the gate dissipation and propagation delay of several 

logic families are listed. Of course, the table entries represent only 

average values and vary among manufacturers. Performance also depends on 

such variables as power supply voltage, fan-in, fan-out, etc. Nevertheless, 

most of the listed values are taken from readily available compilations. No 

attempt is made to compare gate areas (typically 50 x 50 mils) since this has 

little significance for small logic arrays where so much of the chip area is 

devoted to bonding pads, scribe lanes, etc. Furthermore, most SSI circuits 

represent an early stage of development when packing density was not a prime 

consideration. 

The table shows that SOS is slightly faster than bulk CMOS but slower 

than standard TTL. Static dissipation is greater than bulk CMOS but far less 

than bipolar logic. Dynamic dissipation is less than all logic families 

(including bulk CMOS) up to about 1 MHz. Of course, only two characteristics 

are being compared in this table. Many other features, such as power supply 

requirements, off-chip drive, noise immunity, and fan-out must be considered 

for a given application. In all of these, except off-chip drive, CMOS (both 

·bulk and SOS) is outstanding. 
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Table IV-I. Performance Characteristics of Logic Families 

Logic Family 

Gate Dissipation, mW 

Propagation Delay, ns 

DTL 

12 

30 

Low Power 
TTL 

1 

30 

Standard 
TTL 

10 

10 

Bulk CMOS 
-5 1

10 static 

25 

SOS 
-5 2

2xl0 static 

20 

High Speed 
TTL 

22 

6 

Schottky 
TTL 

20 

3 

ECL 

55 

1 

1 

2 
30 mW 

20 mW 

at 10 MHz 

at 10 MHz 

I-' 
l\J 
\0 

Table VI-2. Characteristics of MSI Integrated Circuit Families 

Logic Family 

Dissipation, mW 

Maximum Frequency, MHz 

PMOS 

20 

2 

Bulk CMOS 
. 1

.01 statl.C 

5 

TTL 

100 

30 

SOS 

5 
. 2

.0 statl.C 

50 

ECL 

700 

500 

1 

2 

5 mW 

5 mW 

at 1 

at 1 

MHz 

MHz 



Shift registers, counters, and adders represent another level of 

integrated circuit complexity. Chip sizes are about 80 x 80 mils, with per­

haps as many as 300 devices per chip. Representative values for dissipation 

and maximum frequency are listed in Table VI-2. 

Figures listed in the table are only rough estimates, but serve to 

point out that SOS is capable of excellent frequency response at this level 

of complexity. Only ECL surpasses SOS in this respect. It should be noted 

that SOS circuits are new on the market, and hence are able to take advantage 

of the most recent process improvements, design rules, etc. As pointed out 

earlier in this report, a redesign of an older product line would result in 

improved performance also. In power dissipation both SOS and bulk CMOS enjoy 

miniscule static losses, and dissipate less than standard TTL up to about 20 

MHz. As far as chip sizes are concerned, these appear to be larger in SOS 

versions at the present time. 

Large scale integrated circuits, specifically 1024 bit memories, are 

difficult to compare because of widely varying requirements - some are 

designed for high speed operation whereas others, using the same technology, 

fulfill low power requirements. Generally speaking, bipolar RAMS of this 

size feature access times of 50 ns or lower and dissipation of 600 mW or so. 

PMOS RAMS are the slowest, with access times of 100-300 ns. Power dissipa­

tion is 2-70 mW standby, 200-400 mW operating. NMOS is faster, 60-150 ns, 

with 1-10 mW standby power and 100-500 mW operating. There are few bulk CMOS 

memories on the market, and these are relatively slow. SOS memories which 

have been announced have access times of about 100 ns with unusually low 

dynamic power dissipation, 20 mW. 

One of the difficulties encountered when a comparison is attempted is 

the continued advances in the state-of-the-art. No sooner is a new develop­

ment announced than someone makes design improvements on an older part to 

improve its performance. At every large conference one is assailed with new 

methods of fabricating bipolar circuits with less power dissipation, making 

MOS devices which are faster, reducing cell size, or eliminating one or more 

masks. This fast-paced evolution attests to the virility of the industry and 

the creativity of designers, even as it makes technical evaluations somewhat 

tenuous. 
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It appears that silicon on sapphire will be useful in certain MSI and 

LSI applications, especially·_those where ordinary CMlS is b.eing used now. 

Even single channel MOS, though less vulnerable, may eventually surrender 

much of its market to SOS incursions. Certainly SOS demonstrates low stand­

by and operating power, and sufficient speed even now to surpass the fastest 

MOS circuits and even some bipolar circuits. 

SOS will not replace dynamic memories in the foreseeable future be­

cause of the problem with leakage and refresh. Also there is little reason 

to use SOS for small scale logic - it is not as fast as bipolar logic, has 

poor drive capability, and cannot capitalize on low power dissipation in SSI 

(except where battery drain is important). 

SOS can be used to advantage in static memories, watch circuits, micro­

processors, calculators, and to a lesser extent in linear, consumer, and 

specialty applications. The potential markets are there; whether or not SOS 

will fill them depends on whether costs can be reduced, reliability improved 

and on such unpredictables as the health of the economy, who among industry 

leaders commits themselves to SOS, the appeal of the new technology to poten­

tial customers, etc. One of the unknowns is the development of new tech­

nologies, such as integrated injection logic or merged transistor logic* 

before SOS becomes firmly established. 

F. Market Outlook 

The success or failure of SOS technology is invariably connected with 

the health of the integrated circuit industry as a whole. During the 1973-74 

parts shortage SOS circuits were sold as fast as they could be produced. 

Their higher price tag was no impediment to parts-starved buyers. In 1974 

the commercial sales of SOS circuits amounted to 2-3 million dollars. When 

the economic slow-down occurred midway through 1974 SOS circuits were the 

first to be eliminated from the buyers' lists because of high prices and 

unproven reliability. SOS price projections for late 1974 and 1975 were com­

petitive, especially for new ion implanted LSI products until severe price 

cutting affected the CMOS market. Whereas the average price of a CMOS gate 

in early 1974 was well above 50 cents, it declined to less than 20 cents in 

*This is the topic of another report in preparation. 
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early 1975. This unexpected and severe price reduction, coupled with the 

plight of the economy in general, cash flow problems, production problems, 

and the financial distress of many electronic component and equipment manu­

facturers has clouded the issue. Any company which expects to be successful 

in SOS must have good technical know-how in the MOS business plus a sound 

financial position. 

Growth sectors of the integrated circuits industry can be most readily 

identified by the WEMA industry figures and forecasts listed in Table VI-3. 

The figures show that the most rapidly growing segment of the industry is 

NMOS, followed closely by CMOS. If we assume that CMOS applications and some 
• 

single channel MOS markets are vulnerable to SOS penetration, the outlook for 

SOS growth seems very good indeed. In fact, some industry sources have pre~ 

dieted an SOS market of 200 million dollars by 1979. Other sources have 

disagreed - claiming that this figure is too conservative! 

Table VI-3.	 Free World Markets for Integrated Circuits 
in Millions of Dollars 

1973 1974 1975 1976 1977
 

DTL 120 115 105 95 80
 

TTL	 560 700 725 850 995
 

ECL	 65 75 95 135 180
 

Other Bipolar 70 70 65 60 55
 

Linear 415 480 395 615 760
 

PMOS	 460 520 440 595 650
 

NMOS	 13 90 110 234 417
 • 
CMOS	 55 115 160 '240 320
 

The very nature of the market poses an interesting dilemma. Companies 

who are most likely to succeed in SOS are those who have expertise and high 

volume sales in MOS, yet these same markets are those most likely to be taken 

over by SOS. 
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Some major manufacturers have already announced that they do not 

intend to become suppliers of SOS products, citing high costs and alterna­

tive technologies. A cautious attitude on the part of the industry as a 

whole could mean that SOS would never become firmly established. The longer 

the delays in winning a sizeable share of the market, the less the chances 

become, since state-of-the-art improvements in existing families and develop­

ment of new ones tend to reduce or eliminate the performance advantage that 

SOS has. Furthermore, until high volume production gets underway, unit costs 

will remain high. The picture is thus the classic chicken-or-the-egg 

situation. 

Most 80S manufacturers feel that significant growth will occur in late 

1975, especially in watch circuit applications and static RAMS. The next 

year will probably be crucial in setting the pace for this technology. 

G. Availability of Parts 

Although more than fifteen companies possess SOS manufacturing 

capability (56), not all of them are currently fabricating SOS circuits. 

Furthermore, some have only research and development programs, some produce 

parts under contract only, and others produce circuits strictly for in-house 

consumption. Only two companies have commercial off-the-shelf products. 

Among the parts presently available are: 

MSI logic circuits (counters, scalars, etc.) 

bilateral switches 

1024 bit RAMS (in several configurations) 

timing circuits for watch applications 

During 1976 it is expected that microprocessors and 4K static RAMS will 

become available• 
• Customer interest in 80S products has increased during the last half 

of 1975 to the point where sales of lK RAMS are production limited at present • 
• 

This comes at a time when suppliers are converting from 2" to 3" production 

lines. Increasing interest is also apparent in circuits for communications 

applications such as phase-locked loops, multipliers, FFT analyzers, etc. 

There' are no definite plans to develop such products in the immediate 

future, however. 

To reiterate earlier statements, it appears that, production and demand 

are building up together, with each more or less dependent on the other. 
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H. Summary and Recommendations 

Silicon on sapphire is a technology with distinct performance 

advantages. From the user's point of view the demonstrated advantages when 

used in digital, large scale integrated circuit applications are 

high	 speed 

very low standby	 power 

low operating power 

high	 noise immunity 

wide	 range of power supply voltages 

complete isolation between devices	 • 

Potential	 advantages, still to be demonstrated, are 

low cost 

high reliability 

improved radiation resistance 

Lower cost, compared to bulk CMOS, can only come about when volume 

production is achieved - as a result of faster processing, high packing 

density, high yield, and lower substrate prices. Better reliability appears 

likely but adequate statistics are not yet available. High tolerance to 

transient radiation effects exists now, but steady state radiation hardness 

will probably not be much better than bulk CMOS. 

The main drawback to SOS is the limited availability of circuits due 

in part to high substrate prices, need for special production know-how, and 

industry-wide lack of commitment. In addition the problems with high leakage, 

kink effects, and other instabilities have not been completely solved. 

In order to achieve improvements in user-oriented areas such as 

performance, price, reliability, and availability of parts, and to take full 

advantage of the technology the following recommendations are made. 

1.	 Further work should be done to improve wafer manufacturing 

methods with a view toward improving quality and lowering costs. 

2.	 Better methods of growing heteroepitaxial silicon on sapphire must 

be	 devised. Problem areas are 

a) growing films of uniform thickness 

b) growing films of uniform electrical characteristics 

c) improving the electrical characteristics such as 
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i) better lifetime 

ii) better mobility 

iii) lower leakage currents 

iv) better control of kink effects and instabilities. 

3.	 A better understanding of reliability problems must be obtained. 

Therefore	 programs should be initiated to 

a) identify failure modes and mechanisms inherent to SOS 

b) obtain good statistical data for reliability prediction. 

4.	 SOS is recommended for procurement in LSI digital applications 

where its capabilities can make a distinct improvement in system 

performance. Otherwide it is not recommended simply as a substitute 

for other integrated circuits because of limited second-source 

suppliers. 

5.	 Parts should be procured from suppliers with a well-established 

manufacturing process, a stable financial situation, and a 

commercial product line to ensure reliability and availability 

over a long equipment service life • 

•
 

•
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