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CVD Glass Films for Passivation of Silicon 
Devices: Preparation, Composition, and Stress 
Properties* 

Werner Kern, G, L. Schnable, and A. W. Fisher 

RCA Laboratories, Princeton, N.J. 08540 

Abstract-Results of studies are described for successful glass passivation, by chemi- 
cal vapor deposition (CVD), of metallized silicon planar integrated circuits. The 
effects of various process conditions for low -temperature (350° to 450°C) 
CVD of phosphosilicate glass layers by oxidation of silane plus phosphine 
were systematically correlated with the chemical composition and intrinsic 
stress properties of deposited films. w practical method has been developed 
and applied for measuring stress in CVD films deposited on silicon wafers; it 
requires no special fixtures during deposition and is thus applicable for any 
type of deposition system. A correlation has been demonstrated between in- 
trinsic stress in deposited films and susceptibility to cracking during deposition 
or during subsequent exposure to thermal stress conditions, particularly at 
processing temperatures higher than the deposition temperature. Low phos- 
phorus content in deposited films was correlated with excessive intrinsic ten- 
sile stress leading to crack formation. CVD conditions were established for at- 
taining low stress films, and a new technique was devised for achieving fur- 
ther reduction in intrinsic tensile stress of CVD films based on the introduction 
of water vapor in the reaction chamber during film formation. Finally, the 
causes of structural defects in CVD glass layer are critically reviewed, and 
some experimental results on photolithographically induced defects are pre- 
sented. 

1. Introduction 

The terms "glassing" and "glass passivation" are commonly used to 
denote the process in which a glass -like, amorphous, inorganic dielec- 
tric layer is formed over the surface of a completed microcircuit wafer 

This work was in part supported by the Air Force Materials Laboratory, Wright -Patterson Air Force 
Base, Ohio, under Contract No. F33615 -74-C-5146. Portions of this paper were presented verbally 
at NAECON '75, and an extended summary was included in the proceedings volume. 

RCA Review Vol. 37 March 1976 3 



for the purpose of protection against the ambient. The sequence for 
glass passivation consists of deposition of the dielectric layer over the 
entire surface of the device wafer with completed metallization pat- 
terns, followed by photolithographic delineation to remove glass from 
the central region of bonding pads and from scribe line 'areas. Typical 
deposited films are 0.5 to 2µm thick. 

The majority of modern integrated circuits (IC's) are metallized 
with aluminum. A compatible glass passivation process must there- 
fore be performed under conditions where the maximum processing 
temperature is below the Al -Si eutectic temperature (577°C) to avoid 
alloying or metallization melting problems. Similar considerations 
hold for metallization systems involving gold. Chemical vapor deposi- 
tion (CVD) of dielectric films at low temperature (300° to 500°C) is 

ideally suited to fulfill these requirements. Reactive sputtering, rf 
sputtering, and plasma deposition techniques can also be used for de- 
positing dielectric layers, but their use is generally limited to certain 
applications and to devices that are not degraded by these treat- 
ments. 

Glassing of microcircuit wafers was originally used to provide a me- 
chanical protection against scratches of the soft aluminum intercon- 
nect lines. Vitreous silicon dioxide (Si02) prepared by CVD was first. 

applied as the passivating glass, and is still being used by a number of 
IC manufacturers. However, to provide effective protection, an SiO2 

film thickness incompatible with the aluminum metallization is re- 

quired, and cracking of the oxide film will generally result, with con- 
sequent problems of device reliability. Device manufacturers who 
have recognized these shortcomings have substituted more compat- 
ible lower -stress films of binary silicate glasses, especially phosphosil- 
icate glass (PSG) films, for the more highly stressed SiO2 layers. 

Intrinsic stress in passivation films is a major factor in determining 
whether cracks occur in glass over metallization on IC's. Since cracks 
in the passivation glass can result in substantially lower IC reliability, 
a detailed knowledge of the effect of CVD deposition conditions on 
room -temperature stress of CVD films of SiO2 and PSG on silicon 
wafer substrates would be of great value. 

This paper presents a thorough survey of the subject matter and, in 

addition, provides new experimental data on the effects of systematic 
variations in deposition conditions on the film deposition rate, thick- 
ness uniformity, chemical composition, and intrinsic stress. The ex- 
perimental results are examined in relation to data available in the 
literature. New results, therefore, are presented in the section to 
which they relate, rather than being grouped under a general discus- 
sion. 
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GLASS FILMS 

In addition, the effects of post -deposition storage and densification 
treatments on film stress are examined. Here, again, new experimen- 
tal results are presented on the origin of localized structural defects 
in the glass layers. Analytical methods suitable for process control are 
also briefly outlined. 

A large portion of this paper is contained in a report recently pre- 
pared by us on IC passivation by CVD techniques.' Several related 
papers should also he mentioned for reference: a summary of the ef- 
fects of critical factors in the CVD of SiO2 and PSG;2 a survey of 
CVD reactor systems;2.3 a discussion of functions, applications, and 
benefits of CVI) passivation overcoatings;3 studies on glass densifica- 
tion;4 electrical properties of dielectric films;5 new methods for defect 
detection;6 and selective etching analysis of passivation films.7'8 Fi- 
nally, a comprehensive, recently published survey paper9 reviews the 
entire field of silicon device passivation and may serve as a source of 
general background material in the present work. 

2. General Considerations Pertaining to CVD Processing and Stress 
Measurements 

2.1 Basic CVD Hydride Reactions 

The basic process for depositing SiO2 films from silane and oxygen at 
low temperatures (250° to 550°C) was reported in 1967.10 The exact 
details of this thermally activated, surface -catalyzed, heterogeneous 
branching -chain reaction are complex)' The overall reaction can be 
expressed as 

SiH4(g) + 2O2(g) SiO2(s) + 2H2O(g), [1] 

but under some circumstances it may proceed as 

SiH4(g) + O2(g) - SiO2(s) + 2H2(g). [2] 

The reaction favored depends strongly on deposition temperature 
and silane concentration,'0 14 and probably also on the oxygen -to - 
hydride ratio and variations in reactor geometry. 

Phosphorus can he incorporated into the oxide layers as an oxide of 
phosphorus by the reaction of phosphine with oxygen, 

2PH3(g) + 4O2(g) -' P2O5(s) + 3H2O(g). [3] 

Co -oxidation with silane leads to phosphosilicate glasses.'4-19 
The preparation, properties, and applications of SiO2 and PSG 

films synthesized from the hydrides and oxygen have been described 
extensively in the literature'0,12-32,68,69 and will be further referred to. 
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Specific effects of CVD parameters on the reaction chemistry are dis- 

cussed in Section 4 of this paper. 

2.2 Summary of Critical Factors in CVD 

The exact conditions used in the CVD process for SiO2 and PSG 
films can critically affect important film properties. Primary CVD 

parameters that affect deposited film properties, and must therefore 
he carefully optimized and controlled, include the following, listed in 

their approximate order of importance: 
(1) Substrate temperature of deposition 
(2) Oxygen -to -hydride ratio 
(3) Hydride flow rate 
(4) Silane-to-phosphine ratio 
(5) Nitrogen flow rate 
(6) Geometry of reaction chamber and gas inlet/outlet configurations 
(7) Wall temperature of reaction chamber or gas disperser 
(8) Impurities in CVD system and gases 
(9) Gas additives 
(10) Nature and cleanliness of substrate surface 
(11) Geometry and topography of substrate 
(12) Type of CVD reactor system 

The effects of these factors on the film deposition rate, the thick- 
ness uniformity, the chemical composition (in the case of PSG), and 
the intrinsic stress are discussed and illustrated with experimental 
results in Sections 4 and 5. 

2.3 Compatibility of Deposition Temperature with Metallization 

The theoretical maximum temperature that can be used in processing 
devices metallized with aluminum is limited by the melting point of 
the eutectic formed between silicon and aluminum (577°C). In prac- 
tice, however, the maximum temperature during glass deposition is 

held below 500°C because solid-state reactions between aluminum 
and silicon (or SiO2) begin to exert degrading effects in many sensi- 
tive devices at approximately 500°C. Some reaction of aluminum 
with SiO2 or PSG can be detected in certain devices at temperatures 
as low as 400°C, forming a thin intermediate layer of aluminosilicate, 
but normally this presents no serious problems if proper etching 
techniques are used in delineation of the glass layer to expose the 
bonding pads and scribe lines. 

PSG overcoats have also been used over gold -metallized silicon de- 
vices.33 In this application the temperature of glass deposition must 
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be kept below 350°C to avoid problems of eutectic formation between 
silicon and gold (373°C). 

An up-to-date bibliography of many other related aspects of metal- 
lization materials for silicon devices became available recently.34 

2.4 Layer Combinations 

Combinations of PSG and Si02 layers can offer certain advantages 
over any one single layer. Structures consisting of Si02 over PSG, or 
of Si02/PSG/Si02, can be readily prepared by CVD techniques, often 
in one continuous operation, simply by regulating the hydride input 
in the gas stream.l» A thin (1000-A) CVD Si02 top layer over the 
phosphosilicate main layer of 0.6- to 1.5 -pm thickness is desirable for 
improved photoresist adherence and consequently improved pattern 
etching definition, unless organo-silane adhesion -promoting agents 
are used. The composition of PSG layers used in the semiconductor 
industry is generally in the range of 2 to 5 wt % P (or 2 to 5 mol % 
P205). 

2.5 Survey of Stress Measurement Methods 

A variety of techniques for measuring stress in thin films are de- 
scribed in the literature.',35,36 X-ray and electron -diffraction analyses 
have been used to measure changes in lattice spacing and hence per- 
mit calculation of stress in films. However, more commonly, stress is 
calculated by optically measuring the deformation of a substrate, 
usually in the form of a beam, or a circular disc. In the beam -bending 
method, stress is calculated by determining the radius of curvature of 
the beam. Several methods for measuring the radius of curvature of a 
cantilevered beam have been reported.35 

For a circular disc, the stress is calculated by measuring the dis- 
placement of the center of the circular disc in relationship to its 
edges. This can be accomplished by several methods: counting inter- 
ference fringes between the disc and an optical flat, laser interferom- 
etry, holography, changes in location of the focal point, profiling the 
substrate with a light section microscope, or profiling the substrate 
by scanning with an optical microscope and measuring the change in 
focus from center to edge.35,66 

2.6 Published Information on Stress in CVD Films 

The literature contains some information on stress in CVD Si02 and 
PSG films.'9'26,37-42,66 Comparisons are sometimes difficult to make 
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because of the substantial differences in deposition systems and con- 
ditions. Generally, published data are based on room -temperature 
measurements. SiO2 films have been reported to he in tension as de- 

posited.37 Because silicon has a higher coefficient of thermal expan- 
sion than silicon dioxide, the residual stress in low -temperature CVD 
SiO2 films on silicon at room temperature is somewhat lower than the 
intrinsic stress of films as deposited, but the films are still in consid- 
erable tension.37,42 

PSG films are in lower stress (at room temperature) than SiO2 
films deposited at the same conditions.26.37 In general, however, re- 

sidual stress at room temperature remains tensile.26,41 
Some information is available on the effect of deposition rate38,4° 

and silane/oxygen ratio38 on CVD SiO2 stress, and of phosphorus 
concentration on stress in CVD PSG.26,40 Stress reduction in CVI) 
films exposed to room air has been reported.4o,66 

Deposited SiO2 or PSG films, when heated above the deposition 
temperature, are put in additional tension, particularly in regions 
over the edges of delineated aluminum films. Accordingly, there is 

some correlation between the intrinsic tensile stress in deposited 
films and the temperature increment above deposition temperature 
that can be attained before cracks begin to form.26,37 In general, the 
lower the intrinsic stress in films, the thicker the CVD layer can he 
before severe cracking begins to occur.18,26 

The relationship of device reliability and defects in deposited glass 
layers caused by intrinsic tensile stress and other properties of the 
glass/metallization system has been examined in recent papers.1,9,26,43 

3. Experimental 

3.1 Gases, Equipment, and Methods Used in CVD Studies 

In most of the experiments reported here, semiconductor -grade 3.3 

vol % SiH4 and electronic -grade 1.0 vol % PH3, both in ultrahigh -pu- 
rity N2, were used. Several premixed hydride compositions in nitro- 
gen were also used in which the ratios of SiH4:PH3 were 6:1, 12:1, 

23:1, and 60:1. The oxidant was 02 of 99.9% purity, and the diluent 
was N2 of 99.998% purity, both filtered through submicron filters. 

Unless otherwise noted, we used a single -rotation vertical CVD re- 

actor with a glass deposition chamber, described in a previous paper.3 
The hydrides with N2 were introduced through the center inlet at the 
top of the chamber after having passed through a terminal submicron 
large -area filter. The 02 was added to this gas stream before it en- 
tered the deposition chamber. Surface temperatures were measured 
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with bimetallic- and thermocouple -type surface thermometers. Other 
details on deposition technology were similar to those reported in 
previous papers.3"7.19 

A variety of substrate materials were used for film deposition, but 
most of the work reported in this section was carried out with pol- 
ished and chemically cleaned (100) -oriented single -crystal silicon 
slices of 5 -cm diameter and 0.3 -mm thickness. 

Film thicknesses were measured by interferometric and profilo- 
metric techniques. The PSG composition was routinely analyzed by 
etch -rate measurements after densification of the films,7 and by x-ray 
fluorescence methods; both techniques were calibrated by wet chemi- 
cal analysis. 

3.2 Methods Used for Stress Measurements 

For the work described in this paper, the stress was determined by 
depositing films onto circular silicon wafers. Measurements of disc 
deflection were done at room temperature by three methods: (1) use 
of an optical flat and calculation of deflection by counting interfer- 
ence fringes;44 (2) determination of the focal point by reflecting a col- 
limated light off the surface of the wafer;38 and (3) focusing an optical 
microscope on one wafer edge and moving the sample transversely 
from one edge to the other through the center of the wafer to measure 
the change in focus at various points. In this last method, measure- 
ments were made in both x- and y -directions at 5 -mm intervals. The 
micrometer on the focusing dial was zeroed at the edge of the wafer. 
Upward and downward movement of the microscope stage was re- 
corded as positive and negative, respectively. From this information, 
a plot of the wafer profile was constructed, from which deflection was 
determined. 

Initially, all three methods were used to measure flatness of the 
substrate before CVD of the films. However, only method (3) was 
used in the latter part of the investigation, since it gave the best re- 
sults. Corrections in the final graphical profile were made if devia- 
tions from flatness occurred in the starting substrate. Typical plots of 
change of focus versus distance across wafers are shown in the next 
Section. 

Stress in the CVD films was calculated from the experimental data 
and the equation derived by Glang et a1,36 

a - r / \30E v)/ \ tt [4] 
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where 
a = stress (dynes/cm2), 

= deflection of disc (cm), 
y = Poisson's ratio fór substrate, 
E = Young's modulus of substrate, 
tf = film thickness (cm), 
is = substrate thickness (cm), and 
r = radius of disc (cm). 

We also employed a convenient test based on step -wise heating of 
overcoat-passivated aluminum -metallized IC device wafers to rela- 
tively high temperatures (500° to 550°C) for typically 20 minutes per 
heating cycle to bring out latent stresses or weaknesses in the glass. 
These will increase in number with increasing temperature and give a 

realistic picture, suitable for statistical evaluation, of the potential 
stress levels and the specific location and distribution of excessive 
stress regions. This approach is akin to step -stress accelerated life - 
testing and constitutes a useful, practical test method, particularly in 
conjunction with aluminum marker-etching45 to enhance the detec- 
tion sensitivity of localized structural defects, especially microcracks, 
in the glass overcoating. The largest areas of undelineated aluminum 
within a circuit, such as those over large capacitors in linear bipolar 
IC's, are particularly sensitive to the onset of crack formation as a 

function of heat -treatment temperature. These areas are also most 
suitable for estimating the crack density, or for counting the number 
of cracks for quantitative statistical computations. This method of 
stress testing is by no means a substitute for the direct numerical 
measurement of film stress by the methods described above. It 
should be used in conjunction with them because it gives directly ob- 
servable and realistic information not obtainable otherwise. The 
method is particularly useful for relative comparison of residual net 
stress in overcoat layer compositions and deposition conditions used 
for identical substrate IC wafers. Relatively small stress differences 
of overcoatings can be pictorially documented and compared by 
counting or estimating the density of microcracks for identical sam- 
ple areas. Apart from overcoating parameters, the test is sample de- 
pendent; it is quite sensitive to the exact conditions of the substrate. 
The incidence of microcracks is a function of the thickness, area, and 
pattern geometry of the metallization, the taper angle and edge of the 
delineated metal lines, the prior annealing and alloying treatments, 
and the topography of the underlying oxide steps and via holes. 

The use of unpatterned, planar aluminum films on oxidized planar 
silicon wafers for the test described above can provide additional 
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valuable information on the stress behavior of CVD films. Similar 
testing of the same films on polished silicon wafers as substrate is a 
further worthwhile variation of this test that we have used successful- 
ly. 

4. Results and Discussion of CVD Studies 

All of the critical factors in CVD of Si02 and PSG films listed in Sec- 
tion 2.2 have been investigated, and will be discussed in the order 
listed. 

4.1 Effects of Temperature and Oxygen -to -Hydride Ratio 

The effects of substrate temperature of deposition and 02:hydride 
ratio are closely interrelated and are therefore best considered in the 
same context for both Si02 and PSG films. The effects on the deposi- 
tion rate of Si02 and PSG are similar, and the composition of PSG is 
strongly dependent on both of these parameters. 

We have previously shown10 that SiH4 diluted with N2 begins to 
form SiO2 films at a temperature of about 240°C if the 02:SiH4 mole 
ratio is in the range of 3:1. The rate of film growth at constant SiH4 
input increases rapidly as the substrate temperature is increased to 
:310°C. Further temperature increase to 450°C results in a very grad- 
ual increase in deposition rate. To attain a linear increase in the max- 
imum deposition rate with temperature, the 02:SiH4 ratio must be 
increased as the temperature is increased. For example, at 475°C, an 
02:SiH4 ratio of at least 14:1 is required to achieve this. Larger ratios 
of up to 33:1 have no effect, but ratios beyond this limit inhibit the 
reaction, leading to decreased rates of film growth. Thus, a plateau 
region exists at this temperature that is insensitive to the 02:SiH4 
ratio. Temperatures lower than 475°C réquire progressively smaller 
02:SiH4 ratios to attain the plateau of maximum Si02 deposition 
rate. At the same time the extent of the plateau region narrows as the 
temperature is decreased. These observations have since been con- 
firmed by several' other workers13,14,22.31,32,46,68,69 and were found to 
hold qualitatively, even though different reactor geometries were 
used. The unusual reduction in Si02 deposition rate at high 02:SiH4 
ratios has been explained by retardation theory where 02 acts as the 
retardant by being adsorbed on the substrate surface.14 

The corresponding observations for PSG formation by co -oxida- 
tion of SiH4 + PH:1 with 02 are essentially analogous to those dis- 
cussed for Si02.1,2,14,"6,29 Fig. 1 shows plots of typical data we ob- 
tained studying the effect of 02:hydride mole ratio on the deposition 
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rate of PSG at 350°, 400°, and 450°C. The SiH4:PH3 mole ratio was 
fixed at an intermediate value of 20:1, and the total gas flow rate was 
held constant at 11 liters per minute. The rate of PSG film deposition 
clearly depends on both the 02:hydride ratio and the substrate tem- 
perature during deposition. The maximum deposition rate obtainable 
at a given temperature is a function of the 02:hydride ratio. As the 
temperature is increased, the maximum deposition rate increases, but 
requires progressively larger 02:hydride ratios to be attained. The 
semi -log plot in Fig. 1 indicates, furthermore, that the ratio range of 
the maximum region widens with increasing temperature. 
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Fig. 1-PSG film deposition rate versus oxygen/hydride mole ratio for three deposition 
temperatures. Total gas flow rate was 11 liters/min. 

\''.... 
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Fig. 2 depicts the effects of 02:hydride ratio and temperature on 
the composition of PSG films for the same samples and CVD condi- 
tions from which the deposition -rate results in Fig. 1 were obtained. 
The phosphorus concentrations in the glass films generally increase 
with both increasing 02:hydride ratio and with decreasing tempera- 
ture. The phosphorus content in the PSG films deposited at 450°C is 
less critically dependent on .the ratio than in the films deposited at 
lower temperature, making the higher temperature considerably 
more desirable from a practical point of view, especially since the 
level -concentration range occurs within the 02:hydride ratio range of 
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17 to 30, which also coincides with the range of maximum film depo- 
sition rate. 

The effects of substrate deposition temperature for fixed 02:hy- 
dride ratios are illustrated more directly in Figs. 3 and 4; they were 
both derived from Figs. 1 and 2. 
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2 4 7 10 20 40 70 100 200 
02 OXYGEN -TO-HYDRIDE MOLE RATIO, 

SiH4+PH3 

400 

Fig. 2-PSG film composition versus oxygen/hydride mole ratio for three deposition 
temperatures. Total gas flow rate was 11 liters/min. 

Fig. 3 shows the PSG film deposition rate at 350°, 400°, and 450°C 
as a function of selected 02:hydride ratios (4:1, 6:1, 10:1, 24:1, and 
30:1) and also for the ratios corresponding to the maximum deposi- 
tion rate for each of the three temperatures. The curves exhibit nega- 
tive slopes for the low ratios and change to positive slopes for the 
higher ratios. The curves indicate that the deposition rates at all 
three temperatures are similar for any one ratio in the lower range of 
4:1 to 10:1 (not drawn for clarity) but differ increasingly as the ratio 
is increased. Again, the least dependence is noted at 450°C, where de- 
position rates at all high ratios (15:1, 24:1, and 30:1) are close to that 
at 22:1, corresponding to the maximum deposition rate. 

Fig. 4 shows the PSG phosphorus concentration as a function of 
the same 02:hydride ratio values selected for Fig. 3, again for all three 
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temperatures. Also included in this figure is a plot showing the tem- 
perature effect for a lower SiH4:PH3 mole ratio (7.7:1) over an ex- 
tended temperature interval (310° to 450°C); the 02:hydride ratio 
was held constant at 24:1. The difference between the slope of this 
curve and the 24:1 curve for the higher SiH4:PH3 ratio (20:1) indi- 
cates some dependence of the temperature effect on the hydride 
ratio. The family of curves for the 20:1 SiH4:PH3 ratio series shows 

SUBSTRATE DEPOSITION TEMPERATURE, °C 

Fig. 3-PSG film deposition rate versus deposition temperature for selected oxygen/ 

hydride mole ratios at a SiH4/PH3 mole ratio of 20:1. The top curve, marked 

Max A/min, corresponds to ratios yielding maximum deposition rates. All 

values were taken from Fig. 1. 

that the effect of temperature on PSG composition becomes progres- 
sively less as the 02:hydride ratio is decreased, similar to the effect on 
deposition rate. Again, the curves for the higher ratios converge at 
450°C, demonstrating minimum dependence. The curve correspond- 
ing to the 02:hydride mole ratios of maximum deposition rate is a 

straight line. 
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An immediate practical consequence of the temperature effect is 
the need for isothermal surface conditions of the substrate wafer. 
Good thermal contact of the wafer with the heated substrate plate is 
essential to effect good heat transfer and to avoid thermal variations 
in the wafer surface. Poor contact may arise if the wafers are warped 
(possibly due to improper annealing after diffusion), if wafers overlap 
on positioning, or if excessive quantities of CVD glass are allowed to 
accumulate on the substrate plate causing a decrease in the surface 
temperature. 

12 
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Fig. 4-PSG film composition versus deposition temperature for selected oxygen/hy- 
dride mole ratios. The family of lower curves was plotted from values taken 
from Fig. 2. The curve marked Max. A/min corresponds to ratios yielding max- 
imum deposition rates. The top curve shows temperature effect on composi- 
tion for a silane/phosphine ratio of 7.7:1 at constant oxygen/hydride ratio of 
24:1. 

The results we have presented here agree very well with data re- 
ported in the literature cited in this section, even though different 
CVD reactor systems and conditions were used. 
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4.2 Effects of Hydride Flow Rate 

The quantity of SiH4 or of SiH4 + PH3 introduced into the reaction 
chamber per unit time at a constant substrate temperature and 02: 
hydride ratio determines the rate of film deposition, which follows a 

linear function up to some saturation level limited by the size and ge- 
ometry of the reaction chamber. In other words, the film thickness in- 
creases proportionally with the hydride input and the time period of 
deposition, independent of the film thickness up to many microme- 
ters, at which point decreased thermal conductance may become no- 
ticeable. Hydride input quantities for the reactor system we used to 
obtain the data in Figs. 1 and 2, for example, were 670 cm3/min of 
3.3% SiH4 and 110 cm3/min of 1.0% PH3. The PSG film composition 
is affected only slightly by very large variations in the film -deposition 
rate, so that this effect can be disregarded in practical applications. 

4.3 Effects of Silane-to-Phosphine Ratio 

The SiH4:PH3 ratio under otherwise constant CND conditions deter- 
mines the composition of the resulting PSG. The relationship of the 
mole ratio of SiH4:PH3 in the gas and of Si02:P205 in the resulting 
glass is nearly linear,'.2,26,29 as shown in Fig. 5, for a deposition tem- 
perature of 445°C. A plot of the same data in terms of mol % PH3 in 

SiH4 + PH3 versus mol % P205 in Si02 - P205 in the resulting PSG 
ís presented ín Fig. 6. It shows a linear relationship up to about 10 

mol % P205, followed by a less than linear increase in P205 beyond 
this point. Recent data reported in the literature29 agree within ap- 
proximately 10% with our curve shown in Fig. 6. Lower temperatures 
of deposition at constant SiH4:PH3 ratio increase the mol % P205 in 

the PSG if the 02:hydride ratio is adjusted for the plateau region of 
maximum deposition rate for each temperature, in agreement with 
the data shown in Fig. 4 and with literature data.29 

The relationship depicted in Figs. 5 and 6 indicates that the PSG 
resulting from the oxidation under the conditions stated contains 
more phosphorus than would be expected from stoichiornetry, since 
two moles of PH3 form one mole of P205. Fig. 6 indicates that up to 
about 10 mol % P205 the conversion efficiency of PH3 to P205 at 
445°C is 1.4 times greater than that of SiH4 to Si02. At lower temper- 
atures it is still greater. Stated differently, the conversion efficiency 
of SiH4 to Si02 during co -oxidation of SiH4 + PH3 is lower than that 
of PH3 alone. Apart from kinetic14 and thermodynamic27 differences 
in the oxidation of the two hydrides, the previously mentioned retar- 
dation of SiH4 oxidation by oxygen is almost certainly responsible for 
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at least part of the observed effect. Hence, higher than expected 
phosphorus concentrations in the PSG result. In addition, PH3 ap- 
pears to have a retarding effect on SiH4 oxidation, since our work as 
well as literature data3o,32 indicates that the film deposition rate is 
depressed by small additions of PH3. We have obtained similar re- 
sults of retardation with dihorane in the co -oxidation of SiH4 + B2H6 
to deposit borosilicates. 

30 
MOLE RATIO Si02/P205 IN FILM 

Fig. 5-Mole ratio Si02/P205 in PSG film versus mole ratio SiH4/PH3 of the hydride gas 
mixture at a substrate deposition temperature of 445°C and an oxygen/hy- 
dride ratio of 20:1. The dashed line indicates relationship for stoichiorretric re- 
action. Total gas flow rate was 8 liters/min. Film deposition rate was 4000 
A/min. Film analysis based on wet chemical method. 

Incorrect SiH4:PH3 ratios can lead to several problems in the glass. 
A PSG with low phosphorus content may result in inadequate Better- 
ing of externally introduced contaminants such as sodium ions; it 
may also cause cracking of the glass because of excessive stress. Too 
high a concentration of phosphorus, on the other hand, may result in 
current leakage across the surface or in a hygroscopic glass, which 
may cause metal corrosion problems. 

In adjusting the hydride ratio for otherwise fixed conditions, it is 
convenient to use a plot of etch rate values of the films as a direct 
funct.on of the SiH4:PH3 ratio.1,7 
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4.4 Effects of Nitrogen Flow Rate 

The function of the diluent nitrogen is threefold: (1) to dilute the re- 
active gases to a sufficiently low concentration to prevent spontane- 
ous combustion when combined with the oxygen and, in some sys- 
tems, to afford premixing; (2) to force the reactive gas mixture over 
the heated substrate surface; and (3) to create gas -flow conditions in 
the reaction chamber that result in good film uniformity across a 
maximum area of the substrate plate. Too low a nitrogen flow rate 
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Fig. 6-Composition of PSG films versus composition of hydride gas mixture. Samples 
and CVD conditions are the same as those defined in Fig. 5. Also shown are 
PSG composition in terms of wt % P and hydride composition in terms of 
mole ratio. 

can severely depress the deposition rate of both Si02 and PSG films 
and lead to gross nonuniformities in film thickness across the wafers. 
Excessive nitrogen flow decreases the residence time for the gases at 
the substrate surface and causes the plate temperature to drop due to 
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cooling, thus leading to nonuniform deposits that, in the case of PSG, 
contain more phosphorus than obtained under normal conditions 
(because of the decreased temperature as indicated in Figs. 3 and 4). 

A suitable flow rate for our reaction chamber (described in Refs. [ 1 

and 131) is in the range of 7 to 11 liters of total N2 (including hydride 
diluent N2) per minute, the correct quantity being determined by the 
attainment of good film -thickness uniformity under the specific CVI) 
conditions used. 

Silane, despite its reactivity at high concentrations with oxygen, 
can be conveniently premixed for production applications with oxy- 
gen and nitrogen at sufficiently high dilutions in both oxygen and ni- 
trogen (i.e., 0.5% SiH4, 2.5% 02, 97% N2 by volume), forming a mix- 
ture that is inert until heated above 200°C.'3'27 

4.5 Effects of Reactor Geometry 

The shape and dimensions of the reaction chamber and the gas inlet/ 
outlet configuration are very critical with respect to thickness unifor- 
mity of the film deposits because they affect the flow dynamics of the 
gas stream. We have constructed and tested many reaction chambers 
and found that small differences can cause gross effects, particularly 
in single -rotation reactors, where a lesser degree of averaging is at- 
tainable than in planetary units. The type of bell jar described in 
Refs. [1] and 131 has given particularly good results despite its decep- 
tive simplicity. 

4.6 Effects of Reaction Chamber Wall Temperature 

The reactor wall, if hot, acts as a substrate for both glassy and powd- 
ery gas -phase reaction products. Cooling the reactor parts that are 
not intended for heating the substrate results in a decrease of these 
undesirable coatings and also suppresses homogeneous gas phase nu- 
cleation, which is the cause of the powdery deposits, while at the 
same time promoting desirable heterogeneous reactions leading to 
glassy films. As a consequence, cleaner film deposits form and the de- 
position rate tends to increase for the same reactant input. This 
means, in effect, that the yield of glassy product can increase consid- 
erably, since the input of expensive reactants can he reduced to at- 
tain the same deposition rate obtained with a hot -wall reactor. The 
composition, in the case of PSG films, can he slightly affected by this 
change, requiring some readjustment of the SiH4:PH3 ratio. 
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4.7 Effects of Impurities in CVD System and Gases 

The surface -catalyzed free -radical reaction mechanism underlying 
CVD of oxide and glass films is quite sensitive to particulate contami- 
nants in the gas phase. Particles in the gas stream (mainly colloidal 
oxides formed by premature reaction) can cause microbubbles, pin- 
holes, and other localized structural defects in the glass layer. A num- 
ber of authors have pointed out the relationship between pinholes in 

dielectric films and particulate impurities in CVD systems and 
gases.'2.3.9,45.46.69 It is therefore imperative to suppress the formation 
of particulate impurities effectively and to remove as much as possi- 
ble of the impurities that still form by use of large -area high -capacity 
submicron filters in the gas lines positioned as close to the site of film 
deposition as practicable. Frequent blasting out of the CVD system 
and the gas lines with pressurized nitrogen to dislodge and remove 
particles is very convenient and effective. In addition, periodic 
cleaning of the CVD reactor and the gas tubing system should be car- 
ried out. 

Another type of impurity in CVD films arises from chemical con- 
taminants ín the gases used. Silicon dioxide films deposited from 
semiconductor -grade silane and oxygen are known to contain some 
sodium that may deleteriously affect MOS devices.1.26 In the present 
work, atomic absorption analysis was used to assess the concentration 
of alkali impurities and copper in typical SiO2 and PSG films of 1 to 2 

µm thickness that were prepared at 300° and 450°C in the rotary 
CVI) reactor at deposition rates ranging from 300 to 2000 A/min. The 
impurity contents in parts per million by weight ranged as follows: 
Na 2-6, K 1-3, and Cu 0.6-1.4. Fortunately, PSG passivation layers 
of proper composition are capable of gettering alkali contaminants to 
the extent that device instability problems due to this cause should 
not arise with typical device structures. 

4.8 Effects of Gas Additives 

Additives to the CVD reaction were investigated for the purpose of 
either lowering intrinsic stress in the glass films or for suppressing 
homogeneous gas phase nucleation. 

Stress in SiO2 and PSG was successfully lowered by adding water 
vapor to the gas stream entering the deposition chamber. Quantita- 
tive details of these experiments are discussed in Sections 5.7 and 5.8. 

We found that the deposition rate of SiO2 films is not markedly af- 
fected by the addition of water vapor, in agreement with previously 
reported observations."3168 We also found that neither the deposi- 
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tion rate nor the composition and uniformity of PSG films is notice- 
ably influenced by introducing water vapor during CVD. Additions of 
azeotropic hydrochloric acid (20% HCl) vapor instead of water vapor 
for the purpose of possible impurity Bettering also did not affect de- 
position rate, uniformity, composition of PSG films, or the aluminum 
metallization of IC wafers being glass coated. 

As already noted, most of the particular contaminants present in 
CVD systems are caused by homogeneous gas phase nucleation (man- 
ifested as white fog and powdery wall deposits) that can he mini- 
mized to some extent by the techniques noted. Complete but selec- 
tive suppression of the homogeneous reaction by addition of a specif- 
ic inhibiting agent (such as a free -radical scavenger) to the gas mix- 
ture during CVD would be highly desirable to improve the quality of 
the glass layers. Ethylene has been reported to act as a selective sup- 
pressant of homogeneous gas phase nucleation in the oxidation of sil- 
ane to Si02;3' however, selective inhibition is effective only at very 
low 02:SiH4 ratios47 (such as 1.5:1) where formation of colloidal oxide 
is extreme.10 Because of the decreased rates of film growth, these con- 
ditions are not normally usable for film deposition. Experiments con- 
ducted in our laboratory using a rotary reactor, 02:SiH4 ratios of 6:1 
and 15:1, deposition temperatures of 350° and 450°C, total gas flow 
rate of 11 liters/min, and ethylene additions yielding C2H4:SiH4 ra- 
tios ranging from 0.3:1 to 100:1 showed the following. Ratios of C2H4: 
SiH4 of less than 1:1 did not markedly affect the deposition rates of 
either the vitreous Si02 (1100 A/min) on the silicon substrates or that 
of the powder on the reactor wall. Higher ratios caused a rapid, but 
nonselective depression of the deposition rates for both products. For 
example, a ratio of 5:1 led to a 11 -fold decrease in the film deposition 
rate. Ratios of 14:1 to 100:1 completely prevented any reaction. 

Results obtained with PSG at a substrate temperature of 450°C 
and at 02:hydride ratios of 8:1 and 20:1 showed that the film deposi- 
tion rate is also suppressed nonselectively, but more severely than in 
the case of Si02. A C2H4:hydride ratio of only 5:1 completely inhibit- 
ed reaction. 

Similar results of nonselective inhibition of Si02 and PSG forma- 
tion were also obtained with styrene and several other selected com- 
pounds. 

4.9 Effects of Substrate Surface 

The composition of the substrate material and the physical and 
chemical nature of adsorbed contaminants on the substrate surface 
affect the growth rate and the quality of CVD oxide and glass films 
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synthesized from the hydrides.1-3,10,1 5,17,19,22,67,70 This is in part due 
to the free -radical reaction mechanism underlying this type of hy- 
dride oxidization, which is sensitive to chemical trace impurities on 
the substrate surface that can act as growth catalysts or inhibitors. 

Effects of usually nondescript substrate impurities on CVD SiO2 
films have been reported by several investigators. 1,10,22,43,45,46,48 In 
general, defects such as pinholes, pits, thin spots, blisters, micro - 
bubbles, cloudiness, and local variations in film thickness can result. 
To examine under controlled conditions the effects of specific sub- 
strate impurities on the microscopic appearance of CVD SiO2 and 
PSG films, selected representative physical and chemical materials 
were placed randomly on certain areas of clean substrates, which 
were then overcoated under typical CVD conditions at 450°C. The 
substrates consisted of polished and chemically cleaned (100) -orient- 
ed silicon wafers and of 5000 A -thick unpatterned aluminum films 
vacuum evaporated over thermally oxidized polished silicon wafers. 
Samples without additives served as uncontaminated controls. Par- 
ticulate impurities, sprinkled over the substrates, were silicon crystal 
dust from scribing with a diamond, aluminum oxide powder (y- 
A1203i cubic) of 0.05 -pm -diameter particles, and PSG power from 
CVD reactor wall deposit. Organic contaminants, applied to the sub- 
strate from solution and allowed to dry, included Apiezon Hard Wax 
W (J. G. Biddle Co.), KTFR photoresist (Eastman Kodak Co.), and 
electronic grade trichloroethylene. Reactive chemical agents were 
oxide etch (49% HF solution), silicon etch (49% HF-70% HNO3 1:1 

mixture), and aluminum etch (85% H3PO4-H2O-70% HNO3 40:10:4 
mixture). In this series the substrates were immersed in the reagents 
and rinsed briefly with a small amount of distilled water. Additional 
sample impurities were tap water allowed to dry on the substrates 
and fingerprints leaving NaCI and greasy impurities. The results of 
microscopic examination of the samples after CVD are summarized 
in Table 1. Photomicrographs of several typical defects observed are 
presented in Fig. 7. 

4.10 Effects of Geometry and Topography of Substrate 

The relief geometry of the structure and the topography of the sub- 
strate surface determine to a significant extent the quality of the 
CVD glass overcoat, apparently due to localized disturbances in the 
gas flow pattern. 

The layer integrity and conformity over steep steps and sharp 
edges are particularly severely affected by these factors, and can give 
rise to serious reliability problems, as is evident by analysis of glass - 
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Fig. 7-Photomicrographs showing typical effects of surface contaminants m the mi- 
croscopic appearance of CVD overcoatings defined in Table 1. Magnifications 
are for photo sizes shown here: 

A-SiO2 over PSG particles on Si (monochromatic light, X93) 
B-SiO2 over wax residue on Al (white light, X180) 
C-SiO2 over tap water residue on Si (Nomarski differential interference contrast, 

X230) 
D-SiO2 over NaCI crystals from fingerprints on Si (white light, X180) 
E-SiO2 over y-Al2O3 particles on Si (monochromatic light, X93) 
F -PSG over H3PO4 residue on Si (monochromatic light, X230) 
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passivation device failure modes.1,43,45,49,5° We have previously 
shown49 that the quality of step coverage can be controlled and im- 
proved to a limited extent by optimizing the CVD conditions (mainly 
by reducing the total gas flow rate), although tapering of the struc- 
ture prior to overcoating should be done whenever possible because it 
is more effective. 

New results indicate that the chemical composition of an overcoat- 
ing material can have a marked influence on the step coverage. 
Layers of 0, 2, 3, and 4 wt % phosphorus PSG of 1.1 to 1.2-µm thick- 
ness were deposited on wafers of two types of aluminum -metallized 
IC's (planar linear bipolar and MOS IC's). Deposition was c,arried out 
at 450°C in a rotary reactor at a rate of 2000 A/min. We found, by 
special etching techniques,6 that 2 to 4 wt % phosphorus PSG affords 
a substantially better conformal edge coverage over aluminum pat- 
terns than does SiO2 (0% Pl. The difference between 0 and 2 wt % 

phosphorus is remarkable, and is definitely due to the overcoat mate- 
rial since the conditions of CVD were kept exactly analogous, and the 
effect occurred on both types of IC's, even though the aluminum 
thickness and edge contour are not exactly the same. 

Surface roughness of the substrate is another factor that deter- 
mines the quality of CVD layer deposits. A typical case is that of 
evaporated aluminum films, especially after alloying treatments with 
silicon, which leads to the formation of hillocks, spikes, and grainy- 
ness that tend to give rise to increased pinhole formation in the over - 
coating. 1.48 

4.11 Effects of CVD Reactor Systems 

A considerable variety of CVD reactor systems for preparing SiO2 
and PSG passivating overcoatings is now available. We have catego- 
rized and described the design, operation, and capability of CVD 
equipment, which varies from relatively simple to sophisticated auto- 
mated reactors.' -3 We have conducted a limited number of experi- 
ments with several of these types of reactor systems, including several 
commercially available continuous processing units,* to examine 
whether the experimental results presented in this section are appli- 
cable to other systems as well. We found that they not only agree in 
principle, but that they frequently relate on a semiquant.itative basis, 
despite the remarkable differences in geometry and system operation. 

Typical units and their manufacturers are as follows: Rotox-60, Unicorp. Incorporated, 625 North 
Pastoria Dr., Sunnyvale, CA 94086; AMS-2000 Continuous Silos Reactor, Applied Materials Tech- 
nology, Inc., 2999 San Ysidro Way, Santa Clara, CA 95051; PWS Model 200C Vapor Deposition 
System, Pacific Western Systems, Inc., 855 Maude Avenue, Mountain View, CA 94040. 
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Nevertheless, the performance of each reactor must be carefully ex- 
amined and adjusted to attain conditions for producing films of spec- 
ified properties. 

5. Studies of Film Stress 

5.1 Evaluation of Substrates Used for Stress Measurements 

Initially, 65 -µm -thick, flat, circular (111) -oriented silicon wafers were 
used as a substrate to measure the stress of deposited films. During 
the CVD process the wafers deformed because of the thermal gradi- 
ents across them, as well as from the strain that was being introduced 
from the depositing layer. (The magnitude of the deformation of 
these thin silicon test wafers is, of course, much greater than that 
which occurs on the considerably thicker integrated -circuit wafers.) 
Deformation of the substrate during CVD can cause errors in the 
stress measurements; it is therefore important that the substrates re- 
main relatively flat during film deposition. To maintain the flatness, 
a fixture was designed to hold the substrates down by vacuum. The 
fixture consisted of an aluminum block 57 mm in diameter and 18 
mm in height, with a 6.3 -mm stainless -steel tube leading to a cavity 
in the center of the block; 0.3 -mm holes were drilled through the top 
of the block to the cavity, in a circular area 35 mm in diameter. A vac- 
uum line was connected to the fixture, and wafers placed over the 
holes in the top surface were held firmly in place. 

While the vacuum hold-down fixture worked satisfactorily, it could 
not he used with some types of CVD reactors. Furthermore, the 
65-µm wafers proved to he too fragile for easy handling in a large 
number of tests. Accordingly, tests were carried out to determine 
what wafer thickness could be used that would not be excessively 
fragile and still give good results. It was found that wafers about 140 
µm thick and 39 mm in diameter were sturdy enough so that exces- 
sive breakage did not occur. Because of the increased thickness, it be- 
came unnecessary to use the vacuum hold-down fixture. Stress mea- 
sured on samples held fast during deposition was not appreciably dif- 
ferent from that of wafers not held at all, and uniform CVD film 
thicknesses resulted. Profiles for two wafers, one with and one with- 
out hold-down, are shown in Fig. 8. 

The term E/(1 - y) in the stress equation (Eq. [41) was calculated 
for the silicon substrates used for film deposition. This was accom- 
plished by thermally oxidizing the wafers in steam at 1100°C, remov- 
ing the oxide from one side in aqueous HF, and measuring the deflec- 
tion. Since the stress value of thermally grown SiO2 has been pub - 
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lished,51 this value was substituted into the stress equation, and E/(1 
- v) was calculated. The calculated value of 1.9 X 1012 dynes/cm2 for 
(111) -oriented silicon is close to Glang's value of 2.3 X 1012 dynes/ 
cm2. 

However, for (100) -oriented silicon, the value of E/(1 - v) was 
found to he 1.3 X 1012 dynes/cm2. This difference between (111) and 
(100) silicon was also confirmed by stress experiments, which showed 
that wafers of equal thickness with equal CVD oxide thicknesses de- 
flected by different amounts, with larger deflection occurring on 
(100) -oriented silicon wafers. 
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Fig. 8-Profiles of two silicon substrates following CVD of a 1 -µm -thick layer of S102. 

In the process of making stress measurements in CVD dielectric 
layers, some unexplained variations in measured stress were ob- 
served. Experiments revealed that some substrate wafers deflected 
more easily than others, thus indicating larger stress value than actu- 
ally were present in the CVD layer. Variations in the depth of micro - 
cracks caused by lapping and polishing of the silicon substrate are 
probably the main cause for the difference between wafers. In an ef- 
fort to eliminate these variations, an apparatus was set up to measure 
wafer deflection by placing the silicon substrates onto an O-ring sup- 
port, and then applying a partial vacuum to the holder, thus causing 
the wafer to bow. A differential pressure of 14.7 Torr was used, since 
this deflected the substrates about the same amount as a CVD Si02 
film of 1 pm thickness. Each wafer used for stress measurements was 
checked, and only wafers that showed equal amounts of deflection for 
both sides and equal amounts of deflection from wafer to wafer for a 
given pressure were used for stress measurements of deposited films. 
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Fig. 9-Wafer profiles before and after CVD of a 1.4 -pm -thick Si02 layer. 

For all stress data presented in this report, (111) -oriented silicon 
substrate wafers were used, and Glang's value36 for E/(1 - v) was 
used in the calculations. Typical plots of change of focus versus dis- 
tance across a wafer before and after coating are shown in Fig. 9 to il- 
lustrate the measurement method. 

5.2 Effect of Storage on Stress 

Stress in CVD Si02 films decreases with time, the amount of decrease 
being dependent upon the storage ambient. Wafers having a CVD 
Si02 layer are essentially relieved of their stress in about four hours if 
stored in 100% relative humidity at room temperature, whereas films 
prepared under the same deposition conditions showed little change 
in stress when stored in a dry box for 70 hours (Fig. 10). Wafers with 
oxide layers whose stress had been relieved by storing in 100% rela- 
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TIME AFTER DEPOSITION, hr 

Fig. 10-Plot of wafer deflection as a function of storage ambient and time. 
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tive humidity went hack into tensile stress when the sample was re- 
turned to the dry ambient. These results indicate that for undensif- 
ied, encapsulated Si02 layers, the stress will vary depending on ambi- 
ent conditions. 

5.3 Effect of Deposition Rate on Stress 

Si02 films deposited at 350°C at a deposition rate of 400 A/min had a 
tensile stress of 2.5 X 109 dynes/cm2. At a deposition rate of 1400 
A/min the stress increased to about 3.1 X 109 dynes/cm2. Measure- 
ments of Si02 films deposited at 450°C and at a very high rate í5000 
A/min) showed a tensile stress of about 3.4 X 109 dynes/cm2, as com- 
pared with 2.7 X 109 dynes/cm2 for films deposited at 1000 A/min. 

Stress as a function of film deposition rate for PSG layers deposit- 
ed at 400°C and containing 3.6 wt % phosphorus was measured in the 
range of 1250 to 5000 A/min with the 02:hydride ratio held constant 
at 11.4:1. Stress was 2.3 X 109 to 2.4 X 109 dynes/cm2 for all samples 
prepared in this range. 

5.4 Effect of Deposition Temperature on Stress 

Stress as a function of deposition temperature was measured in the 
range of 340° to 450°C. The average stress for five samples of CVD 
Si02 films on silicon prepared at 340°C was 3.1 X 109 dynes/cm2. 
Film average stress for five samples prepared at 400°C was also 3.1 X 
109 dynes/cm2. Samples prepared at 450°C averaged 2.7 X 109 dynes/ 
cm2. The etch rate tends to decrease with increasing deposition tem- 
perature. Experimental conditions and evaluation data for these and 
similar tests are presented in Table 2. 

5.5 Stress as a Function of Oxygen -to -Hydride Ratio 

Stress as a function of 02:SiH4 ratio was measured for Si02 films de- 
posited at 450°C, and little difference was observed in the stress of 
the deposited film when the 02:SiH4 ratio was varied between 3:1 and 
36:1, as shown in Table 3. Low 02:SiH4 ratios have been reported38 to 
produce lower stress CVD Si02 films at 400°C. 

We have found that the stress in CVD PSG overcoatings can be 
strongly influenced by the 02:hydride ratio. In these experiments the 
deposition temperature was lowered to typically 400°C with deposi- 
tion rates of approximately 2500 A/min. PSG films of 15,000 to 
19,000 A thickness and containing 9-12 mol % P205 were deposited 
over IC wafers. Induced stress crack testing at 530°C showed no 
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Table 2 -Relationship of Stress in CVD SiO, Films and Deposition Tempera- 
ture (N, diluent flow rate: 6000 cm3/min; 0, flow rate: 687 cm'/ 
min; deposition time: 10 min) 

Film Deposition 
Sample Thickness Rate Etch Ratet Stress 

No.* (A) (A/min) (A/sec) (dynes/cm2) 

Deposited at 340°C; 10% SiH, in Ar at a Flow Rate of 375 cm3/min 

1 10,970 1,100 - 2.7 x 10° 
2 11,200 1,120 17.8 3.1 x 10° 
3 14,000 1,400 - 3.2 X 10° 
4 11,570 1,160 17.2 3.2 x 10' 
5 9,540 950 18.9 3.4 x 10' 

Deposited at 400°C; 10% SiH, in Ar at a Flow Rate of 325 cm3/min 

6 12,620 1,260 17.0 3.6 x 109 
7 17,600 1,760 16.6 2.9 X 109 
8 13,800 1,380 - 3.3 x 10° 
9 14,100 1,410 17.5 3.0 x 10° 

10 12,380 1,240 - 3.3 x 109 

Deposited at 450°C; 10% SiH, in Ar at a Flow Rate of 233 cm3/min 

11 11,140 1,110 - 2.8 x 109 
12 10,730 1,070 - 2.7 X 10' 
13 12,700 1,270 16.6 2.6 x 10° 
14 12,570 1,260 16.3 2.8 x 10° 

*Samples were prepared on different dates. t P -etch at 25.0 C. 

cracks in films deposited with 02:hydride ratios of 10:1 and lower, 
some cracks at a ratio of 20:1, and a very high density of cracks at a 
ratio of 40:1. 

5.6 Stress as a Function of Glass Composition 

A number of investigators',9,18,26,50,52 have reported lower stress for 
PSG layers compared to Si02, and that the stress tends to decrease as 

Table 3 -Relationship of Stress in CVD SiO, Films and 02/SiH, Ratio (De- 
position temperature: 450°C; N, flow rate: 6 liters/min; 10% SiH, 
in Ar at a flow rate of 190 cm'/min) 

O Flow Oxide Deposition Tensile 
Rate Thickness Rate Stress 

(Ratio) (cm3/min) (A) (A/min) (dynes/cm2) 

36:1 687 12,600 1,260 2.9 x 10° 
14:1 263 14,200 1,420 2.8 X 10° 

3:1 60 11,900 1,190 3.2 x 10' 
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the phosphorus concentration in the glass is increased. In agreement 
with this, our experiments have shown that as the phosphorus con- 
tent in a CVD PSG layer increases from 0 to 8.5 wt %, the room tem- 
perature stress decreases. Stress for pure Si02 films deposited at 
450°C at 10,000 A/min averages 3.1 X 109 dynes/cm2, for the FWS 
2000 continuous reactor. As one increases the phosphorus content to 
8.5 wt % and maintains the film deposition rate at 10,000 A/min 
(450°C), the tensile stress at room temperature is reduced to essen- 
tially zero. However, upon densification at 1000°C, the layer went 
into a compressive stress of 1.3 X 109 dynes/cm2. Results thus show 
that room -temperature stress in CVD films can be reduced to nearly 
zero by increasing the phosphorus content; however, excessively high 
concentrations of phosphorus can lead to electrochemical attack of 
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Fig. 11-Room temperature tensile stress versus wt % phosphorus for films deposited 
at 450°C at a rate of 1 µm/min. Deposition of these films was carried out in a 

continuous processing reactor (PWS-2000). 

the aluminum.1,52,53 The relationship of phosphorus content in 1 - 

pm -thick PSG films deposited at 450°C and the room -temperature 
tensile stress is shown graphically in Fig. 11. 

Layers of SiO2 and of 2, 3, and 4 wt % phosphorus PSG were depos- 
ited on IC device wafers and examined for stress cracks. CVD pro- 
cessing was carried out in the rotary reactor under the usual condi- 
tions at 450°C, and the layer thicknesses ranged from 1.1 to 1.2 pm. 
Both linear bipolar IC's (CA3747) with large aluminum -metallized 
capacitor areas and CMOS IC's (CD4017A) were chosen for these 
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tests. The overcoat layers were delineated by photolithography and 
chemical etching to open the aluminum bond -pad areas and the grid 
lines. Microscopic examination showed that the highly stressed Si02 
layer had cracked along the edges and in the interior of the large alu- 
minum -metallized areas. Additional cracks formed along the entire 
edge of the circuit over the dense oxide. The glass layers containing 2, 

3, or 4 wt % phosphorus exhibited no cracks, thus demonstrating that 
the incorporation of a relatively small amount of phosphorus in the 
glass can have a very large effect on preventing glass cracking. 

5.7 Effect on Stress of Intentionally Introduced V'/ater Vapor During CVD 
of Si02 and PSG Films 

It has been demonstrated that substantial degrees of densification of 
CVI) films can be achieved by prolonged heat treatments at 450°C in 
arnbients containing water vapor.2.4 To attempt to lower the tensile 
stress directly in the as -deposited layers, H2O vapor was intentionally 
added into the CVI) reaction chamber at a deposition temperature of 
450°C. 

Since H2O is one of the reaction products when SiH4 is oxidized, it 
was necessary to substantially increase the H2O content to observe an 
effect. This was easily accomplished by passing the main N2 carrier 

Table 4-SiO, Films Deposited on Silicon in Dry and Wet Nitrogen 

Substrate 
Deposition 

Temperature 
(°C) 

Water Vapor 
Content (factor 

increase over that 
present from 

chemical reaction) 
Deposition 

Rate (A/min) 
Stress 

(dynes/cm?) 

350 0 1750 3.2 x 109 
4.2 1750 2.8 X 109 
0 500 2.5 >. 109 
6.7 500 2.2 x 109 

450 0 1000 2.8 x 109 
9.2 1000 2.4 x 109 
0 350 2.7 x 109 

14.5 350 1.7 x 109 

gas through a fritted glass bubbler to saturate the N2 with H2O vapor 
at room temperature. Assuming a 50% oxidation of the SiH4 in the re- 
action chamber, the H2O vapor content was increased 9.2 times. 02 
could also be passed through a bubbler to further increase the H2O 
vapor content. 
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Tensile stress in the CVD SiO2 films deposited on silicon wafers at 
450°C by this technique was reduced from 3.4 X 109 dynes/cm2 to 
values as low as 1.7 X 109 dynes/cm2, as shown in Table 4. To further 
confirm that tensile stress was lowered by deposition in wet nitrogen, 
two CVD SiO2 layers, one prepared with wet nitrogen, the other with 
dry nitrogen, were deposited. The substrates consisted of thermally 
oxidized silicon wafers with 1 -um -thick aluminum test patterns con- 
taining large metal areas, since CVD SiO2 layers over aluminum are 
very susceptible to cracking. Subsequent to CVD deposition the sam- 
ples were etched in hot (55°C) aluminum etch for 10 minutes to re- 
veal cracks in the SiO2 films (cracks or pinholes in the overlying glass 
will allow the etch to reach the metal, thus etching it away).? The 
samples having an oxide prepared with wet nitrogen had no cracks, 
while cracks were observed on the sample prepared with dry nitrogen. 
Both samples were then reheated at 450°C for 1.5 hours in nitrogen, 
cooled, and re -etched for an additional 10 minutes in the hot alumi- 
num etch. Microscopic examination showed a few cracks on the sam- 
ple prepared with wet nitrogen, while the sample prepared with dry 
nitrogen was severely cracked (Fig. 12). A summary of these tests is 
presented in Table 5. A scanning electron micrograph of the sample 
prepared with dry nitrogen, taken at X2000 magnification at an inci- 
dence angle of 30°, is shown in Fig. 13. The aluminum film was 
etched away between 6 and 8µm from the crack in the SiO2 layer. 
Studies employing selective -etching techniques and SEM have shown 
that these stress -induced microcracks in SiO2 layers deposited under 
"dry" CVD conditions over aluminum patterns do not extend beyond 
the aluminum area, but run across the aluminum patterns and along 
most of the SiO2 layer top corner covering the edge of the aluminum 
pattern. The cracks are not nucleated by pinholes or other defects in 
the SiO2 or aluminum films. 

This same test was repeated using a 1 -µm -thick PSG layer over 1- 

µm -thick aluminum patterns. Because PSG glass layers are under 
less tensile stress than SiO2 layers as deposited, no cracks were ob- 
served on either the wet or dry nitrogen samples. However, by heat- 
ing the samples to 525°C for 10 minutes and then giving the samples 
a hot aluminum etch, some cracks did appear in the PSG layer depos- 
ited with dry nitrogen, while none were observed on the sample pre- 
pared with wet nitrogen (Fig. 14). Composition analysis of the PSG 
films showed that the phosphorus content was not markedly affected 
by the use of wet N2. The results thus indicate that under the same 
deposition conditions, CVD SiO2 films or PSG films deposted with 
wet nitrogen carrier gas have lower intrinsic tensile stress than films 
deposited with dry nitrogen (Table 5). 
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The use of such films in the manufacture of semiconductor devices 
should result in higher yields and greater reliability, especially where 
the CVI) oxide layers are used as an insulator or passivating glass, 
since glass cracking is a major cause of device failures and degrada- 
ton.1,9,52 

1 , l, 11 L_ J L _ 

Un r - 

(a) Deposition of Si02 layer performed in wet N2 

Q hiA1111.J 
_ It 

(b) Deposition of Si02 layer performed in dry N2 

Fig. 12-Cracks revealed in a 1 -µm -thick CVD Si02 layer deposited over an aluminum 
pattern, followed by a 450°C heat treatment and aluminum etching. 

Infrared absorption spectroscopy of Si02 and PSG films deposited 
in the presence of water vapor have shown no larger quantities of in- 
cluded water in the film structure than is normally observed under 
dry conditions. 
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5.8 Effects of Deposition Rate on Stress for Films Deposited with Either 
Dry or Wet Carrier Gas 

Room -temperature stress in 1 -µm -thick CVD Si02 layers as a func- 
tion of deposition rate was studied at deposition temperatures of 
350° and 450°C for both dry and wet nitrogen carrier gas, with the 
following results. 

i 

Fig. 13-Scanning electron micrograph of cracks in CVD Si02 over aluminum, X2000, 
30° incidence. Sample was etched in hot aluminum etch, resulting in removal 
of aluminum from the area adjacent to the cracks. 

The stress in films deposited at 350°C with both dry and wet nitro- 
gen carrier gas was found to be tensile and was essentially constant 
for deposition rates of 1000 to 2400 A/min, while below 1000 A/min 
the stress decreased as the deposition rate was decreased, as shown in 
Fig. 15 and outlined in Table 4. 

The stress in films deposited at 450°C in both dry and wet nitrogen 
decreased as the rate was decreased from 5000 A/min. For wet nitro- 
gen carrier gas, the decrease in stress was larger than with dry carrier 
gas at deposition rates below 750 A/min, as shown in Fig. 16. Again, 
all film stresses were tensile. 

5.9 Stress Measurements of Films Deposited in Various CVD Reactors 

A comparison of stress in CVD Si02 films deposited in four different 
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(a) Deposition of PSG layer performed 
in wet N2 

Fig. 14-Cracks revealed in a 1 -pm -thick 
pattern, followed by 525°C heat 

) 

(b) Deposition of PSG layer performed 
in dry N2 

CVD PSG layer deposited over an aluminum 
treatment and aluminum etching. 

reactor systems, including several commercially available systems, 
was made. Deposition temperatures in the range of 400° to 450°C 
and deposition rates from 1000 to 10,000 A/min were used; these were 
close to optimum operating conditions for each reactor system (in 
terms of deposition rate and thickness uniformity). The highest 
stress observed, 3.1 X 109 dynes/cm2, was on samples prepared on the 
AMS-2000 model. The lowest stress observed, 2.7 X 109 dynes/cm2, 

3.5 

E 
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2 4 6 8 10 12 14 16 18 20 22 24 

DEPOSITION RATE, (A/min)x102 

Fig. 15-Room-temperature tensile stress in Si02 films deposited at 350°C with either 
dry or wet nitrogen as a function of deposition rate. Additional details are pre- 
sented in Table 4. 

o WET N2 CARRIER GAS 
A DRY N2 CARRIER GAS 
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Table 6-Stress in CVD SiO, Films Deposited in Various Types of Reactors' 

CVD Reactor System* 

Depo- 
sition 

Temper- 
acure CC)Ratio 

02:SiH4 
Mole 

Depo- 
sition 
Rate 

(d/min) 
Stress 

(dynes/cm') 

AMS-2000 Continuous 
Silox Reactor 

410 15:1 1,060 3.1 X 10' 

PWS Model 2000 
Vapor Deposition 
System (Standard 
nozzle used) 

450 20:1 10,000 3.0 X 10' 

Rotox-60 Reactor 400 9:1 1,000 2.9 X 10' 
RCA Single -Rotation 

Reactor 131 
450 20:1 1,000 2.7 X 10' 

* For description of reactors and addresses of manufacturers, see Refs. [21 
and [31. 

was on samples prepared on the RCA designed rotary reactor. A de- 
scription of the stress results and deposition conditions is given in 
Table 6. 

The observed range of 2.7 to 3.1 X 109 dynes/cm2 is actually a sur- 
prisingly small range for room -temperature stress of Si02 films on Si, 
considering differences in deposition conditions and equipment. On 
the other hand, since crack formation is a threshold type effect, with 
no cracks occurring until critical conditions are reached, small 
changes in intrinsic tensile stress can make large differences in the in- 
cidence of crack formation. 
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Fig. 16-Room-temperature tensile stress in Si02 films deposited at 450°C with either 
dry or wet nitrogen as a function of deposition rate. Most points shown are an 
average of several separate deposition experiments. Additional details are 
presented in Table 4. 
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5.10 Effects of Densification on Stress 

Stress of a 2 -pm -thick CVD Si02 film deposited on a silicon wafer 
was measured before and after thermal densification. Prior to densifi- 
cation the film was in tensile stress of 2.9 X 109 dynes/cm2. After 
densification of the film at 1000°C in air for 30 minutes, the room - 
temperature stress became compressive with a value of 3.0 X 109 

dynes/cm2. Fig. 17 shows the profiles of the wafer before and after 
densification. The inverted profile indicates that the stress has 
changed from tension to compression. 
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AFTER DENSIFICATION AT 1000' C FOR 30 min IN AIR 
FILM IS IN COMPRESSION 

Fig. 17-Profiles before and after densification of a silicon wafer with a 2 -pm -thick CVD 
Si02 layer. 

PSG layers with very little stress at room temperature were depos- 
ited. The layers were 9400 A thick and contained 8.5 wt % phospho- 
rus. After deposition on both 190 -pm and 63 -pm -thick silicon sub- 
strates, no appreciable deformation of the substrate could he mea- 
sured at room temperature, indicating absence of room -temperature 
stress. Upon densification of the glass layer at 1000°C for 15 minutes 
in oxygen, the layer was in compressive stress of 1.3 X 109 dynes/cm2. 

The lower value for room -Temperature compressive stress in CVD 
PSG films after densification could be attributed to a lower coeffi- 
cient of thermal expansion for PSG films than for Si02, to a lower an- 
nealing temperature for PSG films, or to a combination of these. 
While very little information is available on the linear coefficient of 
thermal expansion of PSG,9'3740 the Si02-P205 phase diagram54,55 
does contain a eutectic with a melting point below 1000°C, and phos- 
phosilicates are known to have lower annealing temperatures. Thus 
the lower room -temperature compressive stress of the annealed PSG 
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films compared to Si02 films is attributed to the lower annealing 
temperatures of PSG films. 

The effects of low -temperature (450°C) densification were exam- 
ined for IC's with glass overcoatings and have been reported else- 
where.I,2,4 

5.11 Stress and Cracking as a Function of Film Thickness 

Stress as a function of film thickness was measured for CVD Si02 
layers deposited at a constant rate at 450°C. A sequential deposition 
was carried out, and stress measured at intervals of 3200, 6400, 9600, 
12,800, and 16,000 A. A plot of stress versus film thickness is shown in 
Fig. 18. Stress remained relatively constant up to 16,000 A. As the 

X X ^ X 

3000 6000 9000 12000 15 000 

SI02 FILM THICKNESS, A 

18000 

Fig. 18-Stress as a function of film thickness for CVD Si02. Deposition rate was held 

constant at 1300 A/min. 

thickness increases beyond 16,000 A, cracks form and meaningful 
stress values cannot he obtained. The observed results imply that the 
stress is principally attributable to the Si02 film itself, rather than to 
a transitional layer at the deposited Si02-substrate interface or to 
the Si02-ambient interface. 

Experiments were also conducted with Si02 films deposited with 
dry or wet nitrogen over aluminum -coated wafers to determine the 
onset of stress -induced microcrack formation as a function of Si02 
film thickness. The aluminum was 5000 A thick, and had been vac- 
uum -evaporated on unheated silicon wafers that were previously 
thermally oxidized to a thickness of 5000 A of Si02. The Al films were 
not patterned, so as to obtain an entirely planar test substrate. The 
Si02 films were deposited at a rate of 2000 A/min in a rotary reactor 
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at 450°C with either dry or wet nitrogen to graded thicknesses rang- 
ing from 10,000 to 17,000 A. The essential result of this experiment 
was the fact that onset of microcrack formation (along the sample 
edges) for the SiO2 films deposited with dry nitrogen was at a thick- 
ness of 10,300 A,whereas it was at 12,700 A for the films deposited 
with wet nitrogen. This indicates that both film thickness and the 
presence or absence of excess water vapor during CVD are factors in 
stress -induced microcracks. The density of cracks increased with in- 
creasing SiO2 film thickness, but remained less for the films deposit- 
ed in wet nitrogen by a roughly constant thickness factor. 

It should he pointed out that these critical SiO2 crack induction 
thicknesses are relative and depend on the exact composition of the 
substrate material and its surface. For example, an alloyed aluminum 
film on silicon can he expected to give entirely different results than 
would an aluminum film of the same thickness deposited on oxidized 
silicon or on a bare silicon substrate wafer. 

Tests with various types of integrated circuits showed that crack - 
free overcoating layers of PSG can be deposited in a rotary CVD reac- 
tor to thicknesses of at least 1.2 pm if the phosphorus content is 2 

wt % and the film deposition rate does not exceed approximately 
2000 A/min. Thicker layers require higher phosphorus concentrations 
to avoid formation of defects due to stress. A layer of PSG containing 
4 wt % phosphorus deposited in a rotary reactor at a temperature of 
450°C over aluminum -metallized IC wafers to a thickness of 2.0 pm 
(plus a top layer of 0.1 -pm SiO2) still cracked, indicating that the 
layer thickness is excessive for this phosphorus concentration. 

5.12 Stress Measurements at Elevated Temperature 

The total stress measured at room temperature is a combination of 
the intrinsic stress in the film as deposited and the stress arising as a 
result of mismatches in the thermal coefficients of expansion of the 
CVD film and the silicon substrate. Typically, CVD SiO2 or PSG 
films are in tension as deposited, for example, at 450°C. As the sam- 
ple is cooled to 25°C, the coefficient of expansion of SiO2, being lower 
than that of silicon, results in some reduction in the net tension in the 
CVD film. 

An experiment was conducted whereby stress at the deposition 
temperature of 450°C for a 1 -pm -thick layer SiO2 film on silicon sub- 
strate was measured. The focal -point method38 was used for this ex- 
periment, with the focal point measured at both 450°C and at room 
temperature. A room -temperature determination of stress was also 
made by the profiling method, as a comparison. Stress at 450°C was 
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found to he 4.7 X 109 dynes/cm2, while at room temperature the 
stress was 2.9 X 109 dynes/cm2. Room -temperature stress measured 
by the profiling method was 2.7 X 109 dynes/cm2. Thus, stress in this 
particular CVD SiO2 film was approximately 60% greater at the depo- 
sition temperature of 450°C than at room temperature. 

A similar experiment was conducted on a 1 -µm -thick PSG layer 
containing 8.5 wt % P. Stress at the 450°C deposition temperature 
was measured to be 2.4 X 109 dynes/cm2, while room -temperature 
stress was zero. 

5.13 Comments on Stress and Its Measurement 

When CVD systems are producing deposited SiO2 or PSG films that 
are near the threshold for crack formation, relatively small changes in 
the operating conditions can, by producing small changes in intrinsic 
stress in deposited films, result in large differences in the incidence of 
crack formation. The data on dry versus wet oxides provide several il- 
lustrations of the potential effects of small changes in stress in depos- 
ited films. 

It should he pointed out that the precision of many stress measure- 
ment methods is substantially better than their absolute accuracy. 
We believe the profile focus method and the two crack formation 
methods provide the capability of detecting relatively small differ- 
ences in room -temperature stress in deposited CVD films due to vari- 
ations in deposition conditions. They thus provide techniques that 
can permit improvements in vapor -deposition conditions and equip- 
ment, and can provide semiquantitative information on the effect of 
the more significant vapor -deposition conditions on intrinsic tensile 
stress of CVD films. 

The differences in stress values calculated by the focal -point meth- 
od at 450°C versus room temperature can be used to provide an indi- 
cation of the linear coefficient of thermal expansion of the deposited 
PSG film relative to SiO2. The stress difference for SiO2 was 1.8 X 109 

dynes/cm2, whereas the stress difference for the PSG containing 8.5% 
P was 2.4 X 109 dynes/cm2. Since the calculation for the measure- 
ments performed at 450°C were made using the room -temperature 
values for (111) silicon (('slang's values), it is recognized that changes 
in Young's modulus or in Poisson's ratio of Si with temperature could 
change the focal point. On the other hand, amorphous SiO2 has a 
much lower coefficient of expansion than Si, and thus cooling of waf- 
ers with deposited SiO2 films on Si would reduce the tensile stress, as 
was observed. (The data of .lacodine and Schlegel51 would lead to a 
predicted change in stress for SiO2, from 450°C to room temperature, 
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of about 1.1 X 109 dynes/cm2.) Thus the linear coefficient of thermal 
expansion of PSG films containing 8.5 wt % phosphorus can be con- 
sidered to be approximately equal to that of amorphous SiO2. The 
linear coefficient of thermal expansion of PSG compositions of the 
type used for passivation of silicon devices, such as PSG containing 3 

wt % P, would thus be approximately equal to that of CVD SiO2 con- 
taining no phosphorus. 

6. Studies of Defects in Glass Films 

Defects of various types in glass passivation overcoats are frequently 
introduced during CVD of the films, or during processing steps asso- 
ciated with glassing, such as surface preparation and photolithogra- 
phy. These film defects can be categorized into two main groups: (1) 
localized structural and compositional defects, and (2) nonlocalized 
chemical and physical defects. Several causes of defect generation 
have already been mentioned in preceding sections and are summa- 
rized below, together with additional information and some experi- 
mental data. 

6.1 Localized Structural and Compositional Defects 

Particulate contaminants (dust or reaction products) in the gas or 
vapor streams or on the substrate surface during chemical vapor de- 
position interfere with film nucleation and proper growth, resulting 
in voids, thin spots, partial or complete pinholes, or hillocks. Particu- 
late impurities that become embedded in the film constitute a poten- 
tial device failure due to local weakening of the dielectric strength. 

Pinholes in the films can also he caused by problems in photolitho- 
graphic processing if the photoresist protects the film incompletely, 
or if the etchants used in the chemical patterning procer. penetrate 
through pinholes or thin spots in the resist coating itself. 

Gas bubbles that weaken the dielectric strength of an insulator 
may form during chemical vapor deposition in the presence of nu- 
cleating particulate contaminants. Unacceptable topographical de- 
fects, such as excessive surface roughness, may also arise during film 
deposition under incorrect process conditions. 

Microfractures are a very common and important mode of a local- 
ized defect caused by excessive stress (see Section 5). Other localized 
defects include embedded foreign particles, microcrystallites, or pre- 
cipitates caused by reactions in the solid state. Oxides and glasses 
may devitrify in local regions under certain conditions, and may de- 
leteriously affect film integrity and dielectric strength. 
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The topography of the substrate being coated with a dielectric film 
may cause defects in the film deposit, such as thin spots over sharp 
edges or film discontinuities in corners at the base of steep steps that 
may lead to electrical short-circuits. A review has been presented 
elsewhere of IC failure mechanisms50 as has a discussion of methods 
specifically designed to improve the reliability of electron devices by 
optimized coverage of surface topography.49 

Surveys of analytical methods for detecting and characterizing lo- 
calized defects in dielectrics45 and of failure analysis of oxide defects 
on IC's56 have been published recently, as well as studies of the ef- 
fects of induced localized passivation layer defects57 and of localized 
defects in deposited glass layers.43 

6.2 Nonlocalized Chemical and Physical Defects 

Chemical imperfections include deviations in film composition, which 
may he nonstoichiometry in the case of single -component dielectric 
films, or incorrect percentages of one or several components in a bi- 
nary or multiple component material. Chemical impurities in the 
hulk or on the surface of a film are another common chemical imper- 
fection that may deleteriously affect device performance due, for ex- 
ample, to current conduction across the contaminated film surface. 
Incorrect layer composite structures, caused by inappropriate se- 
quence, thickness, or composition of various dielectric layers, may 
give rise to excessive stresses and/or a variety of other problems, such 
as poor adherence, instability in composition, or intolerable degrees 
of hygroscopicity (in the case of excess 8203 or P205 in a glass).52s5s9 
These basic causes may deleteriously affect important mechanical 
and electrical film properties, such as thermal expansion and stress, 
hulk and surface resistivity, dielectric strength and dissipation, 
charge density, and polarizahility. 

Of particular concern in IC glassing is the presence of residual 
stress in the films, which may lead to cracks in the glass. Thermal ex- 
pansion is one major factor determining the magnitude and the sign 
of the residual stresses at interfaces between dielectric layers or at 
the interface between a dielectric and the metallization, and, of 
course, between the thermal Si02 primary passivating layer and the 
thick silicon substrate crystal. A summary of stress data for various 
dielectric films of interest here has been presented elsewhere.6o 

The stress inversion data for CVD Si02 reported illustrate the 
complexity of the mechanical stresses inherent in device wafers. 
However, variations in CVD processing parameters and subsequent 
heat treatment of the amorphous dielectric films can significantly re - 
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duce these stresses. For example, for a given growth rate and thick- 
ness, the tensile stress is greatest for pure SiO2 films and decreases 
with increasing P2O5 concentration in the glass. Similar results are 
observed with borosilicates and other CVD glass films. Temperature 
and film deposition rate are also factors that affect the stress level in 
a complicated manner. 

Microfractures can he caused by stresses between the dielectric 
film and the substrate or between different types of films. Stress in 
films may develop during deposition processing, pattern etching, or 
heat treatments, especially if the linear thermal expansions of the 
components are mismatched. Cracks may form, particularly during 
thermal shocking preceding or following high -temperature pross- 
ing, excessive thermal contraction on cooling, or temperature stress 
cycling and life testing of devices. 

6.3 Photolithographically Caused Glass Damage 

Some pinholes and cracks can be generated by the contact printing 
operation' 9 or by impact during chip handling. 4,;.45,6I When the pho- 
tomask comes in contact with the glass-passivated aluminum pattern, 
large pressures occur at points of contact. The result is that the alu- 
minum flows slightly and the glass may crack. Hillocks present in the 
aluminum also flatten and cause glass damage. 

To investigate this mechanism, a silicon wafer with a glassed alu- 
minum pattern was sequentially etched in hot aluminum etch to re- 
veal cracks and pinholes following contact printing steps. The etching 
studies showed that more cracks and pinholes developed each time 
the glassed pattern was brought into contact with the photornask. 
The experiment was carried out by starting with an oxidized silicon 
wafer with an aluminum test pattern overcoated with a CVD PSG 
layer (5000 A 2.5 wt % P PSG plus 2200 A SiO2 cap) and etched in 
aluminum etch (6 min, 55°C); microscopic examination showed that 
no structural defects were present in the glass. The wafer was photo - 
resisted and brought into contact with a photomask by automatic ex- 
posure in the vacuum contact printing mode of a typical commercial 
wafer aligning instrument. The photoresist was then removed by 
careful solvent stripping, and the previously run aluminum etch test 
repeated. Microscopic examination revealed the presence of several 
defect sites that had been caused clearly by the automatic contacting 
during the photolithographic printing operation. The appearance of 
typical glass defects from this experiment is shown in the photomi- 
crographs in Fig. 19. 
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It should be pointed out in this connection that our evaluation of 
passivation overcoats on commercial IC's7 has shown that in a sub- 
stantial portion of the integrated circuits manufactured in the last 
several years, the passivat ion layer contains pinholes, cracks, or a 
combination of these; a number of publications also confirm this 
finding.4345,50,62-6a The more common class was pinholes in the cen- 
tral regions of aluminum lines. Another type observed was pinholes 
along the edge of the delineated metal lines.45 The edge pinholes are 
attributed to inadequate coverage of metal edges by the photoresist, 
and can generally he avoided by the use of' thicker photoresist layers 
or improved photoresist application techniques. 'Those pinholes that 
occurred in the central areas of delineated lines are, to a large extent, 
believed to be attributable to the presence of hillocks in the alumi- 

.. i 

,a 
ti:. aá .. 11.1, 

v 

./I ' ., 

Fig. 19-Typical glass damage over aluminum caused by photomask automated vacuum 
contact, as explained in text. Defects were made visible by aluminum demar- 
cation etching (275 X magnification). 

num9'43 which occur because of recrystallization of the aluminum 
during the contact alloying step. It should be noted that even if a hil- 
lock is completely covered with dielectric during the subsequent step 
of deposition of the passivation layer, the hillock may not he ade- 
quately covered by photoresist, the photoresist may he pushed away 
from the peak of the hillock during contact printing, or the contact 
printing step may fracture the dielectric over the hillock. Any of 
these three conditions, or a combination, will result in a pinhole 
through the passivation layer, exposing a region of aluminum and 
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leading to potential reliability problems9 and impairment of product 
yield.s5 

6.4 Analytical Control Methods 

Practical methods and measurement techniques suitable for setup 
and in -process control of production -type CVI) passivation work, as 
well as for detection of structural layer defects, are outlined in Table 
7. All of these chemical, optical, electrical, and mechanical test meth- 
ods have been discussed and literature sources have been referenced 
in a recent survey paper.9 Recent improvements we have made in 
methods for PSG analysis, especially x-ray fluorescence,' and chemi- 
cal -etch -rate measurement techniques7.8 have been discussed else- 
where. 

7. Conclusions 

The effects of various deposition conditions on the properties of CVI) 
PSG films have been studied in detail, and the relative importance of 
12 critical conditions has been established. It has been concluded 
that the most important conditions to control, in declining order of 
importance, are: substrate temperature of deposition, oxygen -to -hy- 
dride ratio, hydride flow rate, silane-to-phosphine ratio, and nitrogen 
flowrate. Other important factors examined include reactor geome- 
try, wall temperature of the reactor, gas additives, system cleanliness 
and gas purity, substrate surface characteristics, and substrate geom- 
etry and topography. 

The essential effects of CVI) key parameters on PSG film deposi- 
tion rate, phosphorus content, and intrinsic film stress are shown in 
Table 8. This table allows one to predict, at a glance, what results can 
be expected on combining the various parameters, or how to compen- 
sate for an effect by increasing or decreasing the relative magnitude 
of some of the other factors. Most of the observed effects have been 
explained and compared with data published in the literature. 

Most of the CVI) studies reported were carried out by batch pro- 
cessing using a pilot production -type vertical rotary deposition sys- 
tem. Comparative experiments with SiO2 and PSG films were con- 
ducted using representative commercial production -type continuous 
processing systems of the more important types. Even though the 
principle of operation may differ greatly for various types of systems, 
the basic CVI) parameters underlying oxide and glass film formation 
by gas phase oxidation of the hydrides at temperatures below 500°C 
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are, in principle and often semiquantitatively, applicable to all sys- 
tems. 

The critical factors determining PSG composition and film quality 
must be controlled and optimized for a given CVD system by analysis 
of the film product obtained. 

The CVD process should he directed in a fashion conducive to het- 
erogeneous gas -phase nucleation to produce clear, glassy films free of 
defects. Homogeneous gas -phase reactions produce particulate con- 
taminants and must he suppressed by application of the techniques 
discussed. 

Even though the exact reaction mechanism of film formation is 
quite complex and is influenced by many variables, the optimized 
CVD of high -quality SiO2 and PSG films for IC overcoat passivation 
is a process well suited for large-scale production. 

In addition, a practical method has been developed for measuring 
stress in CVD films deposited on silicon wafers; the method is based 
on measuring the profile bow of a coated substrate wafer. It requires 
no special fixtures for the wafer during deposition and is thus appli- 
cable to any type of deposition system. A second method is valuable 
for comparison of relative stress in CVD passivation films on various 
substrates including aluminum -metallized IC wafers. In this method, 
microcracks per unit area are counted after CVD and after thermal 
stress induction at increasing temperature levels from 450° to 550°C. 
Both methods provide the capability of detecting relatively small dif- 
ferences in room -temperatures stress in deposited CVD films due to 
variations in deposition conditions, and can provide semiquantitative 
information on the effect of the more significant vapor deposition 
conditions on intrinsic tensile stress of CVD films. 

A correlation has been demonstrated between intrinsic stress in de- 
posited films and susceptibility to cracking during deposition or dur- 
ing subsequent exposure to thermal stress conditions, particularly at 
processing temperatures higher than the deposition temperature. Ex- 
cessively low phosphorus content in CVD films was correlated with 
excessive intrinsic tensile stress leading to crack formation. This is 

the main reason, next to the alkali Bettering effectiveness, for our 
conclusion that CVD phosphosilicate glass, deposited under con- 
trolled conditions, offers significant advantages over SiO2 for passiva- 
tion of integrated circuits. 

A new technique for lowering stress in CVD SiO2 and PSG films 
has been developed. By depositing films using moisture -containing 
nitrogen carrier, we have obtained films with lower stress. 

A number of generalizations can he made concerning the effect of 
deposition conditions on stress in CVD films. In particular, lower 
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stress is attained with lower deposition rates, with higher deposition 
temperatures, and with higher phosphorus content. In some cases, 
lower oxygen/silane ratios result in lower stress levels. Relatively 
small changes in the magnitude of the residual stress at room temper- 
ature can correspond to relatively large differences in the incidence of 
cracks over large metal areas or along the edges of delineated metal 
films. 

Since cracking at the edge of metal films depends on many factors, 
including the angle of the edge of the delineated metal areas, the size 
of the metal area, the thickness of the metal film, and the nature of 
heat treatments after metallization, an appropriate technique for 
production control purposes is to perform selective aluminum etch 
tests after appropriate heat treatments of the wafer. If essentially no 
additional microcracks form as a result of a heat treatment step 
(50°C or more above the maximum processing temperature of the 
particular device type under study), it can be concluded that intrinsic 
stresses during CVD were not excessively high. 

The differences in stress values calculated by the focal point meth- 
od at 450°C versus room temperature was used to estimate the linear 
coefficient of thermal expansion of CVD PSG films relative to SiO2. 
The linear coefficient of thermal expansion of PSG compositions of 
the type used for passivation of silicon devices was concluded to he 
approximately equal to that of CVD SiO2 containing no phosphorus. 

Types and causes of structural and compositional defects in glass 
passivation layers were briefly examined with respect to CVD glass- 
ing and associated processing steps. Experimental results have been 
presented that demonstrate the cause of damage in glass layers over 
aluminum metallization during the photolithographic contact print- 
ing operation. The types of defects most commonly encountered in 
passivation overcoats on commercial IC's have been noted, and their 
relationship to device reliability pointed out. 

Finally, practical analytical methods and measurement techniques 
suitable for setup and in -process control of CVD passivation layers, 
as well as for detection of structural layer defects, have been outlined 
as a reference. 
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Densification of Vapor -Deposited 
Phosphosilicate Glass Films* 

Werner Kern 

RCA Laboratories, Princeton, N.J. 08540 

Abstract-The kinetics of densification of chemically vapor -deposited (CVD) phospho- 
silicate glass films of various compositions has been studied for a variety of 
treatment conditions, with emphasis on temperatures of 450°C and below. It 

is shown by quantitative etch -rate measurements that significant degrees of 
film densification can be readily achieved at 450°C in relatively short times 
(5-10 hours) by using water vapor as a catalyst. The process is compatible 
with silicon integrated circui's metallized with aluminum. The rate of densifica- 
tion at room temperature has been established for dry and for humid ambients 
over periods of several thousand hours. 
Densification at high temperature (800°C) diminishes in relative effectiveness 
as the phosphorus concentration in the film increases and decreases the etch 
rate drastically within minutes; beyond 10 minutes, it decreases logarithmical- 
ly with time at a very low rate. Application of high -temperature densification is 
of practical importance for determining film composition by etch -rate mea- 
surements, and for enhancing the sensitivity of infrared absorption spectro- 
scopic analysis by improving the spectral resolution of the characteristic P = 
O absorption band.. 

1. Introduction 

The physical properties of oxide and silicate glass layers deposited at 
low temperature can generally be improved by a densification treat- 

This work was in part supported by the Air Force Materials Laboratory, Wright -Patterson Air Force 
Base, Ohio, under Contract No. F33615 -74-C-5146. 
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ment. In the absence of aluminum metallization, this process can he 

readily carried out by exposing the coated wafers to a temperature of 
800°C for a few minutes.1-4 However, for devices where such layers 
are deposited as an overcoat over aluminum metallization (as in the 
typical and important cases of most IC's and multilayer interconnect 
devices), it is impossible to heat the devices above the Al -Si eutectic 
temperature of 577°C without causing excessive and damaging alloy- 
ing of the aluminum. A practical densification temperature of 450°C 
has been found safe, but requires thousands of hours to attain a satis- 
factory degree of densification, unless the process is catalytically ac- 

celerated. In this paper we report experimental results of studies di- 
rected toward the development of a practical process to achieve this. 
Chemical -etch -rate measurement was the primary technique used to 
monitor the rate of film densification because of its sensitivity and 
convenience. 

Films of CVD SiO2 are known to be densifiable at low tempera- 
tures.4 7.12 As far as silicate glasses are concerned, we previously re- 

ported that for vapor -deposited borosilicate glass films, low -tempera- 
ture catalytic densification involving use of water vapor in the fur- 
nace ambient makes it possible to improve the film properties to the 
point where they approach those of the bulk glasses,6 but no data 
were available for PSG films. We have now found that, under similar 
conditions, a substantial degree of densification can be attained with 
CVD films of PSG in a reasonable period of time (on the order of sev- 

eral hours) at temperatures as low as 450°C without damage to the 
aluminum metallization, the devices, or the structural or chemical 
properties of the glass itself. 

The results of exploratory studies using atomic hydrogen or ultra- 
violet radiation are briefly presented, although these agents have 
proven less effective than thermal treatments in the presence of 
water vapor. Atomic hydrogen is known from solid-state studies$ to 
be a highly reactive species that could well be capable of inducing 
beneficial changes in the glass. Structural changes and volume com- 
paction have been shown to occur on SiO2 layers bombarded with 
ions and electrons.9 Furthermore, it has been recently reported that 
substantial degrees of stress relief in silicon oxide (SiO) films deposit- 
ed by reactive sputtering can be attained by ultraviolet irradiation.10 

Measurements in the present work were confined to isothermal 
etch -rate determination to detect changes in film density. Infrared 
absorption spectra were taken in several instances to monitor struc- 
tural changes. Some degree of stress release and densífication occurs 
under storage at room temperature, as is shown. High -temperature 
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(800°C) densification is important for analytical consideration and 
will he noted briefly in this context. 

2. Experimental Techniques 

2.1 Film Deposition 

Uniform PSG films of several compositions were deposited in the sin- 
gle -rotation reactor and by the CVD techniques described else- 
where.11-14 Polished and chemically cleaned wafers of single -crystal 
silicon were used as substrates. For infrared absorption measure- 
ments, float -zone -refined, oxygen -free high -resistivity (100 ohm -cm) 
silicon slices of 0.65 -mm thickness were used; these wafers were pol- 
ished on both sides and had an infrared transmission in the 670 to 
4000 cm -1 wavenumber range of 60%. Aluminum -metallized device 
wafers with linear bipolar IC's (CA3747) and CMOS IC's (CD4017A) 
were included in the deposition runs. Each run consisted of an assort- 
ment of, typically, seven wafers of 5 cm diameter to produce a suffi- 
cient number of samples of identical films for different tests. 

Films for thermal densification studies were deposited at a deposi- 
tion temperature of 450°C. The rate of film deposition was 2000 A/ 
min, and the oxygen -to -hydride ratio was kept constant at 20:1. Film 
thicknesses of 1.0 to 1.2 µm were deposited. Films of SiO2 used for 
comparison tests were deposited under the same conditions. Films for 
the UV irradiation and atomic hydrogen experiments consisted, in 
addition to those above, of thinner layers (2000 to 3000 A) deposited 
at :350°C to increase the sensitivity of the tests. 

2.2 Thermal Densification Treatments 

All low -temperature thermal densification experiments were carried 
out at 450° ± 3°C in resistance -heated quartz tube furnaces with 
quartz substrate holders. The dimensions of the quartz tubes were 5.1 
cm I.D. X 100 cm length, with constricted end caps to prevent hack - 
flow of air. The ambient gas flow and water vapor conditions used are 
listed in Table 1. The moist gases were prepared by passing the car- 
rier gas through a fritted-glass-filter gas wash bottle maintained at 
25° to 26°C. Steam was generated in an all -quartz boiling flask with 
ground connector joints and was introduced undiluted into the fur- 
nace tube. 

In the first series of tests, 3.8 wt % phosphorus PSG films were 
heated in moist forming gas (10 vol % H2 + 90 vol % N2) and in steam 
for periods ranging from 90 seconds to 100 hours. 
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In the second series of tests, films of Si02, 2.1 wt % phosphorus 
PSG, and 3.0 wt % phosphorus PSG were heated in all four ambients 
listed in Table 1 for periods of 0.1 to 10 hours. 

High -temperature densification treatments were carried out in a 

furnace as described above, using dry nitrogen as the ambient. 

Table 1-Ambient Conditions During Thermal Densification at 450°C 

Nominal Ambient 

Water* 
Evaporation 

Carrier Gas Gas Flow Rate (cm' 
Purity (%) Rate (cm'/min) liquid/min) 

Dry N,t 99.9995 650 0 
Moist N2 99.9995 650 0.0021: 
Moist (10% H2-90% N2) >99.996 700 <0.002* 
Steam* - 0 5.8 

*Water used was deionized and distilled. 
t High -purity grade; water content 1 ppm. 
# Water source at 25 to 26°C. 

2.3 Densification Treatments under UV Irradiation and in Atomic 
Hydrogen 

The radiation source used consisted of a mercury arc lamp operated 
at 1750 W and was positioned in front of a concave reflecting mirror. 
The emitted radiation was in the wavelength range of 180 to 1400 mp, 
and was collimated by two pairs of piano -convex quartz lenses. One 
half of each coated wafer was shielded from UV with a half -wafer of 
silicon placed on top of it. Irradiation was conducted for 65 hours at 
47°C in room air and also at 450°C in aír for 20 hours. 

Densification treatments in atomic hydrogen were carried out with 
partly shielded film samples identical to those described in the UV 

tests. They were exposed to atomic hydrogen plasma generated by an 
rf glow discharge in 30 vol % H2 plus 70 vol % Ar at a pressure of 100 

mm at a substrate temperature of 300°C. RF potentials of 350 V for a 

period of 3.25 hours and also of 150 V for 6.5 hours were used. 
Details of these experiments are described elsewhere.12 

2.4 Changes in Film Properties during Room -Temperature Storage 

All PSG films were stored in desiccators over a drying agent (activat- 
ed silica gel or Drierite*) at room temperature. Films of Si02 were 

W. A. Hammond Drierite Co., Xenia, Ohio. 
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stored under the same dry conditions, and also in room air of high 
relative humidity. Film analyses were carried out at intervals, typi- 
cally, from 15 minutes after completion of film deposition to several 
thousand hours of storage. 

3. Film Analysis 

The composition of the PSG films was determined by etch -rate ana- 
lytical techniques11,12,15 using the calibration curves presented in Fig: 
1. The relative degree or rate of densification effectiveness was deter - 

70 , . .I . . . .I 

o MOIST 10% H2 4. 90% N2 
60 

A STEAM AMBIENT 
Q_ 4 50 

W 

40 

. I . ..1 0h.015 
, 0.1 

. . 1 ...I . . 1..1 
DENSIFICATION TIME, h 

10 100 

Fig. 1-Etch rate of a 3.8 wt. % phosphorus PSG film versus densification time and am- 
bient at 450°C. 

mined by chemical -etch -rate measurements initially and after vari- 
ous periods of treatment. The changes in the isothermal etch rate of 
CVD oxide or glass film of constant composition are a very sensitive 
measure of the relative changes of film properties reflected in the rel- 
ative film density. The etch rate decreases as the density increases. 
Analysis was carried out by partly masking each heat -treated sample 
with wax, followed by measurement of the etch -time end point's in 
P -etch 12 vol HNO3 (70%) + 3 vol HF (49%) + 60 vol H2O117 at 25.0° 
± 0.2°C. The wax was then stripped and the film thickness measured 
by interferometric techniques using the film wedge formed along the 
masked area. Selected samples were checked by ellipsometric mea- 
surements and by profilometric techniques using a Talysurf.* The 

Taylor -Hobson, Ltd., England. 
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etch rate was calculated in A/sec and plotted versus the densification 
time to obtain the rate of change. 

Primary calibration of phosphorus concentration in PSG for all our 
analytical work was based on wet -chemical colorimetric analysis util- 
izing ammonium molybdate reagent. For this purpose the films were 

first dissolved in HF solution followed by elimination of all dissolved 
silicon to prevent its interference in the molybdate reaction. Two or 
three colorimetric tests were made per sample to obtain an average 
value. 

Infrared absorption spectra were obtained with a double -beam' 
spectrophotometer using the uncoated half of the identically heat - 
treated silicon wafer in the reference beam to compensate for lattice 
absorption of the silicon. Evaluation of IR frequency shifts and ab- 
sorbance ratios of representative absorption bands was carried out by 

techniques reported previously.3,4,6,18 
Electrical measurements of the IC samples were done by conven- 

tional techniques.12 

4. Experimental Results and Discussion 

4.1 Thermal Densification at 450°C 

The etch -rate results for the first series of densifications in moist 
forming gas and steam for heat treatment periods of 90 seconds to 
100 hours are presented graphically in Fig. 1. The resulting semilog 
plots demonstrate that densification of PSG films in steam for 1 hour 
decreases the etch rate to 0.58 R°, where R° is the initial etch rate, 
and to 0.38 R0 in 25 hours. The etch rate decreases uniformly with 

the logarithm of time up to about 10 hours, and then decreases more 
slowly. In wet forming gas, the corresponding values to which the 
etch rate decreased are 0.75 R° and 0.60 R°, respectively. For compar- 
ison, high -temperature densification at 800°C (15 min, N2) decreases 
the etch rate to about 0.31 R° (longer heat periods at 800°C have no 
significant additional effect). 

Infrared absorption spectra of samples from the same series, taken 
after 11 time intervals over a heating period of 100 hours, showed 

only small changes from that of the initial film. Changes in both fre- 
quency and net absorbance were measured at the positions of maxi- 

mum absorption of hydrogen -bonded SiOH groups at about 375 

cm-', physically adsorbed H2O in the range of 3400 to 3300 cm -1, P 
= O at 1335 to 1330 cm -1, Si -O at 1080 to 1060 cm-' and its secon- 
dary at 830 to 800 cm -1. The important results are the demonstration 
that (1) neither moist H2 -N2 nor steam at 450°C introduce additional 
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water into the films (in fact, some drying appears to occur); (2) the 
absorbance intensity of the P = O hand remains constant, indicating 
that no loss occurs during heating; and (3) the spectral resolution of 
the P = 0 hand is markedly improved after 5 hours at 450°C, similar 
to the effects observed after high -temperature (800°C) densification 
discussed in Section 4.4. Frequency shifts of absorption maxima were 
too small (within the error of analysis) to resolve quantitatively; how- 
ever, the most pronounced changes appear to have occurred in the 
first 3 minutes of humid heat treatment at 450°C. The frequency of 
the secondary Si -O band shifted from an initial wave number of 830 
cm -I to 810 cm- for moist forming gas, and to 805 cm- for steam, 
and then remained essentially constant to 100 hours. 

The samples densified for 100 hours were perfectly resistant to 
both water adsorption and phosphorus leaching; no changes were ob- 
served in the IR spectrum after 60 minutes boiling in deionized and 
distilled water. 

Separate samples of uniform, 1.0 pm -thick films on polished silicon 
substrates were prepared for measuring changes in the refractive 
index and the film thickness as a function of heat treatment. Ellipso- 
metric measurements of the refractive index were taken at a wave- 
length of 5461 A, and at an angle of radiation incidence of 70°. The 
films were assumed to be nonabsorhing and the optical constants of 
the silicon were taken to he 4.05 for the real part of the refractive 
index and 0.28 for the imaginary part. These measurements showed 
that a PSG film of 5.1 wt % P as -deposited at 450°C had a refractive 
index of 1.445. Heat treatment in steam at 450° for 10 hours in- 
creased this value to 1.454, indicating an increase in film density. Ex- 
posure of the film to 800°C in nitrogen for 15 minutes increased the 
refractive index further to 1.465. Films of CVI) SiO2 prepared under 
similar conditions had an initial refractive index of 1.436; 10 hours 
heating in steam increased this value to 1.459, and 15 minutes heat- 
ing at 800°C in nitrogen led to 1.464. 

Absolute thickness measurements of these PSG and SiO2 samples 
by stylus techniques showed a decrease of 7.2% in the film thickness 
after the 450°C -steam heating for 10 hours. The 15 minutes heating 
at 800°C decreased the film thickness by 9.9% from the as -deposited 
value. This relatively small additional decrease of 2.7% in film thick- 
ness over that resulting after the 10 -hour steam treatment at 450°C 
demonstrates the substantial degree of densification achieved by the 
low -temperature treatment. For comparison, the CVD SiO. films 
heated at 450°C for 10 hours in steam decreased in film thickness by 
7.9%; this slightly greater degree of densification would he expected 
for films with lower phosphorus content. 

The second series of thermal densificat ion experiments was carried 
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out under all four conditions listed in Table 1 using films of Si02, 2.1 
wt % phosphorus PSG, and 3.0 wt % phosphorus PSG. All three types 
of films were heat -treated simultaneously for direct comparison. 
Etch -rate measurements were done after treatment periods of 0.1 to 
10 hours, periods of time that are of practical interest in device pro- 
cessing. The results obtained are presented in Fíg. 2a-d. The initial 
etch rate (time zero) is the etch rate just before the start of each 
densification experiment; it varies slightly for each type of treatment 
because the samples had to he stored for various lengths of time until 
use. The etch rate of all samples decreases linearly with the logarithm 
of heating time for all four ambient conditions. The rate of decrease 
depends on both the ambient conditions and film type. Moist nitro- 
gen and moist forming gas effect a considerably greater rate of de- 
crease than does dry nitrogen. Steam ambient, in turn, effects a still 
greater rate of decrease than the moist gases, but for the PSG films 
only; the rate for Si02 is nearly the same within the period of 0.1 to 
10 hours, but the drop from the initial etch rate within the first 6 
minutes is greater. 

0.30 

>-«- 0.4 
N 
w 0.5 

) 0.9 
U 
2 

1.0 

1 

ACTUAL DENSIFICATION TIME (HRS) 

10 
NORMALIZED DENSIFICATION TIME (t/tp 

1 

Fig. 3-Increase in apparent glass density of Si02 and PSG films as a function of heat 
treatment time at 450°C in various ambients. Apparent density is represented 
by the normalized etch rate, R/R0.1. Time is normalized at t/to.i. Curves for 
PSG are average of 2, 3, and 4 wt % P (nominal] stated in Table 2. 

10 

100 

Actual and normalized etch rates for the 10 hours of heat treat- 
ment are summarized in Table 2 to facilitate numerical comparison 
between the various treatments for all films. Also listed are actual 
and normalized values for the rate of densification and the percent 
decrease in the etch rate. A normalized plot of R/Ro.) versus t/to.j is 
presented in Fig. 3 for further comparison of the various densification 
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ambients. The value R0.1 corresponds to the etch rate measured after 
the 0.1 hour (to.) heat treatment at 450°C. (Initial etch rates taken 
before the 450°C treatment are subject to some fluctuation due to 
partial stress anneal and are therefore less accurate.) The slope of the 
curves between R and ln(t) illustrates at a glance the relative rate of 
increase of the apparent glass density under given densification con- 
ditions. The plots show that the rate of increase in apparent glass 
density (R/R0,1) is inversely proportional to the logarithm of the 
heating time. The average lines of the PSG films drawn for a given 
ambient show a consistently lower rate of densification than do the 
SiO2 films. 

The effects of thermal densification at 450°C in terms of micro - 
crack formation were examined using glassed IC wafers. Layers of 
SiO2 and 2, 3, and 4 wt % phosphorus PSG were deposited on IC de- 
vice wafers under the usual CVD conditions at 450°C; the layer thick- 
nesses ranged from 1.1 to 1.2 pm. Roth linear bipolar IC's (CA374 i ) 
with large aluminum -metallized capacitor areas and CMOS IC's 
(CD4017A) were chosen for these tests. The overcoat layers were de- 
lineated by photolithography and chemical etching to open the alu- 
minum bond -pad areas and the grid lines. Microscopic examination 
of the as -deposited samples showed that the highly stressed SiO2 
layer had cracked along the edges and in the interior of the large alu- 
minum -metallized areas. Additional cracks formed along the entire 
edge of the circuit over the dense oxide. The glass layers containing 2, 
3, or 4 wt % phosphorus exhibited no cracks, thus demonstrating that 
the incorporation of a relatively small amount of phosphorus into the 
glass can have a very large effect on preventing glass cracking. These 
phosphorus -containing samples were then used for densification 
studies. Heat treatments at 450°C in steam and in a moist H2 -N2 gas 
mixture for periods of up to 10 hours were applied. Glassed CMOS 
device wafers with overcoats of 1.1 -pm thickness having >_2 wt % 
phosphorus showed no signs of crack formation after the 10 -hour 
heat treatment in steam. The linear bipolar IC's with 2 and 3 wt % 
phosphorus PSG did show some small cracks over the aluminum of 
the unusually large capacitors, indicating that excessive stresses can 
form in these extreme cases of large aluminum areas. Moist forming 
gas (10% H2 + 90% N2) was less favorable than steam in preventing 
crack formation during the extended 450°C heat treatment. 

The same IC's described above, which had been specially selected 
because of their surface sensitivity, were used to assess the effects of 
densification treatments on electrical properties of test structures. 
The results are briefly summarized as follows. 

(1) In general, positive ion density in the gate oxide of MOS de- 
vices increased after 1 hour in wet forming gas at 450°C and after 9 
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hours in steam at 450°C. The shift in flat -band voltage after bias - 
temperature stress at 220°C for 5 min was -0.3 to -0.8 V for PSG- 
passivated gate -metal thermal SiO2/Si capacitors. Without phospho- 
rus, the shifts were much larger, about -5 V. For the structures test- 
ed, a 1 -volt shift corresponds to 2.6 X 10" ions/cm2. The above data 
were taken on p -channel MOS transistors where the region under the 
gate metal has a relatively large perimeter -to -area ratio. For larger - 
area capacitors over a gate oxide, the shifts after the same tempera- 
ture -bias treatment were of the order of -20 to -35 V, irrespective of 
phosphorus content. Before densífícatíon, the shift in the C -V curve 
after bias -temperature treatment was about 0.2 V. These results indi- 
cate that positive ions enter the thermal oxide through the metal dur- 
ing densification, and that gettering of the ions occurs by lateral dif- 
fusion. Therefore, the small perimeter -to -area capacitors exhibit 
much larger shifts than those with larger ratios. 

(2) Also reflecting increased mobile positive ion density in the 
oxide was the behavior of lateral p -n -p devices on linear CA3747 waf- 
ers. The collector-base and emitter-base avalanche breakdown volt- 
ages of these devices showed very large walkout effects after the 
densification treatments described in (I) above. There was little ef- 
fect on breakdown voltage of n -p -n devices. 

(3) Ten hours of steam at 450°C tended to decrease the leakage 
currents of both CMOS and linear bipolar devices. 

(4) The breakdown voltage of MOS gate oxides was not affected by 
treatment for 1 hour with wet forming gas. After 9 hours of steam 
treatment at 450°C, the average gate -oxide breakdown voltage for 
CVD SiO2 passivated devices increased from 50 to 62 V, while there 
was no change in PSG passivated devices. 

(5) Threshold voltages of NMOS and PMOS transistors were de- 
termined. There were only slight changes (tenths of volts) in the 
10-6 A threshold voltage, as expected from the results of (1) above. 

In summary, there are some changes in electrical properties of test 
devices after densification treatments. The magnitude of the changes 
depends upon the conditions of the heat treatments and the particu- 
lar device type and structure. 

4.2 Studies Involving UV Irradiation and Densification in Atomic 
Hydrogen Plasma 

The results obtained in the attempted glass densification at elevated 
temperature using high -intensity UV radiation as an accelerator were 
negative. The etch rates, infrared absorption spectra, and metallurgi- 
cal microscopy indicated that UV irradiation caused no measurable 
densification or changes in structure or composition of the films. 
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Results obtained using atomic hydrogen plasma generated by an rf 
glow discharge as a densifying agent proved partly successful. Etch - 
rate measurements showed a consistent 20% decrease in the case of 
the exposed portion of the sensitive 2900 -A -thick SiO2 films, and a 
smaller decrease in the thicker SiO2 films, indicating that a moderate 
degree of densification can he achieved by this method. 

4.3 Film Changes During Storage 

We have known for a long time that the infrared absorption spectrum 
and the chemical etch rate of CVD dielectric films immediately after 
deposition are different from those measured some time later.18 The 
extent of these changes depends on the storage conditions, and re- 
flects effects of ambient sensitive hydration -dehydration reactions 
accompanied by densification and partial stress release.? Infrared 
measurements of water adsorption on CVD glass films in humid air at 
room temperature were reported recently.19 

Etch -rate changes arising from effects of storage must he taken 
into account in accurate compositional analysis based on etch rate, 
unless the samples are first densified (800°C) to eliminate these ef- 
fects by annealing, but often this is not readily possible. The work re- 
ported here is the first attempt to systematically examine etch -rate 
changes of CVD SiO2 and PSG films synthesized from the hydrides 
as a function of time under controlled storage conditions. 

Results derived from isothermal etch -rate measurements of typical 
films of CVD SiO2 and PSG are summarized in Table 3: These results 
were obtained from data collected over a period of 15 minutes after 
film deposition to 2500 hours of storage of the films at room tempera- 
ture in dry air. The plots of the etch rate versus log time were straight 
lines whose slope represents the rate of densification. The values for 
the measured etch rate, the normalized etch rate, and the rate of 
densification stated in Table 3 were read from the curves of best fit 
through the data coordinates. They show that the rate of densifica- 
tion at room temperature is a logarithmic function of time (as at 
higher temperature), that the rate of densification is about 6 times 
greater for SiO2 than for 4 wt % phosphorus PSG, and that the abso- 
lute density increase (in terms of etch -rate decrease) is also greater 
for SiO2 than PSG (i.e., 15% versus 8% in 25 hours; 29% versus 18% in 
2500 hours). 

Analogous analysis of PSG film compositions of phosphorus con- 
centrations intermediate to those given in Table 3 (2 and 3 wt % 

phosphorus) have shown behavior similar to that of the 4 wt % phos- 
phorus PSG listed. We also found that films deposited under differ - 
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ent CVD conditions behave differently during storage at room tem- 
perature. For example, PSG films of similar phosphorus content, but 
deposited at greatly different oxygen -to -hydride ratios, exhibited dif- 
ferent rates of densification. Some of these effects can be associated 
with the different rates of film deposition resulting from different 
02-to-(SiH4 + PH3) ratios, as explained previously.11,12,14 Different 
deposition rates give films of varying density, which in turn exhibit 
different etch rates. 

Table 3 -Summary of Results of Long -Term Room -Temperature Densification 

Film 

Film 
Corn - pi- 

Thick- 
ness 

lioion 
(wt 

Storage Time in Dry Ambient (hr) 

Parameter (pm) % P) Unit 0.25 2.5 25 250 2500 

Etch Rate' 0.97 4.1 A /sec 60.0 55.6 51.3 47.0 42.7 
in P -etch Norma 1.00 0.93 0.85 0.78 0.71 
at 25.0°C % Decr.3 0 7.0 15 22 29 

1.00 0 A/sec 19.2 18.4 17.6 16.7 15.8 
Norm. 1.0 0.96 0.92 0.87 0.82 
% Decr. 0 4.0 8.0 13 18 

'Etch rate is an inversely proportional measurement of relative densification, 
decreasing as density increases. Values are taken from semilog plots of best fit. 
'Etch rates are normalized to 0.25 -hour values. 
3% Decrease shows exponential decrease of etch rate with time starting with 
0.25 -hour value. 

To study these parameters more closely, the less complicated SiO2 
films were used. The effect of storage in humid laboratory air (-50 to 
60% R.H.) on the etch rate has been measured as a function of sub- 
strate temperature of deposition and rate of film growth at fixed 02- 
to-SiH4 ratio (18:1). These data are presented in Table 4; both mea- 
sured and normalized etch rates are shown. The results show that the 
film deposition rate at 450°C has a pronounced effect on the etch 
rate, the etch rate increasing with deposition rate. The initial etch 
rate increases from a low of 21.3 A/sec for a film deposited at 400 
A/min to 23.3 A/sec for an intermediate deposition rate of 2000 A/ 
min, and to 25.2 A/sec for a film grown at the high rate of 7000 A/ 
min. All three etch rates decrease linearly with the logarithm of time 
and at about the same rate, as seen from Fig. 4. 

SiO2 films deposited at the intermediate rate but at lower tempera- 
tures (300° and 375°C) had lower initial etch rates than the 450°C 
film (contrary to what was expected), but the decrease with time was 
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distinctly slower. It also should be pointed out that the etch rates, 
both initially and after storage, shown in Table 4 are somewhat high- 
er than those observed for films prepared in subsequent work under 
similar conditions. This effect may be due to small differences in 

28 

28 
0 

4 24 

22 

H 

20 

14 

460C - 7000 
A/min D 

460C - 2000 

10° 10 102 
STORAGE TIME IN AIR Hr 

103 04 

Fig. 4-Etch rate as a function of air storage time of Si02 films deposited at 450°C at 
low, medium and high rates. 

CVD conditions that are not fully understood. Nevertheless, the re- 
sults obtained demonstrate the general behavior and the magnitude 
and the time -exponential function of the etch -rate decrease with time 
under room -temperature conditions. 

4.4 High -Temperature Densification 

As mentioned in the introduction, CVD PSG films on silicon sub- 
strate wafers can generally he densified in a few minutes at high tem- 
peratures in an inert atmosphere. Examples of the effect of various 
heating temperatures on the isothermal etch rate of PSG films are 
shown in Fig. 5. For densification temperatures of 800° and 1000°C, 
the etch rate decreases very rapidly within the first few minutes of 
heating, and then decreases slowly and linearly with the logarithm of 
time. Lower temperatures decrease the etch rate more gradually with 
time. The effects of such treatments on the chemical etch rate and on 
the infrared absorption spectrum can be utilized for compositional 
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film analysis, which is of considerable practical interest and will 
therefore be briefly discussed. 

The etch rate of silicate glasses in suitable etchants is generally a 
sensitive measure of the chemical composition of the films, and can 
he utilized as the basis of convenient control tests. We have found 
that determination of the PSG composition during setting up and op- 
timizing the CVD conditions for a given system is most readily done 
by the etch -rate method because it is fast, simple, and convenient. It 

u 
60 

°á 

50 
I.- 
.5 
rr 

40 
2 

30 
á 
U 
°° 20 
N 

0" 1.5 2 3 4 6 8 10 15 30 60 100 

DENSIFICATION TIME , min 

Fig. 5-Etch rate of PSG films (5.1 wt % P) as a function of heat treatment temperature 
and time in dry nitrogen. 

is reliable and sufficiently accurate and precise for most practical re- 
quirements if it is carried out under controlled conditions, and if suit- 
able calibration curves are established. However the etch rate is also 
sensitive, though to a lesser extent, to structural film properties, 
especially density, porosity, bonding strain, and stress. The effects of 
these physical film properties can he largely eliminated by a high - 
temperature annealing treatment at, typically, 800°C. The etch rate 
then becomes a unique function of the chemical film composition. 
Therefore, determination of the etch rate of films as -deposited and 
also after densification furnishes valuable information on both physi- 
cal and chemical film properties. 

The calibration graph presented in Fig. 6 exemplifies the use of 
etch -rate testing for determining the glass composition. It shows the 
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etch rate of Si02 (0 wt % phosphorus) and PSG films as -deposited 
under various conditions, and also after densification at 800°C. It can 
he clearly seen that the etch rate of as -deposited films depends not 
only on film composition but also on density and stress, which vary 
with CVD conditions, whereas the etch rate of densified films is a 

GLASS COMPOSITION, MOL °r. P205 

10000 
1 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 

á 100 

U 
o 

10 

-- DEP, 445*C, 40001/min - DEP. 450'C, 400 11 /min 

./.1 

o 

UNDENSIFIED / 
o 

THERMAL S102 

10 I 

DENSIFIED AT 800*C 
IS MIN N2 

2 3 4 5 6 7 8 9 10 II 12 

GLASS COMPOSITION ,RT. % P 

13 14 

Fig. 6-Etch rates of CVD PSG films as a function of glass composition, deposition con- 

ditions, and densification treatment. 

unique function of composition. With increasing phosphorus concen- 
tration in the PSG, the curves for as -deposited films approach the 
curve for densified films, indicating that at higher phosphorus con- 
centrations a substantial degree of densification occurs during film 
deposition. Although curves of different slopes result for films of dif- 
ferent density, the logarithm of the etch rate varies in all cases linear- 
ly with the wt % phosphorus in the film. Determination of etch rate is 

carried out as described under film analysis (Sec. 3). Practical appli- 
cations for IC overcoating analysis have been described in a recent 
paper.l5 

The infrared absorption spectrum of as -deposited PSG films of 
low -phosphorus concentration is of rather limited use for quantita- 
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tive composition analysis. However, the analytical sensitivity can be 
significantly enhanced by a thermal densification treatment. 

The ratio of the intensity of the characteristic P = O vibrational 
absorbance band at 1325 cm -1 to that of the major Si -O stretching 
vibration band at 1050 cm -1 is approximately linearly related to the 
concentration of phosphorus in the glass and can be used with empir- 
ical calibration curves of absorbance ratio versus mol % P205 to esti- 
mate the film composition.2° 24 The sensitivity of films as -deposited 
is not as good as that for the previously published3,18 analogous meth- 
ods for R203, mainly because of the relatively weak absorptivity of P 
= O. This is a severe shortcoming of the method for application to the 
analysis of PSG films in the compositional range of main interest (a 
few percent phosphorus). Previously, we had reported3 that a densifi- 
cation treatment (typically 15 min at 800°C in N2) causes spectral 
shifts in the P = O and Si O bands, which results in a considerable 
increase in hand resolution. It is now realized that utilization of this 
effect offers a means of extending substantially the sensitivity and 
accuracy of the method for measuring P = O absorption in PSG films 
and, thus, for determining their composition. Furthermore, the densi- 
fication of samples prior to infrared spectroscopy eliminates the re- 
ported3,23 dependence of the absorbance ratio on deposition tempera- 
ture, and results in annealing of film stress and bonding strain that 
are introduced during CVD and that also affect the infrared absorp- 
tion. 

A pair of spectra is presented in Fig. 7 as an illustration. The film 
was deposited at 371°C, contained 4.5 wt % phosphorus, and was 
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Fig. 7-IR absorption spectra of 4.5 wt % P PSG films before and after densification at 
800°C. Note the weak band at about 7.7 pm for the undensified film, and the 
strong, well resolved band at 7.55 pm, created by the densification treatment 
of the second film. 
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14,000-A thick. Absorbance was measured with a silicon blank wafer 
in a reference beam of a double -beam spectrophotometer. The spec- 
trum of the film before densification shows only a weak hand in the 
wavelength region of 7.7 µm, only slightly separated from the Si -O 
major stretching vibration band. In contrast, the same film after 
densification at 800°C shows a well -resolved hand of P = O at 7.57 
pm (1321 cm -t). 

IR absorption spectra of a relatively high concentration phospho- 
rus glass (7.7 wt % phosphorus) of 19,000-A thickness deposited at 
371°C are shown in Fig. 8. Half of the sample wafer was measured di - 
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IFig. 8-IR absorption spectra of a 7.7 wt % P PSG film before and after densification at 

800°C. 

12 13 14 15 

rectly, as deposited, the other half was densified (15 min in N2 at 
800°C). The differences in the P = O hand at 7.6 µm are less pro- 
nounced than those observed for lower -phosphorus PSG films. Im- 

mersion of these samples in boiling water demonstrated resistance of 
the densified half toward water uptake, in contrast to the undensified 
sample.12 This suggests that densification decreases the internal area 
available for adsorption. 

5. Conclusions 

(1) CVD PSG and SiO2 films can be densified to a substantial extent 
by heating for several hours at 450°C in gaseous ambients containing 
water vapor as catalyst, as evidenced by isothermal etch -rate mea- 
surements. Changes in film properties due to true densification are 
also evident by infrared spectroscopy and measurements of refractive 
index and absolute film thickness. 
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(2) The treatments do not introduce water vapor into the films; in 
fact, less water tends to be present after densification treatments 
(even in steam at 450°C) than was initially present after CVD, as 
confirmed by infrared spectroscopic measurements. Densified films 
resist water uptake. 

(3) No microcracks or other observable defects are introduced in 
these treatments in typical PSG (but not Si02) films of up to at least 
1.2 -pm thickness, deposited on silicon or over aluminum -metallized 
linear bipolar or CMOS IC's, as shown by microscopic examination 
and selective aluminum etching. 

(4) Electrical measurements (channel leakage, interelectrode and 
junction currents; breakdown and MOS threshold voltages; capaci- 
tance -voltage with bias -temperature stress) indicate that some of the 
electrical properties of linear bipolar and CMOS test devices glassed 
with PSG overcoatings are affected to a certain degree by the steam 
or moist -gas heating treatment at 450°C for periods of up to 10 hours. 

(5) No densification effects were detectable in Si02 and PSG films on 
exposure to high -intensity ultraviolet radiation in room air at elevat- 
ed temperature. 

(6) Exposure to atomic hydrogen plasma at elevated temperature in 
low-pressure H2-Ar led to a moderate degree of densification in the 
more sensitive Si02 films. 

(7) Room -temperature storage of Si02 and PSG films in dry or humid 
air leads to an etch rate decrease due to densification and stress re- 
lease effects. Measurements taken at intervals of from 15 minutes 
after CVD to over a thousand hours of storage have demonstrated 
that the etch rate decreases linearly with the logarithm of time, anal- 
ogous to the effects observed at higher temperatures. In all cases, the 
rate and absolute level of decrease depend on the phosphorus content 
of the films, the CVD conditions, and the densification conditions. 

(8) High -temperature treatments (800°C, N2) for a short period of 
time (10 minutes) of PSG and Si02 films cause their etch rates to de- 
crease very rapidly (1.5 min) to a level lower than obtainable at 
450°C in steam for many hours. Beyond this period of heat treat- 
ment, the etch rate decreases linearly with the log of time at a very 
low rate. The degree of densification attained by this heat treatment 
diminishes as the phosphorus concentration increases. The largest 
degree of densification results at 0 wt % phosphorus (pure Si02), 
namely, about 4 -fold in terms of etch rate. The two curves (See Fig. 
6), converge at about 15 wt % phosphorus (17 mol % P205), indicating 
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no additional densification on heating films of this and higher phos- 
phorus content. The high phosphorus content apparently yields a 
high -density film as -deposited at 450°C. 

(9) Application of high -temperature densification is of great practical 
importance in analytical work and has been utilized for monitoring 
the film composition.1132,14,15 

(10) A short high -temperature densification at 800°C (or extended 
heating at 450°C) of PSG films has been demonstrated to be a useful 
technique in analytical infrared absorption spectroscopy, enhancing 
the resolution of the P = O vibrational band and substantially im- 
proving the sensitivity of the infrared method for determining low 

concentrations of phosphorus in PSG films. 
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Analysis of Glass Passivation Layers on 

Integrated -Circuit Pellets by Precision Etching * 

Werner Kern 

RCA Laboratories, Princeton, N.J. 08540 

Abstract-A new microanalytical method has been devised for determining the structur- 

al defect density, layer structure, layer type, and chemical composition of 

glass passivation overcoat layers on single pellets of aluminum -metallized IC 

devices, including hermetically packaged and plastic encapsulated types. The 

method is based on selective chemical etching. Localized structural defects 

are determined by application of an aluminum etchant. Layer structure and 

composition are determined by isothermal quantitative glass etching combined 

with film thickness measurements on a microscale. It is shown that isothermal 

etch rate measurement of SiOrPSG passivation layers is a reliable, fast, and 

convenient tool for determining film composition of both simple films on sili- 

con and of complex film structures. Generally applicable calibration graphs 

have been established and experimentally demonstrated. 

Two techniques of the method were developed. One is based on graphical 

resolution of layer thickness versus etch time plots, and the other on step 

etching combined with profilometry. The validity and usefulness of the new 

techniques have been demonstrated experimentally by application to compar- 

ative evaluation of commercial linear bipolar and MOS IC's from various man- 

ufacturers. The results obtained from this comparative survey have served to 

assess the type and quality of IC glass passivation in industry in the recent 

past and at present. 

1. Introduction 

Integrated circuits that are packaged by plastic encapsulation tech- 
niques require a protective and passivating dielectric overcoat to 

This work was In part supported by the Air Force Materials Laboratory, Wright -Patterson Air Force , 

Base, Ohio, under Contract No. F33615 -74-C-5146. 
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maintain electrical stability, to prevent mechanical damage, and to 
assure device reliability) Layers of oxide or silicate glasses prepared 
by chemical vapor deposition (CVD) are most commonly used for this 
purpose.' -3 

It is frequently necessary to assess the quality of passivating glass 
overcoats on both MOS and planar bipolar types of IC pellets for the 
purpose of in-house quality control, reliability testing, or evaluation 
of competitors' products. In most cases, the glass overcoat consists of 
vitreous silicon dioxide (Si02), phosphosilicate glass (PSG), or a com- 
bination of these layers over aluminum -metallized IC's. If the devices 
are encapsulated in epoxy molding compounds, exposure of the pellet 
without damage is required before analysis can be made. If the de- 
vices are contained in a hermetic enclosure, their exposure is readily 
accomplished by mechanically opening the container. 

Three factors must usually be determined: 

(1) integrity of the glass layer (pinhole density, microcracks, blisters, 
and other localized defects); 

(2) layer structure (type, sequence, and thickness of the layers mak- 
ing up the glass coating); 

(3) chemical composition of each layer. 

From the results, the quality of the glass overcoating can he assessed 
and the processing sequence inferred. 

Several methods were tested for suitability to microanalytical ap- 
plications for determining the structure and composition of overcoat- 
ing layers on single IC pellets. Instrumental x-ray fluorescence analy- 
sis or surface resistivity measurements after high -temperature diffu- 
sion for determining the phosphorus content in PSG films,1.3 al- 
though excellent methods for larger samples, are not applicable in 
this case. Instrumental composition -profiling microprobe tech- 
niques,4 particularly those based on electron -probe microanalysis,5 
Auger electron spectrometry,8'7 and MeV ion backscattering spec- 
trometry,7 are certainly the methods of choice from a purely analyti- 
cal research point of view, but these sophisticated methods are far too 
complicated for routine use in a control laboratory of a manufactur- 
ing facility when large numbers of samples must be analyzed rapidly. 
After exploratory work on quantizing electron -probe micro -analytical 
techniques and scanning Auger electron spectrometry, we decided to 
devise a simple but reliable method based on etch -rate analysis using 
the principles discussed in the next section. When combined with 
aluminum marker -etching techniques,8 this method can be used to 
determine the chemical composition, the component layer structure, 
the component thicknesses, the integrity of the dielectric overcoating, 
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and the density of localized structural defects over aluminum metalli- 
zation. Furthermore, the thickness of the dense SiO2 layer under- 
neath the aluminum can he readily determined at the same time 
without extra effort. 

Two etch -rate techniques have been developed for performing the 
analysis. The first ("standard technique") is applicable to the analy- 
sis of practically all types of SiO2/PSG overcoating structures and is 

very accurate and reliable, but it requires a number of data points to 
establish a graph of etch time versus overcoating thickness from 

which the component thicknesses and compositions are determined. 
The second ("simplified technique") is faster in that it requires only 
total -etch -time measurement and one or two contour measurements 
using a stylus instrument such as a Talysurf.* However, it works only 
if definition of the layer contour is sufficiently sharp for graphical 
resolution, which is not always the case. Both techniques are present- 
ed in detail and compared experimentally. The basis of quantitative 
chemical etching is discussed first since it underlies both techniques. 

2. Chemical -Etch -Rate Measurements for Composition Analysis of 

Glass Films 

The main purpose of this section is to examine the general principles 
and techniques of etch -rate analysis. These are directly applicable for 

analyzing uniform oxide and glass films on semiconductor wafer 

pieces of a few square centimeters or less. Applications to IC pellet 
analysis are treated in subsequent sections. 

The etch rate of silicate glasses in suitable etchants is generally a 

sensitive measure of the chemical composition of the film and can be 

utilized as the basis of convenient control tests. We have found, for 

example, that determination of PSG composition is most readily 
done by the etch -rate method, because it is fast, simple, and conve- 
nient.2 Once suitable calibration curves are established, it is reliable 
and sufficiently accurate and precise for most practical requirements. 

The etch rate method is also sensitive, though to a lesser extent, to 
structural film properties, especially density, porosity, bonding 
strain, and stress, rendering it valuable in process control for moni- 
toring these film properties. The effects of these physical film proper- 
ties can be largely eliminated by a high -temperature annealing 
(densification) treatment at, typically, 800°C. The etch rate then be- 

comes a unique function of the chemical film composition. 
Determination of the etch rate of films as deposited and after 

' Taylor -Hobson, Ltd., England. 
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densification can therefore furnish information on both physical and 
chemical film properties. The calibration graph presented in Fig. 1 

exemplifies the use of etch rate testing for determining the glass com- 
position. It shows the etch rate of Si02 (0 wt % phosphorus) and PSG 
films as deposited under various conditions, and also after densifica- 
tion at 800°C. It is clear from Fig. 1 that the etch rate of as deposited 
films depends not only on film composition hut also on density and 
stress, which vary with CVD conditions, whereas the etch rate of 
densified films is a unique function of composition. Higher densifica- 
tion temperatures, such as 900° and 1000°C, cause some additional 
decrease in the etch rate of the films with low phosphorus content.23 

ca 

GLASS COMPOSITION ,MOL g° P205 

10000 
1 2 3 4 5 6 7 6 9 10 II 12 13 W 15 16 

-- DEP. 445°C, 4000A/min - DEP. 450°C,400Á/min 

UNBUFFERED HF -+i -* / 
ó BUFFERED HF 

100- -} ' /oo .a 
UNDENSIFIED / á ! ,/ / i i 12 DENSIFIED AT 800°C 

jp 15 MIN N2 

10- 

. THERMAL Si02 

i , 

0 I 2 3 4 5 6 7 B 9 10 II 12 13 14 

GLASS COMPOSITION , WT. % P 

Fig. 1-Etch rate of CVD PSG films as a function of glass composition, deposition condi- 
tions, densification treatment, and etchant composition (as defined in 
Table 1). 

With increasing phosphorus concentration in the PSG, the etch rate 
curves for as -deposited films approach those for densified films, indi- 
cating that at higher phosphorus concentrations, a substantial degree 
of densification occurs during film deposition. Although curves of dif- 
ferent slopes result for films of different density, the logarithm of the 
etch rate varies in all cases linearly with the wt % phosphorus in the 
film. Details on the CVD aspects2.3 and parameters of film densifica- 
tion23 have been presented elsewhere.23 
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Primary calibration of phosphorus concentration in PSG for all our 
analytical work was based on wet chemical colorimetric analysis util- 
izing ammonium molybdate reagent. For this purpose the films were 
first dissolved in HF solution followed by elimination of all dissolved 
silicon to prevent its interference in the molybdate reaction. Two or 
three colorimetric tests were made per sample to obtain an average 
value. 

Determination of etch rate is carried out by measuring the film 
thickness and by measuring the dissolution time in the etch solution 
under isothermal conditions. Direct interferometric techniques of 
thickness measurement can be employed (see, for example, Ref. [91) 

if the refractive index of the film is known. Multiple -beam interfer- 
ometry of metal -coated samples yields the thickness independent of 
refractive index. For single films, ellipsometry can he used; it yields 
both thickness and refractive index of the film. One of the simplest 
absolute techniques is profilometry of a step etched down to the sub- 
strate, as described in Section 5.2. 

Diluted HF solutions can he used as etchants. We found an etch 
temperature of 25° ± 0.2°C and a mixture of 2 vol HNO3 (70%), 3 vol 
HF (49%), and 60 vol H2O (P-etch)10 convenient for CVD films of 
typically 1 -pm thickness. This mixture is slightly more selective for 
PSG composition than water -diluted HF solutions. Ammonium -fluo- 
ride -buffered HF solutions should not be used because their selectivi- 
ty for phosphorus in PSG films is extremely poor; the sensitivity of 
dilute HF solutions is considerably greater. A comparison of etch 
rates in various etchant compositions is given in Table 1. Etching is 
performed either integrally until the entire film is dissolved, or differ- 
entially until a desired portion is etched off. In the first case, the hy- 
drophobic property of the substrate can be used as an end point if the 
substrate is silicon. In the second case, an additional thickness mea- 
surement is required to obtain the residual and incremental film 
thicknesses. Details of the technique, including the use of a conve- 
nient etch apparatus for automatic sample movement, were described 
in a previous publication." 

It is frequently necessary, in PSG evaluation and comparison with 
literature data, to convert etch -rate results obtained by other meth- 
ods from weight -percent phosphorus to mole -percent phosphorus 
pentoxide. A conversion graph for this purpose is shown in Fig. 2. 

It is often convenient to relate the etch rate of a PSG film directly 
to the silane/phosphine ratio used in the CVD of the film. A plot of 
data for this application is presented in Fig. 3; the same samples and 
CVD conditions as in Fig. 1 were used to construct this plot. Also 
shown for comparison are etch rates for various types of SiO2 films. 
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Fig. 3-Etch rate of PSG films versus silane/phosphine ratio in the hydride gas mixture. 
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shown for comparison. 
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This type of calibration curve is particularly useful for setting up 
CVD conditions and for estimating the hydride gas ratio that had 
been used to prepare a given PSG film at a known substrate tempera- 
ture of deposition. 

The general principle of etch -rate analysis can also be applied for 
characterizing films other than silicate glasses, such as plasma -depos- 
ited silicon nitride overcoatings on IC's, as will be demonstrated. Fur- 
thermore, the etch -rate method is useful in more complex analytical 
applications where composite films must be resolved into their com- 

CI. 

í20A /sec 

200A /sec 

ETCHANT:'P-ETCH.(1o1 
GLASS 9 mol % PSG 

-- -- ETCHANT:'RCA BUFFER Hr 
GLASS : 17 mol 7 BSG 

£/sec 

1110 sec 
IBA/sec's 

I 

100 200 300 400 500 600 
ACCUMULATIVE ETCH TIME, see 

Fig. 4-Application of selective etch method for analyzing multilayer dielectric struc- 
tures. 

ponents.9'1012 It is possible to identify composition and thickness of 
film layers in multilayer structures by plotting composite film thick- 
ness versus time of etching. A schematic plot of two hypothetical 
cases of triple film structures is presented in Fig. 4 to illustrate the 
technique. Practical applications of this technique for IC overcoating 
analysis are described in the subsequent sections. 

3. Preparation of IC Pellet for Analysis 

IC's that have been diced into pellets and have not undergone mount- 
ing are best positioned on a piece of silicon scrap wafer to facilitate 
handling (glass substrates are not suitable). Several pellets are 
mounted with a melted adhesive resin or with double -sticking adhe- 
sive tape. No further preparation is needed. 
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In most cases the device to be analyzed is either hermetically pack- 

aged or plastic encapsulated, requiring exposure of the pellet. Her- 
metically packaged units in metal cans or ceramic packages are readi- 

ly opened by simply removing the lid mechanically. Plastic -encapsu- 

lated units require mechanical and chemical partial decapsulation. 
Commonly used plastic encapsulants consist of formulations based 

on bisphenol A epoxy, epoxy-novolac, silicone, or phenolic resins 

filled with a high percentage of mineral powders such as silica and 

alumina, and chopped glass fibers. A few techniques for removal of 
encapsulants have been described in the literature.'3."4 In some in- 
stances extended treatments in hot N,N-dimethylacetamide for cer- 

tain epoxies, or in hot 1,1,3,3-tetramethyl-guanidine15 for silicone 
molding compounds can he used. The decapsulation techniques that 
we have found to he particularly effective for many different types of 
encapsulants are described in Appendix 1. An example of a decapsu- 

lated IC is shown in Fig. 5. 

After decapsulation and before analysis, the pellet is examined 
under a microscope for device geometry, surface cleanliness, and 

gross defects such as cracks and blisters in the overcoating and severe 

damage to the aluminum interconnects. Particulate impurities that 
may have remained from the decapsulation treatment are removed 
by gentle swabbing of the pellet with a Q -tip soaked in trichloroethyl- 
ene, followed by rinsing with a jet of the same solvent and blowing 
dry. 

4. Standard Analysis Technique 

First, we will describe the full analysis technique developed as a stan- 
dard. A simplified and faster, but less accurate, version of this tech- 
nique is then described in Section 5. 

4.1 Dielectric Integrity Testing and Removal of Bond Wires 

The package with the exposed, cleaned pellet is immersed in alumi- 
num etch 140 vol H3PO4 (85%):10 vol H2O:4 vol HNO3 (70%)) at an 

etchant temperature of 50°-55°C for twice the time required to dis- 
solve the aluminum in the bonding pads.8 This is followed by water 
rinse, blowing dry, and microscopic inspection for pinholes, micro - 
cracks, and other defects in the glass layer over the aluminum. The 
type and frequency of defects are recorded. 

After the integrity testing is completed, the bond wires are pulled 
off the IC bonding pads with tweezers under a binocular stereomi- 
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croscope. This is readily accomplished, and is necessary in most cases 
to allow later observation of the pellet at 500X magnification. 

4.2 Preparation of Dielectric Taper 

Next, the aluminum -etched pellet is placed under a binocular stereo - 
microscope and partially masked with wax. We use a viscous solution 

-_.. - _ 
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Fig. 5-Top and side views of a partially decapsulated IC ready for pellet analysis. 
Length of epoxy molded package is 18 mm. 

of Apiezon Hard Wax W* in trichloroethylene and apply it with a 
fine -tipped sable paint brush. About 90% of the pellet is covered with 
a thick layer leaving only one corner exposed, as shown in Fig. 6. The 
sample is then placed on a warm hotplate just long enough to melt 
the wax. 

J. G. Biddle Co., Plymouth Meeting, Pa. 19462. 
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The sample is cautiously immersed in concentrated HE (49%) at 
room temperature to etch off both overcoat and dense Si02 layers 
down to the silicon substrate. It usually takes from 30 to 60 seconds 
to strip these layers, depending on their thicknesses and composition. 
The endpoint is readily detected by examining the water -rinsed sam- 
ple under the microscope in white light. All interference colors will 

2 
3 
4 
5 
6 
7 

6 

NARROW AND WIDE 
INTERFERENCE CONTOUR 

FRINGES 

IC PELLET 
Legend: 
1. Area stripped of glass (Si substrate) 
2. Etched dense SiO2 bottom layer taper (wide) 
3. Etched PSG taper (narrow) 
4. Etched Si02 top layer taper (wide) 
5. Area for etch -rate determination (preferred) 
6. Bonding pad oxide area for precision etching 
7. Original glassed area 
8. Second masking for precision etching 

Fig. 6-Schematic of taper -etched IC pellet prepared for precision etching. 

have disappeared when the silicon ís fully exposed, and the surface is 

hydrophobic. Excessive overetching must be avoided because it will 

narrow the taper of the overcoat, rendering the subsequent measure- 
ments more difficult. It is therefore best to etch initially for 30 sec- 

onds and then to completion in 10 -second steps. 
Finally, the wax mask is completely removed in warm trichloroeth- 

ylene baths and a new coating of wax is applied so that the area with 
the etched taper is fully exposed (Fig. 6). The masked portion of the 
pellet is reserved for a possible repeat analysis. Photomicrographs of 
typical tapers on IC's formed by HF-etching are shown in Figs. 7 and 
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DENSE SiO2 

BOND PAD 

DENSE Si02 

BOND PAD 

8. A schematic cross-section of the resulting taper contour is present- 
ed in Fig. 9. 

4.3 Precision Etching of Overcoat Layers 

(a) We can now measure the thicknesses of the Si02 layer and over- 
coat layer by using the taper formed down to the silicon. An unoh- 

Si02 on PSG 

TAPERED 

OVERCOAT 

DENSE SiO2 

TAPER, 
BOTTOM 

SILICON 

SUBSTRATE 

.. 
7=1. - >!+r : 

) 3 

Si02 on PSG 

TAPERED 

OVERCOAT 

DENSE SiO2 

TAPER 

BOTTOM 

SILICON 
SUBSTRATE 

Fig. 7-Photomicrographs of interference fringes in monochromatic light from typical 
oxide and glass tapers on IC's prepared for precision etching. 
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Fig. 8-Photomicrograph of interference fringes on monochromatic light from typical 
oxide and glass tapers on IC's prepared for precision etching. 

3.7 FRINGES 

CVD OVERCOAT 

7000Á 

"Ii 
6.0 FRINGES DENSE ~- Si02 I1,100Á 

PSG LAYER 

Si02 CAP 

Fig. 9-HF-etched dense oxide and overcoat layer structure of a typical IC. The top fig- 

ure shows interference fringes of the taper contour shown below, as seen per- 

pendicular to the surface in monochromatic light. The bottom figure is a sche- 

matic cross section of taper contour (vertical dimensions to scale; horizontal 

dimension compressed approximately 15 times). 
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structed, clear area of a well-defined taper portion near one of the 
pellet edges (preferably between bonding pads) is selected and used 
for this and all subsequent measurements. A simple method requiring 
only a good microscope and a monochromatic light source is interfer- 
ence fringe counting. The number of complete and partial dark con- 
tour fringes of the dielectric layer taper are counted, including those 
at the top surface of the taper. This can he done quickly after brief 
training; a magnification of 500X is usually necessary for adequate 
resolution. It is important to count any partial top fringe (separated 
from the last complete fringe by a light fringe) by estimating the 
shade of darkness. A good description of the technique of fringe read- 
ing has been given by Rooker and Renjamin.16 As shown in Fig. 9, the 
widely spaced and broad dark fringes beginning at the silicon surface 
represent the dense SiO2 layer under the metallization. The narrow 
fringes terminating in the top surface represent the faster etching 
overcoat layer or layers. 

(h) The device is placed under a microscope with perpendicular white 
light and the interference color of the oxide in the bonding pad areas, 
where the aluminum was etched away, is carefully noted. These areas 
are usually thermal or densified SiO2 and will serve as a check in step 
(d) below. 

(c) The remasked device is then immersed in P -etch [13 vol HF 
(49%), 60 vol H2O, and 2 vol HNO3 (709)1 maintained at 25°C (con- 
stant temperature bath) for 60 seconds, rinsed and blown dry. The 
narrow fringes of the etched glass top layer are remeasured. 
(d) Step (c) is repeated several times, hut using shorter etch periods 
of 20 seconds, as seen in the example in Fig. 10. This process con- 
tinues until the glass is completely removed and the oxide interfer- 
ence color in white light is now the same as was noted under the 
bonding pads before glass etching. Additional verification of the end- 
point is the beginning of dissolution of the aluminum interconnec- 
tions as they become exposed. Continued etching in P -etch decreases 
the residual SiO2 thickness very slowly because of its low etch rate 
(see Fig. 3). 

4.4 Determination of Layer Thicknesses, Layer Types, and PSG 
Composition 
We can now plot the fringe counts versus etch time and draw straight 
lines of best fit through the points, as shown in Fig. 10, which is an 
example of an actual analysis of an IC overcoat. Two lines of different 
slope indicet, the presence of two different layers, such as Si02 over 
PSG. 
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The net thickness and net etch time of each layer is determined 
from the intercept, and the etch rates (A/sec) are calculated as shown 

in the example in Fig. 10. The number of fringes r is related to film 
thickness d by the well-known relationship, d = rX/2n, where n is the 
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I FRINGE CVD SO2i= 1880 
I FRINGECVD PSG 1920 A 

BOTTOM 
LAYER 

DENSE Si02 
BOTTOM LAYER 

I I , \. I l_ I 

o 40 80 120 160 200 
CUMULATIVE P -ETCH TIME , SEC 

Example of Calculations: 

240 

Top Layer Bottom Layer 

Net Fringes 3.0 F-2.25 F = 0.75 F 2.25 F-0 F = 2.25 F 

Thickness 0.75 F X 1880 A/F = 1410 A 2.25 F X 1920 A/F = 4300 A 

Net Etch Time 90 sec 180 sec - 90 sec = 90 sec 

Etch Rate 1410 A/90 sec = 16 A/sec 4300 A/90 sec = 48 A/sec 
Layer Type undensified Si02 CVD PSG (undensified) 
Composition 3.3 wt % P (from calibration 

curve) 

Fig. 10-Example of a determination of layer thickness, type, and composition from 

etching and fringe count data. 

refractive index of the layer and A is the wavelength of the monochro- 
matic light used. The wavelength of filtered mercury green light is 

5461 A; that of filtered sodium yellow light is 5890 A. Undensified 
CVD Si02 has a refractive index of typically 1.45, PSG one of typical- 
ly 1.42. For mercury light, one contour fringe therefore corresponds 
to approximately 1880-A Si02 or to 1920-A PSG; for sodium light the 

values are 2030-A Si02 and 2070-A PSG per fringe. 
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The thickness of the thermally -grown or densified CVD Si02 layer 
underneath the overcoat (and underneath the aluminum intercon- 
nection lines) can be readily determined from the fringe count by 
using a refractive index value of 1.48. 

The calibration curve for undensified PSG presented in Fig. 1 is 
then used to relate the PSG glass etch rate to the phosphorus concen- 
tration in terms of wt % P. As already noted, the relation to the CVD 
hydride composition can be estimated from Fig. 3; however, the sub- 
strate temperature of deposition must be known, since the phospho- 
rus content in PSG decreases with increasing deposition tempera- 
ture.2,3 

4.5 Repeat Analysis and Evaluation of Multiple Layers 

A repeat of the precision etching of the overcoat layers may be desir- 
able in some cases where the taper of the overcoatings produced by 
the HF 49% etching, is not sufficiently gradual to permit adequate 
optical resolution. The new taper formed in the overcoat layers dur- 
ing the precision etching is usually more gradual because of the slow- 
er etch rate. The steps outlined in Sections 4.2, 4.3, and 4.4 are re- 
peated to obtain a second set of data. 

The analyses of multiple layer structures based on SiO2 and PSG, 
such as overcoatings of SiO2/PSG/SiO2 over aluminum metallization 
evaporated on CVD SiO2 deposited on thermally grown SiO2, are per- 
formed by the same techniques. The relative density of the SiO2 layer 
on silicon can he estimated from the etch -rate measurement if the 
etching is continued down to the silicon substrate. Several examples 
of actual IC analyses graphs showing a variety of layer structures are 
presented in Fig. 11. 

4.6 Precision and Accuracy 

The precision and accuracy depend primarily on the film thickness, 
the quality of the taper contour, the reading of the interference con- 
tour fringes, and the reliability of the % P calibration curve. The rou- 
tine accuracy of a single contour fringe measurement is within 1350 
A;16 for a typical overcoating thickness of 5000 A this would corre- 
spond to ±7.0%. However, since several measurements are taken for 
graphical resolution, the accuracy of the thickness values in our case 
is much better. The precision of the calibration curve for phosphorus 
is better than 15%; the absolute accuracy is estimated to be within 
±10%. 

A less significant second -order error is introduced when undensi- 
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fied samples are analyzed by the techniques described so far, since 
the etch rate of the undensified films is influenced to some extent by 
the CVD conditions used to prepare the overcoat layers. More accu- 
rate values of the phosphorus content can be obtained if the passiva- 
tion glass is densified and the calibration curve for densified Si02 and 
PSG is used. To. achieve this, the isolated device pellet is heat -treated 
at 800°C in nitrogen for 15 minutes before the precision etch analysis 
is performed. The corresponding calibration curve in Fig. 1 for densi- 
fied layers is then used to determine the composition. 

6 

5 

» o 

0 
0 

- A- SINGLE LAYER : S.O2 -O- DOUBLE LAYER : S.02 TOP/ 3.5 t Y.. P PSG BOTTOM 

--o-- TRIPLE LAYER 1 SO2í TOP/.2»IY P PSG /5102 BOTTOM 

100 200 300 400 500 600 700 

CUMULATIVE ETCHING TIME , sec 

Fig. 11-Example from actual IC analyses of typical etch time versus film -thickness in- 

terference fringes measured for various types of layer structure: single, dou- 
ble, and triple layers. 

5. Simplified Analysis Technique 

As in the standard technique, the device pellet is prepared for analy- 
sis as described in Appendix 1 and is processed through dielectric in- 
tegrity testing (4.1) and taper etching (4.2). The simplification in the 
procedure begins at this point. The rather tedious interferometric 
thickness measurements are eliminated; etching is continued until 
the exposed overcoating has been removed; and the layer thicknesses 

94 RCA Review Vol. 37 March 1976 



are then determined from a stylus trace recording. The details are as 
follows. 

5.1 Determination of Etching Time of Overcoat Layers 

First, we examine the initial oxide pad interference color as noted in 
Section 4.3 (b). The sample is etched in P -etch as described in Sec- 
tions 4.3 (c) and 4.3 (d), but using the oxide interference color instead 
of fringe measurement to determine the endpoint. Total etch time re- 
quired to remove the overcoat layers is noted. The wax mask is then 
dissolved in warm trichloroethylene baths. 

5.2 Profilometric Measurements 

A surface profilometric trace recording is obtained across the etched 
steps (20,000X vertical and at least 100X horizontal magnification) 
using a stylus instrument.* It is best to position the stylus in the area 
between the bond pads and the edge of the delineated IC pattern. 
The trace is repeated on the opposite side of the pellet. A good de- 
scription of stylus measuring techniques and principles has been re- 
cently published.17 

Al:E~ 
~ENSE 

Fig. 12-Schematic cross section of a typical CVD overcoat double layer after step 
etching for profilometry. 

The thickness of the dense Si02 bottom layer (under the aluminum 
metallization) can then be read directly from the step formed in the 
49% HF etch down to the silicon surface. The thickness of each over- 
coat component layer can also be obtained from the trace recording, 
using the intercept or intercepts of the curves, as shown schematical- 
ly in Fig. 12 for a Si02 on PSG double layer. 

For example: Talysurf by Taylor -Hobson, Ltd., England; Dektak by Sloan Instruments Dív., Santa 
Barbara, Calif.; Micro -Topographer 200 by Gould, Inc., Measurement Systems Div., El Monte, Calif.; 
and Proficorder by Bendix Industrial Metrology Div., Ann Arbor, Mich. 
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5.3 Calculation of Layer Compositions 

We can now calculate the PSG etch rate RPsc from the following 
equation: 

where 

RPsc - DPsc 
t - ( Dsro, / Rsio, )' 

R = etch rate (A/sec), 
D = film thickness, (A), 

t = total etch time (sec), 

SiO2 = silane oxide top layer 

PSG = phosphosilicate glass layer, and 

Rsio, = 16 A/sec for as -deposited SiO2 t IC pellet not heat 

treated), 3.4 A/sec for SiO2 films densified at 
800T (15 min N2). 

The calculated value of RPsc is then used to read off wt % phospho- 
rus from the calibration curves for the undensified or densified PSG 
(A/sec versus wt % P), depending on whether or not the pellet. was 

heat treated. 

5.4 Comparison of Simplified and Standard Techniques 

The precision and accuracy of the simplified technique depend pri- 
marily on the quality of resolution of the step trace thickness values. 
The results of repeatability tests of profilometric thickness measure- 
ments of typical PSG/SiO2 double layers are presented in Table 2. 

These data indicate that the variations for single films are generally 
within 10%. The total thicknesses listed were also measured by con- 
tour fringe interferometry. The values were within 3% of those ob- 
tained by Talysurf averaged measurements. Reproductions of three 
actual typical Talysurf step -traces are shown in Fig. 13 as examples. 
The precision and accuracy of the phosphorus calibration curves are 
the same as noted in Section 4.6. 

The results of a comparison between the two techniques using 
PSG/SiO2 layer structures on silicon substrate wafers are presented 
in Table 3. Results comparing the techniques in actual IC analysis are 
given in Table 4. 

The Talysurf profiles at 20,000X vertical and 100X horizontal mag- 
nifications are usually adequate for resolving typical PSG/SiO2 over- 
coat layer thicknesses if done with great care and read out under a 
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magnifying glass. For double layers on silicon substrates, the final 
values in terms of wt % phosphorus were about 10% lower than those 
obtained by the standard technique. The film thicknesses were also 
similarly lower (Table 2). For IC pellets, the results obtained were 
within 125% of those obtained by the standard technique (Table 3). 

It can be concluded that the simplified technique is adequate for 
some applications where lower precision (125%) is acceptable. The 
time savings are considerable, and the procedure is not tedious. The 

Table 2-Examples of Simplified Techniques and Repeatability of Talysurf 
Thickness Measurements Using PSG/SiO, Double Layers on Si 

Sample 
No. 

Thickness (Á) P -Etch Time (sec) PSG 

Etch 
Rate 

(A/sec) 

Composition 

SiO, 
Top 

PSG 
Bottom Total SiO, 

PSG 
(diff.) 

wt Mol % 
%P P20, 

A 3000 4400 
2800 4900 
3100 4500 
2930 av. 4600 av. 317 183 134 34 2.3 2.3 

B 3000 4800 
2700 5200 
2600 5000 
2900 av. 5000 av. 328 181 147 34 2.3 2.3 

C 2700 4200 
3000 4000 
3400 4000 
3030 av. 4070 av. 258 190 68 60 4.1 4.2 

D 3000 4000 
2700 4000 
2800 4000 
2830 av. 4000 av. 254 177 77 52 3.7 3.7 

E 1100 5800 
1200 5800 
1150 av. 5800 av. 167 72 95 61 4.2 4.3 

AWF-1 2300 4600 
2200 4900 
2100 4700 
2200 av. 4730 av. 165 138 27 175 7.5 8.1 

thickness of the dense Si02 layer beneath the glass passivation over- 
coat is readily measurable by both techniques, but the simplified 
technique has an added advantage in that the thickness of the alumi- 
num metallization can be measured from the trace across glassed in- 
terconnect lines. 

The data presented in Tables 2 and 3 also demonstrate that both 
analytical techniques described are well suited for determining the 
composition and layer structure of films deposited on silicon. wafer 
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Table 3-Comparison of Results Obtained by Standard' and Simplified' 
Techniques of Analysis for PSG/Si02 Layer Structures on Si 

Sample 
No. 

Analysis 
Technique 

Thickness (A) 
Phosphorus 

in PSG 
(wt %) 

Si02 
Top 

PSG 
Bottom 

F Standard 1900 4610 4.1 
Simplified 1600 4300 3.7 

G Standard 2185 4510 4.0 
Simplified 1800 4350 3.7 

H Standard 1900 4220 4.6 
Simplified 2000 3550 4.0 

' Data based on curves from 7 to 8 separate pairs of measurements of etch time 
and residual film thickness by fringe counting. 
'Data based on single etch time and 2 to 3 Talysurf thickness traces. 

pieces. In fact, we have made extensive use of these techniques as a 

convenient process control test in CVD development and production 
work. 

6. Application of the Method for Comparative Analysis of IC's 

A variety of commercially available and representative IC's from sev- 
eral different suppliers was selected for a comparative analysis. All. 

types were overcoat passivated with Si02 and/or PSG, and were plas- 
tic encapsulated. The integrity, layer structure, and composition of 
the overcoat layers were analyzed as described using the standard 

Table 4-Comparison of Results Obtained byiStandard' and Simplified' Tech- 
niques of Analysis for PSG/SiO2 Structure_ on IC Chips 

IC 
Pellet 

Analysis 
No. 

Analysis 
Technique 

Thickness (A) PSG 
Etch 
Rate 

(A/sec) 

Phosphorus 
in PSG 
(wt %) 

Si02 
Top 

PSG 
Bottom 

1 Standard 1425 4300 48 3.3 
Simplified 1500 3500 41 2.8 

2 Standard 2660 4610 51 3.5 
Simplified 2670 4000 72 4.6 

3 Standard 4750 0 16' 0 
Simplified 5100 0 17' 0 

4 Standard 4180 4400 42 3.0 
Simplified 4000 4000 44 3.2 

' Data based on curves from 8 to 17 pairs of measurements of etch time and 
residual film thickness by fringe counting. 
2 Data based on single etch time and 2 to 3 Talysurf thickness traces. 
3 SiO, etch rate. 
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technique. In most cases, two to six individual devices of a given pass- 
ivation type were analyzed to derive the average values summarized 
in Table 5. The column headings of this table are defined as follows: 

[ 1 I "Passivation type" refers to a given type of passivating overcoat, 
regardless of type of IC. Suppliers may use several types of 
passivating overcoats for different IC's, or for the same IC's of 
different manufacturing dates. The grand average for a given 
supplier's product would not be meaningful because of the 
wide spread in the data due to the existing variations of over- 
coat systems. Averages were therefore taken only for groups of 
IC's whose passivating overcoats had closely similar character- 
istics. 

[2] "Pinholes in overcoat" refers to those over the aluminum metalli- 
zation only. They were made visible by immersing the devices 
in hot aluminum etch as described in Section 4.1. 

[3] "Layer composition" was determined without densifying the sam- 
ples. 
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1 1 i,1 
Fig. 13-Reproduction of three typical Talysurt traces from samples of step -etched 

PSG/Si02 double layers on silicon selected from Table 1. Top layer is Si02; 
bottom layer is PSG. Vertical magnification is 20,000X; horizontal magnifica- 
tion is 100X. 
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ETCH ANALYSIS 

The results from this limited number of representative devices, 
principally manufactured in 1973, show that a wide variation of layer 
combinations, layer thicknesses, and PSG compositions existed, not 
only from one manufacturer to another, but also within the products 
of a given manufacturer. The same holds for the pinhole density, 
which ranges from zero to many per device pellet. Pinholes in the 
glass overcoat may have been caused by aluminum grain growth dur- 
ing CVD or by photolithographic contact printing.""3'8'a19 No micro - 
cracks were found in any of the devices tested, probably because none 
of these plastic -encapsulated types had undergone high -temperature 
heat treatments subsequent to CVD glassing, which is usually needed 
only for hermetic types. It is apparent that, when the devices were 
fabricated, manufacturers of IC's lacked either the necessary knowl- 
edge to decide what properties of the overcoat passivation should be 
specified and employed, or the process control techniques for effec- 
tively monitoring the CVD processes, or both. Process design engi- 
neers have only recently begun to realize the importance of these 
matters in achieving a consistently high degree of product reliability. 
Recently reported19 analysis results on localized structural defects in 
various types of glass overcoats on bipolar and CMOS devices metal- 
lized with either aluminum or gold -refractory metal tend to confirm 
our findings; in addition to pinholes, defects frequently encountered 
include cracks in the glass and improper metal line coverage. 

7. Application of Method for Characterizing Other Types of Dielectric 
Layers 

The selective etching system described so far has been designed spe- 
cifically for analyzing layer composites of PSG and Si02. However, 
the applicability of the method can be extended to other dielectric 
layer systems, such as layers of binary CVD borosilicate glass and 
Si02, by use of suitable calibration curves.20 It may he necessary to 
ascertain first the elemental composition of an unknown dielectric by 
a preliminary qualitative analysis, preferably by scanning Auger mi- 
croprobe analysis.6.7 For this purpose, it is usually best to select rela- 
tively large overcoated metallization areas, such as capacitors, to de- 
termine the composition of the dielectric overcoat without interfer- 
ence from t he doped oxide sub -layers. 

The method can also be useful for qualitatively characterizing 
layer composites consisting of single component materials, such as 
CVD A1203 on SiO2 or low -temperature deposited silicon nitride on 
Si02. Two examples are presented in Fig. 14 showing etching charac- 
teristics of silicon nitride overcoat films deposited at 300°C by the re - 
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action of silane with ammonia or nitrogen in a rf glow discharge.21,22 
One of the graphs shows a silicon nitride film of uniform composition 
deposited over a dense SiO2 layer. The other shows a silicon nitride 
deposit having two distinctly different etch rate components, indicat- 
ing compositional differences that have implications pertaining to the 
deposition process. 
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Fig. 14-Application of selective etching method using buffered HF at 25°C for charac- 
terizing plasma -deposited silicon nitride layers. The plots for two codeposited 
samples A and B show that the layers consist of a slow -etching and a fast - 
etching component, with good agreement between the two samples. Structure 
C consists of dense Si02 covered by a silicon nitride layer of different compo- 
sition than in A and B. 

8. Summary and Conclusions 

A general method based on selective chemical etching has been de- 
vised to determine the quality of passivation overcoat layers deposit- 
ed over metallized IC's. The method has been specifically optimized 
for quantitatively analyzing single -layer and multilayer structures of 
both SiO2 and PSG on aluminum -metallized individual IC pellets, 
and assesses the chemical composition, the component layer struc- 
ture, and the integrity of the dielectric overcoat in terms of the num- 
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her of defects such as pinholes and microcracks over the aluminum 
metallization. The primary passivation layers underneath the metal- 
lization can he readily characterized at the same time the overcoat 
analysis is performed. 

Two techniques for determining layer thickness and composition 
have been developed and applied. In the standard technique the 
types and thicknesses of combination layers are determined from 
graphical plots of differential etch rates. The phosphorus content in 
PSG layers is then read off a calibration curve that relates the etch 
rate with the % P. This technique is precise, accurate, and reliable, 
but somewhat time-consuming to perform. 

The second technique is considerably simplified and faster in that 
the precision etching requires only measurement of the total etch 
time for the overcoat, followed by one or two contour measurements 
with a stylus instrument. However, the profile of the etched step 
must he sufficiently sharp to allow graphical resolution into the com- 
ponent layers, which is not always the case. This technique may be 
recommended for cases where lower accuracy and precision are ac- 
ceptable, and for routine applications where many samples with very 
similar layer composites are to he examined. 

The basis for determining layer structure and composition is quan- 
titative selective etching under isothermal conditions. We have 
shown that isothermal etch -rate tests are simple and convenient; 
densifying the films before etching renders the etch rate a unique 
function of the composition only, since dynamic effects in the as -de- 
posited films due to film stress and density anneal on heating. Gener- 
ally applicable calibration curves have been presented relating etch 
rates of as -deposited and of densified CVD PSG and SiO2 films with 
composition established by primary wet chemical analysis, and also 
with relative film density. Furthermore, the etch -rate results can be 
used to estimate the hydride gas composition that was used in the 
manufacture of the device. The techniques described are therefore 
well suitable for determining the composition and ayer structure of 
films deposited on silicon control chips for monitoring the CVD pro- 
cesses as well as for IC pellet analysis. 

Procedural details have been provided to enable other workers to 
apply the method in the laboratory. Recommendations on pellet de - 
capsulation have also been presented, since very little published in- 
formation is available on this essential prerequisite for analysis. 

The method has been successfully applied to the analysis of com- 
mercial IC's from various manufacturers, including complex struc- 
tures consisting of several component layers. The results of this sur- 
vey have been tabulated and discussed, demonstrating that a wide 
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variety of layer combinations, thicknesses, and PSG compositions 
have been employed, often with poor process control. 

Application of the method of selective etching can be extended to 
the characterization of other types of dielectric layer structures. Ex- 
amples have been presented for layers consisting of silicon nitride de- 
posited at low temperature by plasma reactions. 

Acknowledgments 

I wish to thank Robert D. Vibronek and C. Edwin Tracy for their 
technical assistance in this project, John Sabo and Bernard L. Goy - 
dish for wet chemical analysis, and George R. Auth for the Talysurf 
measurements. I am indebted also to Herbert Foxman for his expert 
advice on decapsulation procedures and for providing the photograph 
of a decapsulated device, and to George L. Schnable and Norman 
Goldsmith for critically reviewing the manuscript. 

Appendix 1-Decapsulation Techniques 

a. Using a drill press, cut a hole in the top center of the plastic pack- 
age just deep enough to reach or cut the bond wires. Alternatively, 
use a small electric rotary hand grinder to produce the opening by 
hand. The diameter of the hole should extend across the lengthwise 
center third of the package. Rinse with acetone and air-dry. 

b. Dissolve the epoxy-novolac (or phenolic) based encapsulant by 
immersing the package on a tungsten wire in white fuming nitric acid 
(90%) at a temperature in the range of 50° to 90°C just long enough 
to expose the IC pellet. Immersion time for epoxies at 90°C is typical- 
ly 25 to 50 seconds; much longer periods may he required for pheno- 
lics, depending on composition. During this entire operation strict 
safety precautions must be observed (goggles, rubber gloves, exhaust 
hood). Remove the sample and rinse with a jet of acetone. Rinse with 
water and then soak it for at least one minute in fresh acetone. Blow 
dry with clean, compressed air and inspect under the microscope. If 
necessary, repeat the acid treatment until the chip surface is fully ex- 
posed. 

c. Junction coatings consisting of anhydride -cured epoxy resins are 
frequently used to protect the chip before plastic encapsulation. 
These are resistant to nitric acid. If present, dissolve them by im- 
mersing the oven -dried sample on a tungsten wire in concentrated 
(97%) sulfuric acid heated to 150°C under a stream of dry nitrogen 
(to exclude water vapor) until the device pellet is completely freed of 
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organic materials; this may require extraction periods totaling typi- 
cally 7 to 15 minutes. Again, strict safety precautions as noted above 
must he observed. After 6 to 7 minutes of extraction, rinse the sample 
with a jet of acetone, soak it for at least one minute in fresh acetone, 
blow dry and inspect. Continue the acid treatment if necessary. 

d. Remove encapsulants based on silicone resins by immersing the 
sample in 1,1,3,3-tetramethyl-guanidine at 85° ± 10°C in a covered 
beaker. Check every 30 minutes until the encapsulant is removed. 
Then rinse in running water and dry in acetone. 
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Contact Resistance of Metal-Silicon Systems at 
Microwave Frequencies 

Y. S. Chiang, E. J. Denlinger, and C. P. Wen' 

RCA Laboratories, Princeton, N. J. 08540 

Abstract-Contact resistance of silicon to various metal systems was studied in actual 
device configurations in the frequency range of 500-2000 MHz. The experi- 
ments were made by using standard microwave O measurement techniques of 
p+nr.+ and p+pn+ multi -layer, all-epitaxially-grown, silicon diodes under high - 
field reverse -bias conditions. Experimental results obtained with Au-Cr-Si, Au - 
Ti -Si, and Au-Cr-Pd2Si-Si systems are presented and discussed in terms of the 
device performances of diodes utilizing these metal contact systems. 

1. Introduction 

Electrical properties of semiconductor devices are often strongly af- 
fected by the metallic contacts placed next to the semiconductor 
layers. Thus, it has become increasingly important to construct 
ohmic, very -low -resistance contacts to silicon and to measure the 
contact resistance involved accurately. Voluminous work has been 
published dealing with the theory and measurement of the dc charac- 
teristics of the metal -semiconductor junction.'-? Comparatively little 
work, however, has been addressed to the fabrication and character- 
ization of ohmic low -resistance contacts of silicon microwave devices. 

Eng8 has considered the various approaches for measuring the se- 
ries resistance of the varactor diode at microwave frequencies. He 
concluded that the resonant -cavity method of evaluation of Q may be 

Present address: Science Center, Rockwell International, Thousand Oaks, Calif. 
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the best because of the ease of accomplishing the measurement and 
the accuracy and reproducibility of the results. His results indicated 
that the equivalent series resistance was essentially independent of 
frequency above 500 MHz.8,9 Inal and Toker10 in a later paper fur- 
ther showed that the varactor-diode resistance is frequency indepen- 
dent from 300 MHz on up. In a recent publication, Ohtomoll re- 
ported that the series resistance of silicon Impatt diodes was not fre- 
quency dependent in the 8-12 GHz region. 

Three silicon microwave devices, p -i -n, varactor, and Impatt 
diodes, rely critically on the metal-semiconductor contact technolo- 
gy. The ultimate performance of all three types of diodes is limited by 
the metal-silicon contact resistance involved, even though for Impatt 
diodes an optimum impurity profile must be provided to insure the 
proper operation. This paper presents the results of contact resis- 
tance measurement on metal-silicon systems of actual devices under 
normal operating conditions using the resonant -cavity method. The 
measurement frequencies were in the UHF and L -band regions. All 
three types of above -mentioned diodes were evaluated; and the con- 
tact resistances measured were correlated with the performances of 
the respective devices. 

The metal-silicon systems studied include gold -chromium -silicon 
gold -titanium -silicon, gold -palladium -chromium -silicon, and gold- 
chromium-palladium silicide-silicon. These systems were chosen be- 
cause they are the most commonly used and potentially useful sys- 
tems for fabrication of silicon microwave devices. 

2. Experimental Method 

All the diodes measured were fabricated from epitaxially grown mul- 
tilayer n+pp+ or n+np+ structures on a (100) oriented n+ silicon sub- 
strate by silane pyrolysis in hydrogen. Diborane (B2H6), arsine 
(AsH3), and phosphine (PH3) were used to achieve the desired impu- 
rity concentration in the various epitaxial layers of the silicon struc- 
ture. The basic processing steps for fabrication of the various Impatt, 
varactor, and p -i -n diodes are the same as those described in an ear- 
lier paper. 12 

The metallization of silicon layers is described here in some detail 
in order to precisely state the conditions under which the metal-sili- 
con contact is formed. The silicon surface to be metallized is first 
cleaned in hot sulphuric-acid-hydrogen-peroxide-water mixture fol- 

lowed by a distilled water rinse, hydrofluoric-acid-water dip, and dis- 
tilled water rinse. The silicon wafer is then spun dry and placed im- 
mediately into the vacuum chamber. All metal layers except palladi- 
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urn silicide were vacuum deposited at 150°C and at a pressure less 
than 2 X 10-6 Torr. In the case of palladium silicide, palladium is 
first vacuum deposited onto silicon at 250°C and then annealed at 
the same temperature for a period longer than that required to con- 
vert to palladium silicide, in accordance with Bower et al.13 

The test diodes were mounted individually using soft solder in a 
high -quality metal ceramic package. Six 25 -pm diameter gold bond 
wires were used to connect the top metal contact to the lip of the 
package. The number of bond leads used, therefore, exceeds that re- 
quired for making an accurate measurement.14 The experiment was 
carried out in a resonant cavity at frequencies of from 700 to 1700 
MHz using standard microwave Q-measurernent techniques15,16 
under reverse -bias conditions. The Q value of the packaged diode is 
calculated using the Q value of the empty rf coaxial cavity at the 

Fig. 1-Equivalent circuit of packaged en or n+p junction. 

same frequency as the reference. The equivalent circuit of a packaged 
p+n or n+p junction is shown in Fig. 1. The relationship between the 
measured Qd of the diode and the diode series resistance rs is: 

W;C + Cpk [(1 + rsGp)2 + w2C2rs211 
Qd -Gp(1 + rsGp) + w2C2rs + Gpk1(1 + rsGp)2 + w2C2rs2] 

[1] 

where C is the depletion capacitance, Cpk is the package capacitance 
(Gpk S 10-10 mho is the package shunt conductance), Gp 5 10-10 
mho is the shunt conductance of the p -n junction, and co is the radian 
frequency at which the Q measurement was made over the range 
700-1700 MHz. Since rs is less than 1 ohm, rsGp < 1, w2C2rs2 < 1, 
and w2C2rs2» Gp or Gpk, Eq. [1] can he reduced to: 

(1 + Cpk)/C 
Qd coCrs 
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The Q factor for these low -leakage diodes in the microwave range is 

governed only by the depletion capacitance and the series resistance. 
The series resistance rs is therefore: 

(1 + Cpk)IC 
rs 

WCQd 

The series resistance of the diode evaluated from the Q factor mea- 
sured at a reverse bias voltage higher than or equal to that required 
to completely deplete the active layer represents the practically 
achievable contact resistance rsc of the metal-semiconductor system. 
The correction due to the series resistance of the p+ and n+ layers is 

usually quite small. Using the value of contact resistance rsc thus cal- 
culated, the average specific contact resistance PS can be determined 
by: 

A 
!s = rsc 

2 
[41 

where A is the cross-sectional area of the diode. 
The average specific contact resistance ps is used as the merit indi- 

cator for comparing various metal-silicon systems. It is related to the 
specific contact resistances of the metal to the n+ and p+ silicon 
layers as follows: 

Psn+ + Psp+ 
Ps - [5 1 

where Ps+ = specific contact resistance of metal to n+ silicon layer 
Psl,+ = specific contact resistance of metal to p+ silicon layer 

3. Experimental Results 

The measured average specific contact resistance ps of gold -chro- 
mium -silicon, gold -titanium -silicon and gold -chromium -palladium 
silicide-silicon systems are given in Table 1. Dopants of the n+ and 
p+ layers as well as the larger resistivities are specified. 

The dependence of contact resistance rsc on cross-sectional area A 

of a gold -chromium -silicon system is shown in Fig. 2. The p+ layer is 

boron doped and has a resistivity of 0.001 ohm -cm; the n+ layer is ar- 
senic doped and has a resistivity of 0.003 ohm -cm. A scale of diameter 
in mils corresponding to the various values of area A is also provided 
for the rapid estimation of contact resistance involved for any given - 
size diode. The effect of the thickness of the metal layer in direct con- 
tact to silicon on the contact resistance for the gold -titanium -silicon 
system is presented in Table 2. 
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The variation of specific contact resistance with the resistivity and 
dopants of the n+ layer, together with the device performance as an 
Impatt oscillator12 using the gold -chromium -silicon system, is given 
in Table 3. Table 4 compares the measured specific contact resistance 

Table I-Specific Contact Resistance of Metal-Silicon Systems 

Metal-Silicon 
System 

Average 
p+ Layer Dopant n+ Layer Dopant Specific Contact 

Resistivity, Resistivity, Resistance, 
ohm -cm ohm -cm ps, ohm -cm' 

Au-Cr-Si 

Au -Ti -Si 

Au-Cr-Si 

Au-Cr-Pd2Si-Si 

Boron Arsenic 12 x 10-6 
0.001 0.003 

Boron Arsenic 37 x 10-6 
0.001 0.003 

Boron Phosphorus 7 X 10 
0.001 + Arsenic 

0.0015 
Boron Phosphorus 8 X 10-6 

0.001 + Arsenic 
0.0015 

Table 2-Dependence of Specific Contact Resistance on Thickness of Titan- 
ium Layer for Gold -Titanium -Silicon System 

Thickness of p+ Layer Dopant n+ Layer Dopant Average Specific 
Titanium Resistivity, Resistivity, Contact Resistance, 
Layer, A ohm -cm ohm -cm ps, ohm -cm' 

20 Boron Arsenic 
0.001 0.003 

100 Boron Arsenic 
0.001 0.003 

36 X 10-6 

38 x 10-6 

Table 3-Dependence of Specific Contact Resistance on Resistivity and Do - 
pants of n+ Layer and Resulting Device Performance for Gold - 
Chromium -Silicon System 

Device Performance as an 
IMPATT Oscillator!' 

p+ Layer n+ Layer Average 
Dopant Dopant Specific Contact Max. 

Resistivity, Resistivity, Resistance, Eff. CW Output Frey. 
ohm -cm ohm -cm ps, ohm -cm' r), % Power, mW GHz 

Boron Arsenic 12 X 10-6 9.2 555 29.6 
0.001 0.003 

Boron Phosphorus 4 x 10-6 10.9 460 35.3 
0.001 0.0015 

Boron Phosphorus 7 X 10-6 9.7 565 32.5 
0.001 + Arsenic 

0.0015 
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CONTACT RESISTANCE 

with the device performance as an Impatt oscillator observed under 
two different conditions of vacuum deposition of the metals for the 
gold -palladium -chromium -silicon system. 

The specific contact resistance and device performance of a num- 
ber of the regular p+nn+ varactor diodes and the back-to-back 
p+nn+p+ varactor diode is given in Table 5. The effective contact re- 
sistance rsc of the p+nn+p+ diode referred to in Table 5 includes the 
resistance of the p+, n+, p+ layers plus the extra series resistance of 
the p+n+ junction. 

DIAMETER IN mils. 
10 5 3 

2 3 

(AREA) 1 (X104 cm -2 ) 

Fig. 2-Dependence of contact resistance on cross-sectional area of a gold -chromium - 
silicon system. 

2.5 

4. Discussion 

4 

All our series resistance measurements were made in the frequency 
range of 700 to 1700 MHz and they have been considered to he fre- 
quency independent in computing the value of specific contact resis- 
tance listed in Table 1. This was justified by the earlier work of 
Eng,8'9 Inal and Toker,10 and Ohtomo," together with the observa- 
tion that identical results of series resistance of p -i -n diodes were ob- 
tained at 600 and 1000 MHz under heavily forward biased conditions. 
The experimentally determined average specific contact resistance 
for gold -chromium -silicon and gold-chromium-palladium-silicide-sil- 
icon systems (Table 1) is within the realm of the expected value cal- 
culated from theory for the dc case by Chang, Fang, and Sze3 using a 
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barrier height of 0.68 eV for Cr-n-Si17 and 0.745 eV for Pd2Si-n-Sí.18 
In addition, the average specific contact resistance ps for gold -chro- 
mium -silicon agrees very well with our own dc measurement on bulk 
silicon wafers, i.e., psP+ of 9 X 10-6 ohm-cm2 for a p+ wafer of 0.001 
ohm -cm resistivity and psn+ of 22 X 10-6 for an n+ wafer of 0.008 
ohm -cm resistivity. The value reported here is consistent with the dc 
specific contact resistance obtained earlier by Hooper, Cunningham, 
and Harpers on Cr-Si. The average specific contact resistance for the 
Au-Cr-Pd2Si-Si system listed in Table 1 falls in between the values of 
do contact resistance measured for the Pd2Si-Si contacts by Kircher1s 
and by Buckley and Moss.19 Furthermore, all of the resistance values 
are within the same order of magnitude. 

The average specific contact resistance measured for the gold -tita- 
nium -silicon system is much higher than the dc measurement on bulk 
silicon wafers. A specific contact resistance psP+ of 6 X 10-6 ohm-cm2 
was measured on a 0.001 ohm -cm p+ wafer, and ps+ of 14 X 10-6 
ohm-cm2 on a 0.008 ohm -cm n+ silicon wafer in the do case. In con- 
trast to the Au-Cr-Si case, a factor of 4 deterioration was observed 
for the microwave contact resistance of a real diode to that of the dc 
contact resistance between titanium and a bulk silicon wafer. The 
mechanism for this large deterioration in contact resistance is firmly 
believed to be a chemical attack on titanium during the silicon -diode 
definition step of our processing procedure. Hydrofluoric -acid -nitric - 
acid in the proportion of 3 to 97 was used to define the silicon diode, 
and titanium is known20 to dissolve in HF and hot HNO3. This serves 
to illustrate the importance of device processing in affecting the per- 
formance of the finished diode. In this particular case, even though 
the measured do contact resistance of Au -Ti -Si is less than that of 
Au-Cr-Si, the contact resistance observed in actual microwave de- 
vices is lower for the latter. 

The contact resistance r for Au-Cr-Si is shown to depend linearly 
on the reciprocal of area over the whole range of diode diameters of 
practical interest (see Fig. 2). The various values of rs, used in the 
plot for Fig. 2 are measured throughout the frequency range of 790 
MHz to 1500 MHz, and no corrections with respect to frequency are 
made. The reasonable linear relationship between rs, and A-1 togeth- 
er with the good agreement between the dc and microwave measured 
values of specific contact resistance further substantiates the validity 
of the contention that the series resistance is frequency independent. 

Thickness of the contact metal layer in the case of an Au -Ti -Si sys- 
tem does not affect the measured contact resistance, which indicates 
that the contact resistance is indeed dominated by the Ti -Si contact, 
as would be expected. The specific contact resistance should be high - 
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ly dependent on the resistivity of the silicon, regardless of the partic- 
ular metal contact, in accordance with both the theoretical treat- 
ments3,4,6 and the experiment findings.5,21,22 Such a dependence was 
observed and tabulated in Table 3. The ratio of the average specific 
contact resistances between an Au-Cr-Si system containing an arse- 
nic doped (0.003 ohm -cm) n+ layer and one containing an arsenic - 
plus -phosphorus -doped (0.0015 ohm -cm) n+ layer is about the same 
as the ratio of the resistivities of the two n+ layers. This is in excel- 
lent agreement with the conclusions made by Hoare22 that the con- 
tact resistance has been shown to be closely proportional to the bulk 
resistivity of the silicon. Nevertheless, the considerable lower value of 
average specific contact resistance for the case containing the phos- 
phorus -doped n+ layer (at a resistivity of 0.0015 ohm -cm) than for 
the case containing the phosphorus -plus -arsenic -doped n+ layer with 
the same resistivity points to the preeminence of the various molecu- 
lar interactions involved at the actual metal -silicon junction. 

The performance of Impatt oscillators, as shown clearly in Table 3, 
corresponds reasonably well with the measured contact resistance. 
Both the device performance and the measured average specific con- 
tact resistance compare favorably with the S3019 Si Impatt's mea- 
sured by Ohtomo.11 He reported an efficiency of 5.8% and a series re- 
sistance at breakdown of 0.67 ohm (corresponding to ps of 67 X 10-6 
ohm-cm2) for one diode and an efficiency of 6.3% and a series resis- 
tance at breakdown of 0.53 ohm (corresponding to ps of 63 X 10-6 
ohm-cm2) for another diode. Furthermore, the device performance 
and the contact resistance of two batches of diodes fabricated under 
conditions of precisely controlled and nominally controlled vacuum 
deposition of metals are compared in Table 4. The importance of 
metal -silicon contacts in influencing the performance of Impatt oscil- 
lators cannot he over -emphasized. 

The performance of a varactor is characterized by, among other 
things, the Q factor, the usable capacitance tuning ratio, and the 
maximum rf signal -handling capability in terms of peak -to -peak volt- 
age swing. Table 5 lists the first two factors of the device performance 
as related to the measured contact resistance for two different varac- 
tor structures, the normal p+nn+ type and the back-to-back p+nn+p+ 
type. The normal p+nn+ type diodes all have an rf signal -handling 
capacity of approximately 2 volts (peak -to -peak voltage swing), 
whereas the p+nn+p+ type diode has a capacity of approximately 5 
volts. The particular p+nn+p+ diode has 2.5 -volt and 42 -volt break- 
down hack -to -hack junctions. The p+nn+p+ type varactor diode has a 
much improved rf signal handling capability at the expense of a mod- 
erate lowering of the Q factor. It appears that, in this particular case, 
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the forward -biased extra p+n4 junction has a series resistance almost 
identical to that of a metal -silicon junction. 

The merit of a p -i -n diode is almost exclusively expressed in terms 
of series resistance at a specific current level. The contact resistance, 
which is independent of current density7 and ever present, thus con- 
stitutes the most important figure of merit for the finished p -i -n 
diode. In addition, parameters such as insertion loss, isolation, and 
power dissipation of a circuit containing p -i -n diodes depend greatly 
on the diode's resistance.23 
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Noise Performance Factors in Television Tuners 

Stewart M. Perlow 

RCA Laboratories, Princeton, N.J. 08540 

Abstract-The optimization of television tuner noise figure requires a simple means of 
recognizing the effect of component parameters on noise performance. 
Graphs are presented that quickly and precisely show the influence of amplifier 
gain and noise figure, image rejection, filter element O's, and mixer noise fig- 
ure on the overall noise performance of the television tuner. 

Introduction 

Optimization of a system noise figure requires a simple means of rec- 
ognizing the effect of component parameters on noise performance. 
The basic television tuner consists of a preselector, rf amplifier, post 
selector, and mixer as shown in Fig. 1. The noise figure and gain asso- 
ciated with the amplifier and mixer, along with the filter resonator Q, 
which determines the insertion loss and image rejection of the filter, 
are the most significant parameters in analyzing noise performance. 
Another element, the one which is in practice the limiting factor in 
noise performance of tuners today, is cost. A knowledge of the influ- 
ence of the system parameters on noise performance, and the cost of 
an improvement in them, allows a logical decision to be made on the 
cost effectiveness and performance trade-offs for a particular tuner 
system. The graphs described in this paper greatly aid in the rapid 
evaluation of the effect of the various parameters on tuner perfor- 
mance. 
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Pre- and Post -Selector Filters 

The filters, which provide selectivity and image rejection for the tele- 
vision receiver, usually consist of a single section preceding the rf am- 
plifier and a double -section post selector. The combined response 
must provide the required image rejection and the smallest possible 
insertion loss. A narrow handpass filter design, which assumes the fil- 

PRE SE L ECTOR Go AMP POST MIXER IF AMP 

LI Go, Fo SELECTOR 

L2 

Groot , 

Lmia 
FIF 

Fm 

Fig. 1-Tuner system. 

ter elements to be lossless, will result in an n section filter that has an 
attenuation, Ls, at the image frequency of 

Ls = n (image rejection for single -pole filter) dB 

and an insertion loss, Lo, of 

L0 = 0 dB. 121 

[1] 

When dissipative losses in the filter elements are taken into account, 
however, not only will the filter have insertion loss but the image in- 
jection will no longer be additive as it is in the lossless case. Cohen', 
has studied the general case of multiple resonator filters, including 
dissipation loss in the filter elements, and has found that an equal - 
element filter prototype will provide almost minimum insertion loss 
for a specified high attenuation at some nearby frequency. Under 
these conditions the relationship between the insertion loss and the 
loss, Ls', at the image frequency is found to be 

Ls '+6.02 
4.343n antilog 

I,o 
20n 

dB 131 
w.Qo 

where cos ís the fractional image bandwidth, (w;2 - w;l)/wo, and Qo is 

the unloaded Q of each filter section. Since the image rejection is de- 
fined as the attenuation at the image frequency with respect to the 
filter response at mid -band, the image rejection, Ls, in the loss ele- 
ment case becomes 

120 RCA Review Vol. 37 March 1976 



Ls = Ls' - Lo dB [4] 

It is important to note that Eq. [3] has a minimum value of Lo that is 
a function of the number of filter sections for fixed values of Ls', ws, 
and Qo, i.e., the insertion loss will not be the minimum value if n is 
too small or too large. 

This relationship between the insertion loss and image rejection is 
brought about by the loss in the circuit elements, which is represent- 
ed by the unloaded Q of the resonators. Since the Q is the basis of the 
discussion, it should be carefully considered. The unloaded Q of each 
filter section is the combined unloaded Q of the capacitance and in- 
ductance associated with the section: 

1 1 

Qo Qoc + QoL 151 

where Qoc is the unloaded capacitive Q and QoL is the unloaded in- 
ductive Q. 

When the capacitor and inductor are lumped elements the unload- 
ed Q values are simply defined. However, if the capacitive element is 
a varactor, the unloaded Q must be measured at the proper bias con- 
ditions, and the Q of the blocking capacitor, if any, must be taken 
into account. 

XB+Xv 
Qor - 

XR+Xv 
QB Qv 

[6] 

where XI; and X v indicate the reactances of the blocking capacitor 
and varactor, respectively. 

When transmission line resonators are used, the element Q's are 
not as simply defined.2 The Q of any element or resonator is the ratio 
of the energy stored to the power dissipated in it. When lumped ele- 
ments are used, the electric field is localized in the capacitive compo- 
nents and the magnetic field is localized in the inductive components. 
A transmission line, being distributed in nature, contains both elec- 
tric and magnetic fields. In the commonly used configuration shown 
in Fig. 2, a transmission line, shorted at one end, is resonated with a 
lumped element capacitor or varactor. At resonance, only a portion of 
the maximum electric energy is stored in the capacitor. This effect 
must be taken into account when considering the effective capacitive 
Q. 

The total power dissipated in the resonator is the sum of the pow- 
ers dissipated in the transmission line and in the capacitor 
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Po = POL + Por. [7] 

The stored energy, U, is related to the Q and the dissipated power by 

Qor - 4.)U 0c 

Por 

wUoL 
QoL - 

POL 

Qo = 
Po 

Substituting these values into the equation for dissipated power gives 

yo = UoL Uor 
Qo QoL Qor 

w Uo 

[8] 

LO 

[9] 

.6- 

-- B - 

t 

KQ . 2 SIN 29 

2B SIN 20 
UoC 

UOL 

UOL MAX ENERGY STORED IN 

TRANSMISSION LINE 

UOC 
CAPACITANCE 
MAX ENERGY STORED IN DIODE 

9 ELECTRICAL LENGTH OF TRANSMISSION 

LINE 

I 1 

0.I,r 0.2w 

Fig. 2-Stored energy correction factor. 

o 0.3y 0.4w 

]-1 

0.5w 

At resonance there exists a continuous interchange of energy be- 

tween the magnetic and electric fields. At any instant of time the 
total energy stored in the system is equal to the maximum energy 
stored in the magnetic field. This occurs when the current is a maxi- 

mum. Therefore 

Uo = UOLlmaxl 
[lo] 
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and 

where 

1 1 1 

Qo QoL + QoclKQ 

KQ 
UOLI maxi 

It should be noted that in the case of a lumped -element resonant sys- 
tem, the maximum energy stored in the magnetic field of the inductor 
is equal to the maximum energy stored in the electric field of the ca- 
pacitor. Therefore 

UO = UOLI max 1 = UOcI max V 

and 

Uo, 
[12] 

[ 13] 

1 1 1 

Qo QoL + Qoc 
[141 

Comparing the Q equations for the transmission line and lumped 
element cases, shows that the effective capacitive Q for the transmis- 
sion line resonator becomes 

Qoc = 
K Q 

The value of KQ can be found by calculating the energy stored in the 
transmission line and the capacitor for maximum current conditions. 

j xi 
Uo = 

2 
LL r 1(x)dx 

o 

U, = 
2 

C[V(x1)]2 [16] 

where 

Qoc 

1(x) = 1 cos /3x 

V(x)=j/Zo cos f3x 

Z(x) = j Z0 tan ,Qx 

LL = inductance per unit length 
C = capacitance 

The resulting value for KQ is 

Uoc 2 sin 20 

KQ UoLlmax 28 + sin 20 

[15] 
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where 0 is the electrical length of the transmission line. Fig. 2 shows 
the relationship between the correction factor, KQ, and the electrical 
length of the transmission line.2 

The relationship between the Q values and filter performance is in- 

terpreted graphically in Fig. 3. The center of the graph consists of a 

plot of total loss at the image frequency as a function of a parameter 
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Fig. 3-n -section television tuner filter. 

K for up to six filter sections, where K is defined as: 

K=QoLo(4f0) 

To the left is a plot of K as a function of Qo with Lo(470/f) as a pa- 

rameter. This permits the direct resolution of K into insertion loss 

and unloaded circuit Q. To the right, K is plotted as a function of 

Lo(470/f) with Qo as the parameter. 
The graphs were produced for a television channel center at 470 

MHz and an image frequency 85 MHz above 470 Mhz. For the same 
image bandwidth centered at any other frequency, simply multiply 
the value of Lo(470/f) by the new frequency normalized to 470 MHz 

i.e., f(MHz)/470. To change the image bandwidth multiply the value 

of Lo(470/f) by 85/I f; - f I . In general for any half image bandwidth, 
f; - f, and any center frequency!, 

[18] 
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(Ls +L0)dB 

!.ó = Lo 
\470/ 85 ¡1) dB 

where all frequencies are in MHz. 
The lower left-hand plot converts the capacitive and reactive un- 

loaded Q's to total circuit unloaded Q, i.e., Qo. 

A significant fact which is seen by inspection of the center plot is 
that, for a given unloaded Q, there is an optimum number of filter 
sections that will yield best image -rejection and insertion -loss perfor- 
mance. For example, if the total loss at the image frequency is 10 dB, 
a filter consisting of only two sections will have an insertion loss of 0.6 
dB while a six -section filter will have an insertion loss of 1 dB. On the 
other hand a 30-dR total loss at the image frequency is best realized 
by a four -section filter. Table 1 provides a tabulation of total loss at 
the image frequency and the number of filter sections that will pro- 
vide minimum insertion loss. The actual value of insertion loss will 
depend on Qo. 

Table 1-Number of Filters Providing Minimum Insertion Loss 

1191 

Total Loss Optimum Number 
of Filter Sections 

lO to 15 2 
15to24 3 
24 to 30 4 
30 to 45 5 

The use of Fig. 3 can best he seen by considering the following ex- 
ample. An electronic filter will use varactors having corrected unload- 
ed Q's of 50 at 470 MHz. The Q of the transmission line section is 
1000. The problem is to determine the optimum number of filter sec- 
tions and the filter insertion loss for an image rejection of 40 dB. 
Table I indicates that the number of filter sections is five. Therefore 

LS = 40 dB 

Qor 
= 50 

KQ 

QOL = 1000 

n=5 
Since the insertion loss will he several dB, the starting value of Ls 

+ Lo should he chosen slightly higher than 40 dB. Let Ls + Lo = 4,5 

dB. The intersection of Qo and Qo,, values results in Qo = 48 at point 
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A. Point B gives the K value for Ls + Lo = 45 and n = 5. The inter- 
section of this K value and the Qo value occur at point C resulting in 

an insertion loss of 4 dB. The image rejection is therefore 41 dB. If 

the value of Ls + Lo is reduced to 40 dB, the insertion loss remains at 
about 4 dB thus giving the required result_ Therefore 

n=5 
Lo = 4 dB 

Ls = (Ls + Lo) -Lo= 44-4= 40 dB 

If n is now reduced to two sections the new K value is found at point 
D. The intersection of this K value and the Qo = 48 line occurs at 
Point E resulting in an insertion loss of 8.8 dR and an image rejection 
of only 35.2 dB. 

n=2 
Lo = 8.8 dB 

Ls= 44 - 8.8 = 35.2 dB 

To maintain the image rejection at 40 dB with a two -section filter is 

almost impossible, because the insertion loss increases much faster 
than the image rejection. For an insertion loss of 15 dB, L,,. + Lo is 

only 53 dB and increases to only 58 dB fo_ an insertion loss of 23 dB. 

Lo = 8.8 dR 

Lo = 15 dB 

Lo = 23 dB 

Ls=44-8.8=35.2dB 
Ls = 53 - 15 = 38 dB 

Ls = 58 - 23 = 35 dB 

The largest value of image rejection that is attainable for a given Qo 

occurs when the slope of the n parameter curves is the same as the 
slope of the Qo parameter curves when the abscissas (dB) scales are 
equal. Therefore the line corresponding to the value of Qo, which has 
the slope 

K 
- Qo [20] 

5(Ls+Lo) 

can be overlayed on the center region of Fig. 3 and slid until the tan- 
gent point is found. This is done in Fig. 3 for this example and is 

found to he 38 dB with an insertion loss of 15 dB. It ís important to 
remember that this maximum value of image rejection does not occur 
for minimum insertion loss. 

Since many tuners are designed using a single -section preselector 
and double -section post selector, the insertion loss versus image re - 
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Fig. 4-Image rejection and insertion loss (one -section filter). 

ject ion with Qo as a parameter is plotted in Figs. 4 and 5. Fig. 4 clear- 
ly identifies the maximum image rejection for various Qo values. A 
comparison of both plots shows that for an image rejection less than 
10 dB the insertion loss for a single section is approximately the same 
as that for a double section. However, the image rejection for a dou- 
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Fig. 5-Image rejection and insertion loss (two -section filter). 
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ble section may be increased greatly for a very small increase in total 
insertion loss. 

Another important property of filters with dissipative losses can be 

seen by examining Fig. 3. A two -section filter with an insertion loss of 
10 dB and Qo = 50 will have an image rejection of 36.6 dB. If the fil- 

ter sections are now separated by a unity -gain amplifier, the new fil- 

ter will consist of two single resonators. To maintain the same total 
insertion loss, let each section have 5 -dB insertion loss. The image re- 
jection per section will then be 15 dB for a total image rejection of 
only 30 dB compared to the original 36.6 dB. If the image rejection 
were held constant, then the insertion loss would have deteriorated. 
This is true for any number of filter sections and results because the 
criteria for external loading and critical internal coupling are differ- 
ent in the lossless and dissipative cases. 

C= 
Ro 

Ro 

o 

__ _. Rs C 

KI l 

Chi 

pe = 
Ra) 

Fig. 6-Coupled cavity resonators. 

To get better insight into the effect of coupling and trade off be- 
tween insertion loss and image rejection, an examination of two cou- 
pled filter sections is useful. Presser originally developed a graph in 
the form of Fig. 3 for a symmetrical pair of cavity resonators with 
loop couplings.2.3 For this case, shown in Fig. 6, the insertion loss is 

( e 2 

Lo=201ogior\1+Q0 dB [20] 
L 22k Qe 

+kQe 
2 2 

where Qe is the external Q of each cavity and k is the coefficient of 
coupling between cavities. The critical coupling, kq, between cavities 
is defined as 
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TV TUNERS 

kq = +o [21] 
e 

This coupling provides minimum insertion loss for a single lumped 
response. Under these conditionsthe insertion loss becomes 

L0 = 20log10 
[ 

1 + Qe f dB [22] 
Qo 

The image rejection for the two critically coupled cavities is 

Ls = 10log10 ( 1 + Q) 2 + 
` 

2( 
1 + 

QQee2/ 

Qo) 

(li_f)2]21 

- Lo dB [23] 

Both the insertion loss and image rejection are functions of the exter- 
nal Q, which is a measure of the loading of each cavity, and the un- 
loaded Q of the cavities. The value of Qe can be changed by adjusting 
the external coupling loops. However, when the external coupling 
loops are adjusted, the internal coupling loops must also be adjusted 
so that critical coupling is maintained. The relationship between the 
coupling, insertion loss, and image rejection is now evident. The 
image rejection should be made as high as possible, which requires Qe 
to be large compared to Qo. To make the insertion loss low, QP should 
be small compared to Qo. Since both these criteria are in opposition 
to one another, a compromise must he made. 

In the case of nondissipative filter sections the cavity unloaded Q 
would be infinite and the insertion loss and image rejection become 

Lo = 201og1o1 = 0 dB [24] 

Ls= 10logio 1 + 4 Q. 
(fi a 

/ 
dB [25] 

The coefficient for critical coupling becomes 

kg = 
Qe 

[26] 

Lossless filter sections do not require a trade-off between insertion 
loss and image rejection because the insertion loss at a frequency h is 
a function of the external coupling only. 

The requirement that these filters be tunable over an octave band- 
width resulted in a filter design that was as simple as possible, i.e., a 
filter that contained transfer -function poles only. However, filters 
that contain both poles and zeros can provide additional skirt selec- 
tivity if the zeros are placed at the image frequency. A technique that 
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may he used to provide an additional 6 to 10 dB of image rejection, 
without too much difficulty, consists of coupling the input signal to 
the output of the filter through an additional path.4 The basic con- 
cept can best he seen by considering the system shown in Fig. 7. Both 
signals are decoupled at the input to the filter by the same amount as 
the image rejection of the filter. A phase shifter is added to the de - 
coupled arm and is adjusted so that the signal appearing at port B of 
the adder is 180 degrees out of phase with the signal at port A. The - 

jo_ 
o 

40 
PHASE f fi 
SHIFTER 

f -ro 
-40dB 

FILTER 

f fi 
LS 40dB 

ir -40 
f fi 

Fig. 7-Cancellation of image signal. 

output of the adder consists of the vector addition of the image signal 
along with the vector addition of the desired signal. At the desired 
frequency the addition consists of adding two signals whose magni- 
tudes are different by approximately 40 dB. The resultant is there- 
fore the desired signal as it appeared at port A. The signal at the 
image frequency will he completely cancelled at the output if the 
phase and amplitude are adjusted correctly. 

This concept, as applied to a resonant cavity or coupled transform- 
er type structure, consists of coupling some of the input signal by 
means of the output coupling loop and adjusting this loop for the 
proper phase and amplitude relationship. 

System Noise Figure 

The minimum system noise figure is the noise figure of the rf amplifi- 
er. The ultimate goal is to reduce this to its lowest practical value. 
Optimization of the rest of the system consists of adjusting the ampli- 
fier gain, post -selector insertion loss and mixer noise figure so that 
the system noise figure approaches the rf amplifier noise figure. 

The generalized tuner is shown in Fig. 1 along with the significant 
noise -figure parameters. The system noise figure, F', is given by 

FIF- 
L2 (Fmix + / 

[FA F'=Lf 
+ 

G 
[27] 

GA 
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where 1,1 = preselector insertion loss, L2 = post -selector insertion 
loss, GA = rf amplifier gain, G,,,;, = mixer conversion gain, FA = rf 
amplifier noise figure, F,,,,., = mixer noise figure, and FIF = i -f ampli- 
fier noise figure, all expressed as ratios. 

Fig. 8 can be used to quickly determine the effect of rf amplifier 
gain and noise figure, filter insertion loss, and mixer noise figure 
without having to recalculate Eq. [27] for every change. The product 
of system noise figure and amplifier gain expressed in dB is plotted as 

35 
A 

1 1 I I 1 1 I f L I 

e 
Fi'0`0/ 01.';i' yOi 

(GQ. FI(dB1300B 
30 

NOISE FIGURE 

F' (G*.P. F')- G. 
SYSTEM NOISE FIGURE F". L,F. 
WHERE Li NIDBAND LOSS OF 

PRESELECTOR 

10= / F,. 2.5dB 
FOR OTHE VALUES OF MIXER NOISE F.Y,URE 
USE 

L'2 L2 F,, -B.5 
5 

11 I I 1 I 1 1 I 1 I 1 I 1_1_, 
1 2 3 a 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 

L2 -INSERTION LOSS OF POST SELECTOR - dB 

Fig. 8-System noise figure. 

a function of post -selector insertion loss with the product of amplifier 
noise figure and gain as a parameter. The noise figure at the input to 
the mixer was assumed to be 8.5 dB which is a typical value in the 
UHF hand. Since the post -selector insertion loss is directly added to 
this noise -figure value, any other noise figure at the input of the 
mixer may he accommodated by simply adjusting the value of L2. 

L2' =L2+F,,,-8.5dB [281 

where F,,, is the noise figure at the input to the mixer (dB). 
The difference between the system noise figure and the amplifier 

noise figure, F' - FA, is also used as a parameter on the same set of 
axis. This set of parameters is useful in determining the amplifier 
gain required to overcome the effect of filter insertion loss. For exam - 
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ple, F' - FA = 0.1 dR is the parameter that, for all practical purposes, 

represents the system noise figure that is equal to the amplifier noise 

figure. This can be written as 

GA+F'=L2+25. 

Since F' = FA, the relationship between amplifier gain, amplifier 

noise figure, and filter insertion loss is 

GA = L2 - FA + 25. [291 

An entire set of equations can be generated for any allowable differ- 

ence between system and amplifier noise figure. In general 

GA=L2-F'+B [301 

where B ís the value of (GA + FA) at L2 = 0 for any value of F' - F. 

The region of Fig. 8 in which the (GA + FA) curves converge repre- 

sents an undesirable set of system parameters. In this region, a large 

change in (GA + FA) has a small effect on (GA + F'). Since GA is the 

same for both, a large reduction in amplifier noise figure produces a 

small reduction in system noise figure. This region is characterized by 

values of filter insertion loss that are large relative to the amplifier 
gain. To obtain a set of parameters that avoid this region, the filter 

insertion loss must he reduced or the amplifier gain must he in- 

creased. Excellent noise performance can be realized by using param- 

eter values represented by the region of the curve above the straight 
line corresponding to values of (F' - FA) = 0.1 dR. 

It is important to note that system noise performance may not be 

optimized by simply reducing the amplifier noise figure. Consider a 

system that has the following parameters.. 

FA = 20 dB 

GA = 15 dB 

L2= 10 dB 

The intersection of L2 = 10 dR and (GA + FA) = 35 dB results in a 

value of 

GA +F' = 35 at point A of Fig. 8 

or a system noise figure of 20 dB. A reduction in amplifier noise fig- 

ure to 10 dB results in an almost equivalent reduction in F' to 11 dB 

at point B. 
If the amplifier noise figure is reduced to 5 dB, point C is obtained. 

The system noise figure is 7.5 dB. In going from point B to C, the am- 

plifier noise figure was reduced by 50% with only a 25% improvement 
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in system noise figure. To achieve greater improvement in system 
performance requires decreasing the insertion loss, so that point C 
moves to the left, or increasing the gain so that it moves upward. 
Both points I) and E represent system noise figures of 5.5 dB, i.e., F' 
- FA = 0.5 dB with FA = 5 dB. Point D is obtained by decreasing the 
filter insertion loss to 4.2 dR, while point E is obtained by increasing 
the gain to 

GA = (GA +F')-F' 
= 28 - 5.5 = 22.5 dB 

This improvement in system performance can be achieved by any 
combination of L2 and GA values that are represented by the line (F' 
- FA) = 0.5 dB and limited by points D and E. (F' - FA) = 0.5 dR 
rather than 0.1 dR was used because moving point C to the left on the 
GA + F' = 22.2 dB line would not yield an intersection with F' - FA 

= 0.1 dB unless L2 was negative. This would require a reduction of 
mixer noise figure. In those cases where the post -selector insertion 
loss is to be reduced, the resonator Q must be inncreased, the image 
rejection must be decreased or the number of filter sections must be 
increased. Fig. 3 is used to evaluate the possible tradeoffs. The re- 
maining parameter is the preselector insertion loss. This is simply 
added to the value determined from Fig. 3 in dB. 

F" = F' + L1 (dB) [31] 

Application of these graphical procedures to a contemporary elec- 
tronic tuner results in some interesting observations concerning im- 
provements in performance. The tuner has the following parameters 

GA = 13 dB L1 = 4 d 
FA=4.5dB L2=8dB 
F,,, = 10 dB LS = 48 dB 

Qoe = 50. 

Fig. 3 gives the system noise figure as F' = 7.5 dB. The insertion loss 
of the preselector must be added to this value to obtain the total 
noise figure 

F"=Li+F'= 11.5 dB.. 

If the gain of the rf amplifier decreases to 10 dB, as it might well do 
in production, the total system noise figure increases to 12.8 dR. 

Now consider the improvement in system noise figure performance 
if the total capacitive unloaded Q, Qoc, is increased to 100 and the 
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image rejection is kept at the same level. Since L1 is added directly to 
system noise figure, it is desirable to keep its value as low as possible. 
An insertion loss of 1 dB will provide an image rejection of 11 dB. 
The post selector must provide the additional 37 dB of image rejec- 
tion, which it can do for an insertion loss of 3.7 dB. The value of L2 to 
he used in Fig. 3 is 

L2 =L2+Fm-8.5=5.2dB 
and 

F'=6dB. 
The resulting system noise figure is 

F"=7dB. 
If the image rejection of the preselector had been increased to 16 dB 
the insertion loss would have been 2.1 dB. The insertion loss of the 
post selector could then have been decreased to 2.5 dB, since only 32 
dB of image rejection would have been required. The resulting sys- 
tem noise figure is F" = 7.7 dB. The 0.7 dB increase is due to the in- 
crease in insertion loss of the preselector. 

To obtain the same system noise figure by improving amplifier per- 
formance rather than increasing the diode Q requires that the noise 
figure of the amplifier be reduced to 3.0 dB maximum. This value can 
be determined by considering the fact that the noise figure of the sys- 
tem cannot be better than the noise figure of the amplifier and, since 
the insertion loss of the preselector is 4 dB, 

F"=7.0dB 
F' = F" - Lo = 7 -4 = 3.0 dB 

To make the system noise figure, F', approximately equal to the am- 
plifier noise figure (F' -F = 0.1 dB) requires increasing the amplifier 
gain to 31.5 dB. 

The third option in realizing better system noise performance is to 
improve the mixer noise figure. Unfortunately, this must still be ac- 
companied by improvements in amplifier or filter performance. For 
example, if the noise figure of the mixer and i -f were reduced to 0 dB 
the system noise figure would still be 8 dB due to the insertion loss of 
both pre- and post selectors. 

In addition to improving components to obtain better system per- 
formance, trade-offs in filter performance can also be made. If the 
image rejection of the preselector is allowed to drop to 8.5 dB, the in- 
sertion loss is only 1.5 dR. For an image rejection of 26 dB in the post 

134 RCA Review Vol. 37 March 1976 



selector the insertion loss is 3.8 dB. The total image rejection 

Ls = 34.5 dB 

rather than the original 48 dB. This value can be increased 6 to 10 dB 
by adding a tracking reject filter as described previously. In this case 
the system noise figure 

F"=7.7dB 
which comes very close to the value obtained when the capacitive Q 
was increased to 100. 

Improvements in all these areas will ultimately lead to a system 
noise figure that is equal to the amplifier noise figure, i.e., 4.5 dB. It is 
easily seen from the above discussion that the greatest improvement 
in system noise performance is obtained by decreasing the insertion 
loss of the pre- and post selectors. This may be accomplished by im- 
proving the capacitive unloaded Q or sacrificing image rejection. The 
decision as to which approach to take can only be reached after care- 
ful consideration of cost factors and real system requirements. 

Conclusions 

The minimum attainable noise figure of a television receiver is the 
noise figure of the rf amplifier. The ultimate goal is to reduce this to 
its lowest practical value. The objective of proper system design is to 
optimize the tuner so that the system noise figure approaches the rf 
amplifier noise figure. This is accomplished by increasing the gain of 
the rf amplifier and by decreasing the insertion loss of the pre- and 
post selectors. The reduction in insertion loss can he accomplished by 
increasing the unloaded Q of the filter elements or reducing the 
image rejection. All these tradeoffs can he quickly and precisely de- 
termined by use of the derived graphs. 
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A COS/MOS Linear Amplifier Stage* 

S. T. Hsu 

RCA Laboratories, Princeton, N.J. 08540 

Abstract-The voltage gain, bandwidth, and noise properties of a COS/MOS-loaded 
COS/MOS linear amplifier stage are discussed and are compared with those 
of the simple COS/MOS and MOS-transistor-loaded MOS transistor linear am- 
plifier stages. The voltage gain of this new amplifier stage is independent of 
the supply voltage and dependent only on the device geometry. This amplifier 
stage introduces negligible distortion into the signal. 

1. Introduction 

The amplifier stage discussed consists of two pairs of COS/MOS 
transistors, as shown in Fig. 1; one pair serves as the amplifying ele- 
ment and the other as the loading element. This amplifier stage can 
also he considered as a parallel connection of a p -channel and an n - 
channel MOS-transistor-loaded amplifier stage. The amplifier stage 
has large controlled voltage gain, large bandwidth, and low noise, and 
is able to deliver a large amount of current to a load without intro- 
ducing distortion to the signal. The gain of the amplifier depends 
only on the geometry of the device used. The input impedance of the 
amplifier is very large, while its output impedance can he quite small. 
In conjunction with the voltage amplification feature of MOS transis- 
tors, this amplifier stage is excellent for cascade linear integrated am- 
plifier applications. 

The research reported in this paper was sponsored by the Wright Patterson Air Force Base, Day- 
ton, Ohio under contract F33615 -73-C-1117. 
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2. Voltage Gain 

The circuit diagram of the amplifier stage is shown in Fig. 1; Qi and 
Q3 are n -channel and Q2 and Q4 are p -channel MOS transistors. The 

vG_C 

- ADD 

Fig. 1-COS/MOS-loaded COS/MOS amplifier. 

current equation for each transistor is given by 

Zi 
11 = 2L' urtC0(VG - VTN + VD/))2, 

Z2 

12_ 2Lo 
MPCo(-VG + V1)/) + VTP)2, 

/3 = 
Z3 

uCo( V0 - VTN + VU1))2, 
2L3 

14 = 
Zq 

uPCo(-Vo + V1)1) + V7/,)2. 
2L4 

'I'he current equation at the center node is 

L 

uCo(VG - VTN+ Vun)2 + 2L uCo( Vo + VIE) 

- VTN)2 + VoYI 

_ 
22 

uPCO(VG + V/)/) - VTP)2 + j uPCo(V0 + V1)n 

- VT1')2, 

[11 

I21 

where Y1 is the load admittance. Differentiating Eq. [21 with respect 
to VG yields: 
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dV0 

A° 
= 

d VG 

InCOlVG + VDD - VTNÍ + j 2 PPCOlVI)1) - VG - VTP) 
J 

f 

2 

l 
L L3 

FAnCO VO + VDD - VTNÍ + 
L4 

11pC(VDD + VTP - Vo) J+ 
Y1 

or 

gml +gm2 A - 
gm3+g,4 + 

where gn,; is the transconductance of Q. If we assume that the FET's 

, [3] 

are COS/MOS pairs, that is, 

Z1 Z2 Z3 Z4 
-1,1 un = L2 µP and /in = 

L4 
- PP, 

L.3 

Eq. [3] becomes 

A - 
Z1 L3 

Z3L1 

1+ Y1Z3 

Z3(2VDI) + VTP - VTN) 

Therefore, if no load is connected to the amplifier, i.e., Y1 = 0, 

A = - Z1 - Z2L4 [61 
Z3L1 Z4L2. 

The voltage gain of the amplifier stage without load is a function of 
the geometry of the MOS transistors only. Eq. [5] also shows that for 
any load admittance, the voltage gain of this amplifier stage is inde- 
pendent of VG and Vo. This amplifier stage, therefore, introduces no 
distortion to the signal. 

[3a] 

[4] 

[5] 

3. Frequency Response 

An equivalent circuit of the amplifier stage is shown in Fig. 2. When 
the amplifier is an intermediate stage, G1 is equal to zero. If the am- 
plifier is an output stage with a pure resistive load, C111i C112, C11, and 
C12 are equal to zero. By inspection, the load admittance, Y1, is given 
by 

Yr = G1 + j wCe//, [7] 
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where 

2+A A 
Celt = (C11 + C/2) + (1. + -2) (C/n + C/!2) 

+Cdl +Cd2+Cg3+Co+C11 + C12. Ia] 
In this expression C/ is the drain -to -gate capacitance of the MOS 
transistor. The subscripts d, g, and l correspond to the drain, gate, 

and load, respectively. 

Fig. 2-High-frequency equivalent circuit of COS/MOS amplifier. 

The voltage gain of the amplifier stage is, therefore, given by 

A(w) - -gm1 

gm3 + 
2 

C! + 1wCe///2 

Consequently, the bandwidth of this amplifier, wc, is 

2gm3 + G1 w - . 

Cell 

The gain-bandwidth product, GB, is given by 

2gm1 
GRI - 

Ceti 

4. Low -Frequency Noise 

[81 

191 

1101 

It can he shown that the low -frequency excess noise, including 1/f 
noise, g - r noise, and trapping noise of an MOS transistor is inverse- 
ly proportional to the gate area. The low -frequency noise equivalent 
circuit of a COS/MOS-loaded amplifier stage is given in Fig. 3. From 
this equivalent circuit, the output short-circuit mean -square noise 

current is 
., 

= (gml +gm2)2 VR2+ K gml2+gs2gm3 gma [11 
(A1 A2 A3 A4) 
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The first term on the right-hand side of Eq. [11] is due to the noise 
source physically located at the gate. The second term is the low -fre- 
quency drain excess noise, where K is a constant that depends on the 
thickness of the gate oxide and the density of surface state, g - r, or 
trap centers. Since the noise source physically located at the gate is 

1E4 

9.3 

2, K 

I 

yZ 
A 

Fig. 3-Low-frequency equivalent circuit. 

very small, the equivalent mean -square input noise voltage is given 
by 

Vn2= K [gI2+g2232g42(gml+g2)2 
Al A2 A3 

H. 
] 

If we further assume g,,, = g,,,2, gm3 = gm4, Eq. [12] becomes 

{1+ n2 4 [-A11 A \L3/2I+A21+A \La/2J 

5. High -Frequency Noise 

[12] 

[13] 

We now calculate the high -frequency noise of the COS/MOS loaded 
MOS amplifier stage. The high -frequency limiting noise of an MOS 
transistor is thermal noise. The mean -square drain noise current, id2, 
and mean -square induced gate noise current, ig2, are given, respec- 
tively, by 

id2 = a 4kT gm0-1[ [14] 

and 

g2 = /3 4hT Gin -Sí. [ 15] 

Here, a ^ %, (3 ^- 4, g,,,o is the low -frequency transconduction, and 
G;,, is the real part of the input admittance. 
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The high -frequency noise equivalent circuit of a COS/MOS-loaded 
amplifier stage is shown in Fig. 4. Assuming that is is the thermal 
noise current of the source resistance, Rs, the noise voltage at the gate 
is 

igl+ig2+is l/g-Gs+Ygi+Yg2 

d_ 92 

6 

e i 
Y92 901) lá 2 9d2 Y94 do 0d4 

Yyl A e iá ddl 
9 

iQ3 ) YQ3 

2 

d4 9d3 

Fig. 4-High-frequency noise equivalent circuit. 

1161 

The short-circuit output noise current is 

ins = Vg(gml + gm2) + idi + id2 + id3 + ia4. [17a] 

Therefore, the mean -square output noise current is 

ins2 = K'2 (igl2 + ig22) + C[K' (igi2 ig22)1/2 + (ig22 íd22)1/2 
+ (íg32 id 12)1/2 + (ig42 íd22)1/2] + idi2 + idc2 +id32 
+ íd42 + íg32 + ig42, [17b] 

where K' = (g, I + gm2)/(Gs + Ygi + Yg2) and C is the cross -correla- 
tion factor of drain and gate noise. In general, C can be approximated 
as an imaginary. Its absolute value is approximately equal to 0.4 in 
MOS transistors. The equivalent input noise voltage is, therefore, 
given by 

V 22 

Lgl2 + ig22 + is 
eq 

(G,.+Ygi+Yg2)2 

id12 + id22 + id32 + id42 + ig32 + ig42 

(gm l + gm2)2 

+ 2C 
r (igi2 idl2)1/2 + (ig22id22)i/2 

(GS + Ygi + Yg2)(gm1 +gm2) 
(ig32 id32)1/2 + (ig42 id42)1/2l 

1181 
(gm l + gm 2)2 J 

gn,1 = gm2, gm3 = gm4, igl = íg2 = id2, and the For a simple case, 
equivalent mean -square input noise voltage is 
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2 
ls2 + 21g12 Id12 + Id32 + 1.g32 

eq - 
(Gs + 2Yg)2 2gm l2 

r (Id12 Ig12)1/2 (ig32 
+ C 

lgmi(Gs + 2Yg1) 2gm12 
[19] 

Substituting Eqs. [14] and [15] into Eq. [19] and assuming that the 

circuit is properly tuned, the equivalent input mean -square noise 

voltage is 

Veg2 
Gs + 20Gg1 a(gm to + gm3o) + f3Gg3 

{(GS + 2Ggi)2 2g,12 

+ 2C I /Ggigmlo \'/Gg3gmao11V( 4k T. 120] 
gm i (GS + 2Ggi) 2gm 12 J J 

where Ggi and Gg3 are the real parts of the input conductance of 
MOS transistors Q1 and Q3, respectively. 

6. Experiments 

A CD4007A, dual COS/MOS plus inverter, was chosen to demon- 
strate the loading effect on the distortion of the amplifier. For a sim- 

CD 4007A 
+5V 

VO 

4711 

CD 4007A V+ :10v 

VO 

4711 

= RS 

-5V = V= -8V 
lb) la) 

Fig. 5-(a) CD4007A connected as COS/MOS-loaded COS/MOS amplifier and (b) 

CD4007A connected as simple MOS-transistor-loaded MOS transistor amplifi- 
er. 

ple transistor -loaded MOS amplifier, the two n -channel MOS transis- 
tors of the COS/MOS pair were connected in parallel with the p - 

channel MOS transistor of the inverter as the load. For a COS/MOS 
amplifier, the two COS/MOS stages were connected in parallel and 

the gate of the inverter was connected to its drain electrodes as a 

load. These circuit configurations are shown in Fig. 5. The source re- 
sistance in both cases is 600 ohms. With these arrangements, Za is 

equal to 2Z1 and La is equal to L, in both configurations, where Z and 
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Table /-Distortion of the Output Signal, CD1007A Connected as a 
Transistor -Loaded Amplifier Stage 

10 kHz 2nd Harmonic (20 kHz) 3rd Harmonic (30 kHz) 

30 mV -30 dB 
100mV -20dB -50dB 

L are the channel width and channel length of the MOS transistors, 
respectively, and the subscripts a and / represent the active and load 
MOS transistors. When the CD4007A was connected as a simple 
transistor -loaded MOS transistor amplifier, the supply voltage was 
adjusted to obtain the optimum operating condition. When the cir- 
cuit was connected as a COS/MOS amplifier, the supply voltage was 
arbitrarily set to 15 V. The operating frequency was chosen to be 10 
kHz. If' the load resistance is 10 megohms, the voltage gain for the 
transistor -loaded and COS/MOS amplifier stages was found to be 
1.24 and 1.95, respectively, compared with f and 2 as predicted by 
the simple theory. For the distortion measurement, the load resis- 
tance was set at 47 ohms. The experimental results are shown in Ta- 
bles 1 and 2. Table 1 shows that there is a large distortion when the 
CD4007A is connected as a simple transistor -loaded amplifier. Table 
2 shows that when the same unit of CD4007A is connected as a COS/ 
MOS amplifier, the distortion of the amplifier is not significant. 

Eq. 131 shows that the sum of g,,,3 and g,,,4 is independent of VG 
and V0. Therefore, Q3 and Q4 may be replaced by two resistors with- 
out introducing distortion to the signal. However, under this condi- 
tion, the voltage gain is given by 

71p,C0(2VUi) + VT1' - VTN) 
[21( 

LiGi 

This voltage gain increases with the supply vol age, as illustrated in 
Fig. 6. The voltage gain is plotted as a function of bias voltage for a 
COS/MOS-loaded and a resistor -loaded COS/MOS amplifier stage 
constructed by using the same type CD4007A device. This experi- 
ment confirms that for a COS/MOS-loaded stage, the voltage gain is 

Table 2-Distortion of the Output Signal, CD4007A Connected as a 
COS/MOS Loaded Amplifier Stage 

10 kHz 2nd Harmonic (20 kHz) 3rd Harmonic (30 kHz) 

30 mV 
100 mV 
300 m V 

-72dB 
-65 dB 
-62 dB 
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independent of bias voltage and that the voltage gain of a resistor - 

loaded stage increases with bias voltage. The simple theory expects 

the gain of the resistor -loaded stage to increase linearly with supply 

voltage. The measured voltage gain increases monotonically with sup- 

ply voltage. The linear relationship between voltage gain and supply 

voltage was not observed, however. Presumably this is due to the hot 

current carrier effect. At larger gate -to -source bias voltages, the elec- 

3 

CD4007A 

CD4007A 

VDD 

70011 

700II 

-ODD 

..® R(=700II 

(b) (OSB ub REPLACED BY 

700II RESISTORS) 

(A) 
(ACTIVE LOADED) 

2 3 4 5 6 7 8 9 IO 

VDD (VOLT) 

Fig. 6-Voltage gain versus supply voltage for COS/MOS-loaded amplifier stage and re- 

sistor -loaded COS/MOS amplifier stage. 

tric field intensity at the inversion layer is large, and the carrier mo- 

bility decreases. Hence, the voltage gain decreases with the increasing 

supply voltage. 
The dependence of voltage gain on frequency for bulk and for SOS 

MOS transistors is shown in Figs. 7 and 8, respectively. The bulk de- 

vice is a CD4007A while the SOS device is a developmental type hav- 

ing the same transistor configuration as that of CD4007A. Both fig- 

ures show the voltage gain versus frequency of a simple COS/MOS 

stage, a COS/MOS-loaded COS/MOS amplifier stage as in Fig. 5a, 

and an MOS-transistor-loaded amplifier stage as in Fig. 5b. The sup- 

ply voltage in all cases is 15 V. As shown ín Fig. 7, the CD4007A in- 

verter has a low -frequency voltage gain of 29 and a 3 -dB bandwidth 

of 3.1 MHz. The gain-bandwidth product is equal to 90 MHz. The 
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10 

(a) 

(b) 

(c) 

0.1 1 1 t t 1 ul I 1 1 1 1 11 

10-1 100 IÓ 102 

f(MHz) 
Fig. 7-Frequency dependence of CD4007A bulk MOS amplifiers: curve (a) is for a sim- 

ple COS/MOS inverter; curve (b) is for a COS/MOS-loaded COS/MOS amplifi- 
er; and curve (c) is for an MOS-transistor-loaded amplifier. 

new amplifier stage has low -frequency gain of 1.9 and the 3 dR band- 
width of that stage is equal to 25 MHz. The gain-bandwidth product 
of this stage is only about one half that of the single inverter. This is 
presumable due to the interaction among the MOS transistors. As 
shown in Fig. 8, the gain-bandwidth product of the SOS/COS/MOS 
inverter and the SOS/COS/MOS-loaded COS/MOS amplifier stage 
are approximately the same. The interactions between SOS/MOS 

10_ I VIII III 1 1 1111 

(a) 

(b) 

0.I 
101 

I I I 111111 

I Oo 

I 1 1 111111 

101 

I I I111,t1 

102 

f(MHz) 
Fig. 8-Same set of curves as in Fig. 7, but for amplifiers using SOS/MOS developmen- 

tal type having the same transistor configuration as the CD4007A. 
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transistors are negligibly small. The MOS-transistor-loaded amplifier 
stage has lower voltage gain. The bandwidth of the MOS-transistor- 
loaded stage is approximately the same as the COS/MOS-loaded 
COS/MOS amplifier stage. The low -frequency voltage gain of the 
SOS version of COS/MOS inverter, COS/MOS-loaded COS/MOS 
amplifier stage, and MOS-transistor-loaded amplifier stage are 6.6, 

1.4, and 1.15, respectively. This small voltage gain is caused by the 
large drain output conductance of SOS MOS transistors. The drain 
conductance acts as a load to the amplifier which in turn, reduces the 
voltage gain as is shown by Eq. [31. If the MOS transistors are not 
truly complementary and the threshold voltages of the n -channel and 
the p -channel devices are not equal, the voltage gains of the COS/ 
MOS-loaded COS/MOS stage and the MOS-transistor-loaded ampli- 
fier stage can he significantly different from those predicted by the 
simple theory. Since the transconductance increases with the supply 
voltage, the bandwidth of all three of these types of amplifier stages 
increases with the supply voltage. 

7. Discussion 

The performance of a COS/MOS-loaded MOS amplifier stage has 
been demonstrated. We compare the performance of this amplifier 
with the simple COS/MOS amplifier and the simple active loaded 
MOS amplifier configurations. 

The voltage gain of this amplifier stage is smaller than that of a 

simple COS/MOS amplifier stage. This is because the COS/MOS- 
loaded stage has a large output conductance. The output conduc- 
tance of a simple COS/MOS amplifier is equal to the sum of,the drain 
conductances of the MOS transistors used, while that of the COS/ 
MOS-loaded stage is equal to the sum of the transconductance of the 
load COS/MOS pair and the drain conductance of the active COS/ 
MOS pair. From Eq. [3] the voltage gain of a simple COS/MOS am- 
plifier is 

At, = 

/, - LI FnCoVDD + VG - VTNÍ + 
L2 

k/'CV D oD + VT, - VG)1 

. [22] 
ga i + gd 2 + Yi 

This voltage gain increases with the supply voltage. If this amplifier 
is an intermediate stage, Y, = 0, the voltage gain is inversely propor- 
tional to the drain conductance of the MOS transistors. On the other 
hand, the voltage gain of the COS/MOS-loaded MOS amplifier stage 
is controlled by the device geometry of the transistors used. 
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From Eqs. [7] to [10], it is clearly seen that the output capacitance 
of the COS/MOS-loaded MOS amplifier is slightly larger and the 
output conductance is much larger than those of the simple COS/ 
MOS amplifier stage. As a result, the COS/MOS-loaded amplifier has 
a larger bandwidth. The gain-bandwidth products of these two types 
of COS/MOS amplifiers are comparable, however. 

It can he easily shown that at low frequencies 

K 2 
Vn2lmod = Vn simp + 4A \L3/ + L4) , 

and at high frequencies 

agm30 + ,BGg3 + CGg3gm30 
Ve4lmod = Veql simp + . 

2gm12 

1231 

[24] 

Here the subscripts mod and simp represent the corresponding 
values for the COS/MOS-loaded and the simple COS/MOS amplifier 
stages, respectively. The last terms in Eqs. [23] and [24] are due to Q3 
and Q4. These two terms are much smaller than the other terms in 
the equations. No significant difference in noise property is expected 
from these two types of amplifier stages. 

The voltage gain of the COS/MOS-loaded amplifier stage is equal 
to the square of that of an MOS-transistor-loaded MOS amplifier. 
From Eq. 17a1 we see that 0111 and Cf12 are small. The effective capac- 
itance, Ceff, of the COS/MOS-loaded amplifier stage is approximately 
two times that of an MOS-transistor-loaded amplifier stage, assum- 
ing the same active and load transistors are used. The bandwidths of 
these two types of amplifiers are approximately equal. The gain- 
bandwidth product of the COS/MOS-loaded amplifier is, therefore, 
larger than that of MOS-loaded amplifier stages by a factor equal to 
the voltage gain of the MOS-loaded amplifier. 

It can he shown that the low -frequency excess noise of an MOS- 
transistor-loaded amplifier stage is 

º Vn2=A[1+L2J, [25] 

where A is the gate area of the active transistor, K is the same con- 
stant as in Eq. [11], and 1,1 and L2 are the lengths of the gate of the 
active and the load transistors, respectively. The high -frequency 
noise of this amplifier stage is 
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VQ 2 -[G. + Ggl n(gmlo + gm20) + Gg2 
9 

(Gs + Ggl)2 gm12 

+ 2C { 

vGglgm 
io /GK2gm2ol 1 , 4h.( T 5. [26] 

(Gs + GgI)gm1 gm12 ]J 
From Eqs. [25] and [26] and Eqs. [12] and [19], it is seen that the 

noise performance of the COS/MOS-loaded amplifier stage is much 
better than that of an MOS-transistor-loaded amplifier stage. How- 
ever, the most significant advantages of COS/MOS-loaded amplifier 
stages are larger bias -independent voltage gain, large gain-bandwidth 
product, large dynamic range, and capability of delivering large cur- 
rent to a load without introducing distortion to the signal. This am- 
plifier stage with voltage gain slightly less than unity has been used in 
the COS/MOS standard cells for linear, threshold, and programmed 
logic array applications. The amplifier stage also has been used for 
TV signal processing and the amplification of the output signal of 
CCD's and surface -wave devices. 
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Patents Issued to RCA Inventors, Fourth Quarter 1975 

October 

J. J. Amodei and W. Phillips Crystals for Recording Phase Holograms (3,915,549) 
R. L. Barbin Purity Adjustment for Color Display System (3,916,437) 
W. H. Barkow Waveform Generating Circuit (3,911,295) 
C. D. Boltz, Jr. Timing Signals for Velocity Error Correction (3,914,542) 
R. J. Bosseleers Phase Locked Loop Including an Arithmetic Unit (3,913,028) 
C. R. Carlson, I. Gorog, and P. M. Heyman Gated Oscillator Having Constant Average DC 

Output Voltage During On and Off Times (3,914,711) 
D. J. Carlson Signal Translation Using the Substrate of an Insulated Gate Field Effect Tran- 

sistor (3,917,964) 
G. W. Carter and S. E. Hilliker Electromagnetic Radiation Filter for Coaxially Fed Hot Chassis 

Television Receiver (3,913,038) 
B. M. Childers and C. Fesperman, Jr. Dyeing Station in an Apparatus for Continuously Dyeing 

Fibrous Material (3,913,359) 
R. J. Clark High -Resolution Digital Generator of Graphic Symbols with Edging (3,918,039) 
J. Craft Feedback Amplifier (3,914,704) 
B. J. Curtis and H. R. Brunner Method for Vapor -Phase Growth of Thin Films of Lithium 
Niobate (3,911,176) 
E. H. Del Rio Embossed Character Reader (3,917,925) 
J. Evans, Jr. Plural -Beam Color Picture Tube with Improved Magnetic Convergence Stiucture 

(3,916,244) 
W. W. Evans Controllable Reference Supply for Television Tuners (3,914,696) 
N. Feldstein and J. A. Weiner Stabilized Autocatalytic Metal Deposition Baths (3,915,717) 
N. Feldstein Photomask Bearing a Pattern of Metal Plated Areas (3,916,056) 
R. P. Fillmore Direct Current Protection Circuit (3,912,977) 
R. P. Fillmore Voltage Regulator Circuit with Relatively Low Power Consumption (3,913,006) 

W. F. Fisher Automatic Signal Playback for Film Projectors (3,915,566) 
R. E. Flory Two Color Information Record (3,911,453) 
G. Forster and H. Keller Voltage Regulator for Deflection Circuit (3,914,653) 
M. T. Gale Frequency -Encoded Focussed Image Hologram Record (3,917,378) 
W. F. Gehweiler Complementary Field -Effect Transistor Amplifier (3,914,702) 
L. F. Goeller, Jr. Four -Wire Conference Circuit (3,912,867) 
P. Goodheart and A. C. Sheng Relaxation Oscillator Having Stable Pulse Width (3,911,377) 
I. Gorog and A. H. Firester Color Image Intensification and Projection Using Deformable 
Mirror Light Valve (3,912,386) 
J. M. Hammer Optical Fiber to Planar Waveguide Coupler (3,912,363) 
R. J. Hammond, C. W. Miller, and L. F. Culver Turntable Speed Lock System (3,912,283) 
K. G. Hernqvist Method for Determining an Accurate Alighmment of a Laser Beam (3,915,574) 

R. C. Heuner, D. K. Morgan, and G. W. Steudel System for Eliminating Substrate Bias Effect 

in Field Effect Transistor Circuits (3,916,430) 
R. W. Howery Antenna Scanning (3,916,415) 
R. H. Isham Signal Comparison Circuits (3,912,942) 
A. E. Jackson and G. A. Singer Signal Sensing for Film Projectors (3,915,565) 
D. B. Kaiser Radiant Energy Device Mount (3,916,336) 
J. Kane and H. Schweizer Process for Forming Transition Metal Oxide Films on a Substrate 

and Photomasks Therefrom (3,914,515) 
E. O. Keizer Color Picture/Sound Record (3,911,476) 
H. Khajezadeh Bipolar integrated Circuit Transistor with Lightly Doped Subcollector Core 

(3,916, 431) 
R. J. Klensch Electronic Identification System (3,914,762) 
H. Kozicki Device and Method for Restoring Cathode Emission in a Thermionic Electron Tube 

(3,915,533) 
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H. Kressel Method of Making a Transmission Photocathode Device (3,914,136) 
I. Ladany, D. P. Marinelli, H. Kressel, and V. M. Cannuli Asymmetrically Excited Semi- 
conductor Injection Laser (3,916,339) 
A. J. Leidich Current Proportioning Circuit (3,914,684) 
P. A. Levine and J. E. Carnes Interlaced Readout of Charge Stored in Charge -Coupler Image 
Sensing Array (3,911,467) 
M. E. Miller Stylus Arm Pivot (3,912,857) 
A. Rosen and J. F. Reynolds Microstrip Carrier for High Frequency Semiconductor Devices 
(3,913,040) 
W. R. Roach AC Deformable Mirror Light Valve (3,912,370) 
B. K. Taylor and W. H. Garlin Detachable Pickup Arm Magnetic Coupling (3,917,903) 
L. P. Thomas Composite Printed Circuit Board (3,912,849) 
M. Toda and S. Osaka Temperature -Compensated Surface -Propagated Wave Energy Device 
(3,916,348) 
A. L. Waksberg Fabry-Perot Polarization Laser Beam Modulator (3,918,007) 
S. Weisbrod Protection Circuit (3,917,980) 
H. A. Wittlinger Modulator (3,916,346) 
B. Zuk Differential Amplifier (3,916,333) 

November 

A. A. Ahmed Biasing Current Attenuator (3,921,013) 
J. P. Bingham Automatic Peaking Apparatus (3,919,714) 
J. Craft Electronic Oscillator (3,924,202) 
R. H. Dean Method of Making a Semiconductor Device (3,920,861) 
W. F. Dietz Alternating Current Line Voltage Supply Isolation Using Deflection System Output 
Transformer (3,920,892) 
D. P. Dorsey, W. E. Rodda, and R. S. Filson Automatic Target Control System for a Television 
Camera Tube (3,919,472) 
M. T. Duffy, D. J. Channin, and J. M. Hammer Methods of Making an Optical Waveguide 
(3,924,020) 
R. D. Faulkner Quartz to Glass Seal (3,923,566) 
G. S. Gadbois Densitometer for Measuring Average Aperture Diameter (3,918,815) 
J. B. George Multiband Random Channel Address Crystal -Lock Tuning System (3,924,192) 
R. T. Griffin Peak Voltage Detector Circuits (3,921,010) 
D. Hempel and R. W. Blasco Multinomial Processor System (3,922,536) 
J. J. Hanak Electroluminescent Cell with a Current Limiting Layer of High Resistivity 
(3,919,589) 
L. F. Hart and R. L. Buttle Black Ceramic Body (3,918,982) 
L. A. Harwood Automatic Luminance Channel Bandwidth Control Apparatus Responsive 
to the Amplitude of Color Image Information (3,924,266) 
M. V. Hoover Amplifier Protection System (3,924,159) 
G. A. Jones Digital Feedback Relay Controller (3,922,587) 
J. D. Knox Method of Bonding Two Bodies Together (3,921,885) 
R. J. Lake, Jr. Satellite Propellant Management System (3,923,188) 
H. B. Law Method of Fabricating an Apertured Mask for a Cathode -Ray Tube (3,923,566) 
J. D. Levine Field Emitting Device and Method of Making Same (3,921,022) 
H. Logemann, Jr. Staircase Waveform Generator (3,919,649) 
G. S. Lozier Method for Coating Ferrous -Metal Mask for Cathode -Ray Tube (3,922,394) 
J. A. Lunsford Approximator for Square Root of Sums of Squares (3,922,540) 
D. E. Mahoney Frequency Multiplier Circuit (3,921,056) 
N. F. Maxemchuk Loop Controller for a Loop Data Communications System (3,919,484) 
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W. G. McGuffin and R. W. Burgen Circuit for Producing Odd Frequency Multiple of an Input 

Signal (3,922,593) 
E. S. Naidus Thermoplastic Heat Responsive Fire Vent Apparatus (3,918,226) 
S. A. Ochs Target Mounting Structure for Use in Camera Tube (3,919,582) 
C. S. Oh and E. F. Pasierb Liquid Crystal Compositions (3,923,685) 
J. I. Pankove Electroluminescent Semiconductor Device (3,922,703) 
K. D. Peters Web Advance Mechanism (3,921,879) 
R. J. Rayn Medium for Recording Phase Holograms (3,922,416) 
F. S. Sawicki Method of Degassing a Cathode -Ray Tube Prior to Sealing (3,922,049) 
G. L. Schnable and N. Feldstein Method of Making a Semi -Transparent Photomask 

(3.922,420) 
B. K. Smith Method for Applying Organic Polymeric Coating Composition to Ferrous -Metal 

Surface (3,922,395) 
P. K. Weimer Charge Transfer Circuits (3,919,468) 
C. F. Wheatley, Jr., and H. A. Wittlinger Operational Transconductance Amplifier (3,921,090) 

December 

W. H. Barkow and J. Gross Display System with Simplified Convergence (3,930,185) 
R. A. Bartolini and A. Bloom Permanent Organic Volume Phase Holographic Recording 
Medium (3,926,637) 
H. L. Blust and N. L. Lindburg Method of Anchoring Metallic Coated Leads to Ceramic Bodies 

and Lead -Ceramic Bodies Formed Thereby (3,929,426) 
R. J. Clark Character Generator System Selectively Providing Different Dot -Matrix Size 
Symbols (3,928,845) 
J. K. Clemens and R. C. Palmer Video Capacitive Disc Playback Apparatus and Stylus with 
Dielectric Coating Therefor (3,930,117) 
W. W. Evans Analog Voltage Generators for Television Tuners (3,928,808) 
R. G. Ferrle Speaker Muting System (3,927,376) 
K. H. Flschbeck and E. M. Leyton Fluid Ejection or Control Device (3,924,974) 
K. H. Fischbeck Image Generator Having a Plurality of Marker Units Operated in a Prede- 

termined Sequence to Inhibit the Formation of Patterns (3,925,790) 
E. J. Fjarlie, M. J. Teare, and T. Doyle Low -Noise Wide -Band Transducer System (3,927,383) 

M. T. Gale and D. L. Greenaway Focussed Image Hologram Projector Using a Long Narrow 

Light Source (3,924,925) 
D. M. Gavrilovic Novel Liquid Crystal Electro -Optic Devices (3,925,238) 
J. E. Goldmacher and M. T. McCaffrey Electro -optic Compositions and Device (3,925,236) 
F. Z. Hawrylo Method of Forming Ohmic Contacts (3,929,525) 
R. H. Hughes Cathode Ray Tube Gun Having Nested Electrode Assembly (3,927,341) 
H. Kawamotto, H. J. Prager, and J. J. Risko Method of Making a Double Diffused Trapatt 
Diode (3,926,693) 
M. A. Kalfus Integral Cycle -Zero -Voltage Switching Circuits (3,925,688) 
H. W. Kuzminski Method for Etching Apertured Work Piece (3,929,532) 
P. A. Levine Introduction of Bias Charge into a Charge Coupled Image Sensor (3,925,657) 
E. F. T. McKeon and M. R. Martin Drive Circuit for Controlling Conduction of a Semiconductor 
Device (3,927,332) 
A. Rosen and J. F. Reynolds Broad -Band Amplifier Using Cascaded Class C Amplifiers 
(3,930,206) 
D. L. Ross and D. M. Gavrilovic Novel Liquid Crystal Electro -Optic Devices (3,925,237) 
L. H. Trevail and B. A. Hegarty Method of Making a Multiplicity of Multiple -Device Semi- 
conductor Chips and Article So Produced (3,924,323) 
H. E. White and M. D. Lippman Method and Apparatus for the Detection and Control of Errors 

in Two -Dimensionally Compressed Image Data (3,927,251) 
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J. P. White and P. J. Delprlore Method of Shaping Semiconductor Workpieces (3,924,361) 
H. A. ~flinger Current Mirror and Degenerative Amplifier (3,925,718) 
B. J. Yorkanis Black Level Clamping Circuit for Television Signal Processor (3,927,255) 
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