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Integrated Circuit Process and Design Rule 
Evaluation Techniques * 

Alfred C. Ipri and J. C. Saracel 

RCA Laboratories, Princeton, N.J. 08540 

Abstract-A technique is described for determining the applicability of a particular process 
for the fabrication of large-scale integrated (LSI) circuits. Test arrays were de- 
veloped to isolate various critical processing steps in a fabrication sequence and 
a statistical evaluation of these steps was carried out that related yield or success 
in achieving a desired result to the number of times the results were attempted. 
It was found that, in general, yield is a sensitive function of physical dimensions 
as is the packing density of a particular array. It is, therefore, possible to generate 
an optimum set of physical dimensions or design rules that maximize the expected 
number of working circuits on a wafer. 

1. Introduction 

At present, large-scale integration (LSI) means the fabrication of 
semiconductor arrays containing several thousand devices in an area less 
than a quarter of an inch on a side, with yield values in excess of 2%. 
These three factors, density, size, and yield, are, of course, all interrelated 
and depend, in turn, on two interdependent areas, process technology 
and physical dimensions (or design rules). It should be pointed out that 
this is not the case in small- or medium -scale integration, where the 
degree of complexity is low and, hence, the yield is high and relatively 
independent of physical dimensions. 

This work was partially supported by the National Aeronautics and Space Administration (J.M. Gould) 
under contract #NAS12-2207 

Mr. Sarace Is now with Rockwell International, Anaheim, Calif. 92803 
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This study was concerned with large-scale integration, and, therefore, 
it was necessary to consider the impact of both the process technology 
and the physical dimensions on packing density, chip size, and array 
yield. This, in turn, required an in-depth study of the particular process 
of interest, the silicon -gate deep -depletion CMOS/SOS process, to de- 
termine which steps or sequence of steps should be analyzed. It was also 
necessary to develop techniques for determining the interrelationships 
of various process sequences as well as the dimensional dependence of 
these sequences. 

Once the process analysis was complete, the necessary test structures 
were designed and masks were generated. Three test structures were 
produced: the process analysis structure (PAS), the spacing array 
(SPAR), and the contact array (CAR). In addition, various processing 
sequences were developed to analyze the particular steps and sequence 
of steps of interest. 

The test structures and procedures were then used to initiate a com- 
prehensive program of process analysis and the design-rule-process 
interaction. Yield data were generated for various critical process steps 
as well as the yield variation of the process step with physical dimensions. 
From these yield data it was possible to generate a set of curves relating 
the physical dimensions associated with a particular process sequence 
to the expected number of working LSI arrays producible from these 
dimensions. In general the curves showed a peak value associated with 
a particular dimension indicating an "optimum" value. It was possible, 
therefore, to generate an optimum set of LSI design rules. 

It was demonstrated that the various test structures were useful in 
evaluating new process techniques as well as new processing equipment, 
and yield data were generated comparing the old with the new. Also in- 
cluded in this paper is an analysis of various yield models being studied 
in the literature of their applicability to the data generated in this 
study. 

2. Process Analysis and Evaluation Structures 

Random defects can be generated by any of the various process steps 
used in the fabrication of integrated circuits. There are, however, certain 
specific steps of a critical nature that are used repeatedly and can be 
grouped together. These are: 
(1) Thin-film deposition or growth: 

Semiconductor layers 
Dielectric layers 
Metal layers 

(2) Photoresist techniques 
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(3) Etching techniques 
(4) Doping techniques 

Nearly all integrated -circuit process technologies contain these 
categories. Different specific approaches, however, are used by different 
companies in each of these categories. Etching, for instance, may be the 
result of a wet -chemical technique in one company, while another may 
use a gaseous plasma approach. Ion implantation may be used as the 
doping source for some, while others use high -temperature gaseous 
sources. The number of different photoresist techniques is endless. The 
need to examine these steps to determine the degree to which they have 
been successfully accomplished is extremely important and returns one 
to the problem at hand. 

In general, a process sequence involves depositing, growing or doping 
a thin film, defining the film, and etching it. These three sequential steps 
comprise one block which can be interrogated for defects, and, if the 
number is found to be high, the film can be stripped and the steps re- 
peated. Analyzing the CMOS/SOS silicon -gate process, one finds that 
the first sequence of steps is the deposition and patterning of the thin 
silicon film. The process analysis structures must, therefore, be able to 
check for 

(1) silicon island discontinuities 
(2) silicon island to silicon island short-circuits. 

The next step is the oxidation of the islands followed by the deposition 
of the polycrystalline silicon film. The polysilicon layer is then patterned, 
and, hence, the test structure must examine for 

(3) polycrystalline silicon discontinuities, 
(4) polycrystalline -silicon island short-circuits, 
(5) polysilicon to polysilicon short-circuits. 

A layer of silicon dioxide is deposited, and contact holes are etched 
in the layer to permit the metal interconnect pattern to make electrical 
contact to the silicon islands and polysilicon gates. A test must be per- 
formed, therefore, to describe 
(6) contact hole open -circuits. 

The last layer deposited and defined is the metal interconnect pattern. 
The process analysis structure must, therefore, examine for 

(7) metal discontinuities, 
(8) metal -to -island short-circuits, 
(9) metal-to-polysilicon short-circuits, 

(10) metal -to -metal short-circuits. 
All of these data must be compiled on a statistical basis so that, for 

instance, the "probability" of opening a certain number of contacts can 
be ascertained. The test structures used to analyze these problem areas 
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Fig. 1 -PAS test cell 
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as well as to determine their dependence on physical dimensions will now 
be described. 

2.1 Process Analysis Structure (PAS) 

The PAS test cell is Shown in Fig. 1. Listed in Table 1 are the corre- 
sponding dimensions for each level. A photomicrograph of a typically 
processed PAS is shown in Fig. 2. The basic concept inherent in this test 
structure is that the number of effective defects that are generated by 
a particular process step and are detrimental to the definition of a par- 
ticular physical dimension can be determined by "sequentially" inter- 
rogating the defined pattern. For this reason the array was laid out so 
that an increasing number of cells could be analyzed and a pass or fail 
condition determined as a function of the number of cells. The number 
of cells accessible for analysis and brought out to external pads were 200, 
400, 600, 1200, 2400, 4800, and 7200. The total array, therefore, contained 
14,400 cells. The array dimensions are 170 X 200 mils permitting ap- 
proximately 100 test chips to be fabricated on a two inch wafer. A 

three-inch wafer contains about 150 arrays. 
The levels listed in Table 1 can be used individually or in various 

combinations to determine the continuity of different types of conduc- 

Table 1 -PAS Test Cell Dimensions 

Level No. Length (mils) Width (mils) 

1 200, 400, 600, 1200, 2400, 4800, 7200 0.2 
2 400, 800, 1200, 2400, 4800, 9600, 14400 0.2 
3 0.4 0.2 
4A 200, 400, 600, 1200, 2400, 4800, 7200 0.4 
4B 200, 400, 600, 1200, 2400, 4800, 7200 0.3 
4C 200, 400, 600, 1200, 2400, 4800, 7200 0.25 
4D 200, 400, 600, 1200, 2400, 4800, 7200 0.20 
4E 200, 400, 600, 1200, 2400, 4800, 7200 0.15 
4F 200, 400, 600, 1200, 2400, 4800, 7200 0.10 
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tors on the interaction of one layer with another. Applications of this 
array will be discussed later. 

2.2 Spacing Array (SPAR) 

This array is concerned with the ability of a given process sequence to 
define conducting lines spaced a given distance apart. The SPAR cell 
is shown in Fig. 3 where it is seen that two masks levels can be used. The 
first level is used to define steps, if desired, over which the conducting 
lines are defined (level 2). The dimensions are given in Table 2. 
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Flg. 2-Photomicrograph of typical process analysis structure (PAS). 

The width of the conducting lines was made greater than 0.7 mil in 
order to minimize the probability of discontinuities. A photomicrograph 
of level 2 is shown in Fig. 4. The SPAR array contains two crossovers per 
mil and, hence, the continuity of conducting lines crossing over from 400 
to 38400 crossovers can be determined. Since the overall array size is 200 
X 200 mils, about 75 chips can be fabricated on a two-inch wafer, and 
about 125 chips on a three-inch substrate. 
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Fig. 3-Line-to-line spacing array (SPAR) 
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Table 2-SPAR Dimensions 

Level No. 
Width 
(mils) Length (mils) 

Separation 
(mils) 

1 0.3 - - - - - - - 0.20 
2A 0.7 200, 400, 600, 1200, 2400, 4800, 9600 0.30 
2B 0.75 200, 400, 600, 1200, 2400, 4800, 9600 0.25 
2C 0.80 200, 400, 600, 1200, 2400, 4800, 9600 0.20 
2D 0.85 200, 400, 600, 1200, 2400, 4800, 9600 0.15 
2E 0.90 200, 400, 600, 1200, 2400, 4800, 9600 0.10 

2.3 Contact Array (CAR) 

This mask set contains an array of SOS islands upon which contacts may 
be defined. The islands are then interconnected with metal, and the 
continuity of each contact string is interrogated. A cell of the CAR is 
shown in Fig. 5. The function and dimensions of each level are given in 
Table 3. 

Level 2 can be used to define a material that allows control of the 
spacing between the contact mask and the photoresist to be patterned. 
The numbers of contacts that can be independently analyzed and that 
are connected together to form a single string are listed below. 

String No. 1 2 3 4 5 6 7 8 

No. of Contacts 200 400 600 1200 2400 4800 9600 19,200 

A photomicrograph of the metal pattern is shown in Fig. 6. The chip 
size is 200 X 200 mils, and the number of arrays that can be fabricated 
on two-inch and three-inch wafers is about 75 and 125 chips, respec- 
tively. 

Table 3-CAR Level Functions and Dimensions 

Level No. Function Dimensions (mils) 

1 Islands 0.6 x 1.4 
2 Polysilicon 0.2 x 1.0 
3A Contacts 0.3 X 0.4 
3B Contacts 0.3 x 0.3 
3C Contacts 0.25 x 0.25 
3D Contacts 0.20 X 0.40 
3E Contacts 0.20 X 0.30 
3F Contacts 0.20 x 0.25 
3G Contacts 0.20 X 0.20 
3H Contacts 0.20 X 0.15 
3I Contacts 0.20 x 0.10 
4 Metal 0.7 X 1.4 
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Fig. 5-Contact array (CAR) 

These three test structures can be used in a wide variety of applications 
in the areas of process analysis, integrity, and control as they relate to 
physical characteristics. They are obviously not intended to permit an 
in-depth analysis of transistor characteristics, but, as will be described 
in later sections, some interesting device -related electrical parameters 
can be obtained as they relate to physical dimensions and yield statis- 
tics. 
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Fig. 6-Photomicrograph of CAR metal pattern 
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3. CMOS/SOS Process Characterization 

The silicon -gate deep -depletion CMOS/SOS process has been described 
in the literature' and is shown diagramatically in Fig. 7. This process will 
now be discussed in detail to ascertain the process/dimension interaction 
as expressed in terms of yield curves, the object being to demonstrate 
the applicability of the various test arrays for process analysis and 
characterization. 
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Fig. 7-Silicon-gate deep -depletion CMOS/SOS process 

3.1 Epitaxial Silicon Integrity 

Various questions have been raised concerning the physical integrity 
of SOS films as well as the processing techniques that have been used 
to define them. Patterns were defined, therefore, using both the PAS 
and the SPAR masks to determine the yield associated with defining 
various lengths, widths, and spacings in single -crystal silicon films on 
sapphire. The fabrication steps are listed below. 

(1) Deposition of 0.6-µm silicon films on (1102) sapphire2 

N_ j N- DEFINITION 

S 

RCA Review Vol. 38 September 1977 331 



(2) Thermal oxidation (900°C, HC1 steam, 10 minutes) 
(3) Photoresist (Waycoat 43 or GAF) 
(4) Oxide etch (buffered HF) 
(5) Silicon etch (KOH-n-propanol-H2O)3 
(6) Strip masking oxide (HF) 
(7) Dope silicon pattern with boron (1 X 1020/cm3) 
(8) Electrically test 
Various process techniques can be used to define the initial silicon 

pattern; our choice was a short thermal oxidation followed by the ap- 
plication of a positive resist (GAF). A 30 -second etch in buffered HF 
which minimized undercutting defined the oxide pattern, and the silicon 
was patterned in an anistropic KOH solution.3 

Mask levels 4B through 4F of the PAS were used to determine the 
integrity of epitaxial silicon lines while levels 2A through 2E of the SPAR 
permitted the evaluation of epi-to-epi spacings. The results are shown 
in Fig. 8. The numbers in parentheses are the nominal mask dimensions, 
while the other number is the dimension actually printed in the silicon. 
It is interesting to note that 
(1) Even the loosest dimensions (i.e., 0.3 -mil width and 0.3 -mil spacing) 

do not result in a length -independent yield value out to 12 inches 
(Y > 0.9). 

(2) The yield values for the dimensions studied were relatively tightly 
clustered (i.e., slight variations with width). 

It will be shown later that this situation is not always the case. It was 
initially thought that mask defects were the cause for yield reduction 
with narrower dimensions. Later results with aluminum metallization, 
however, show that this was not so. The results, therefore, appear to 
indicate that (1) the silicon films contain defects that are rather large 
in size and (2) the density of smaller defects does not appear to increase 
rapidly as the size of the defect (or dimension) is reduced. 

3.2 Polycrystalline Silicon Technology 

After the epitaxial silicon has been defined, the channel oxide is grown, 
polycrystalline silicon is deposited, and defined. Before examining the 
interaction of the polycrystalline silicon with the epitaxial silicon, the 
integrity of the polysilicon was examined without the presence of the 
epi-layer. The process sequence was: 

(1) Chemically vapor deposited silicon from SiH4 in H2 at 700°C (5000 
A). 

(2) Deposition of boron -doped SiO2 (1000 EA) 

(3) Deposition of undoped SiO2 (1000 A) 
(4) Photoresist (Waycoat) 
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(5) Etch oxides (buffered HF) 
(6) Diffusion (1050°C, 15 minutes, He) 
(7) Strip glass (buffered HF) 
(8) Etch polysilicon (KOH-n-propanol-H20) 
(9) Test wafers 
This is a P+ polysilicon process incorporating P+ doped Si02 as the 

diffusion source. The disadvantage of this process is that the pattern 

1.0 
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Fig. 8-Yield as a function of length, epi-silicon 

must be defined in the two Si02 layers before being transferred to the 
polycrystalline silicon. The advantage is that the P+ doped silicon is 

unetchable in KOH, and, hence, the etching process is a self-limiting one. 
Again, as with the epi-silicon layer, the PAS and SPAR masks were used 
to define various lengths, widths, and spacings. The integrity of the 
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various polycrystalline silicon patterns is shown in Fig. 9. In general, the 
results show that: 
(1) Large area defects do not appear to be present. 
(2) A substantial increase in defect density with decreasing defect size 

(or physical dimension). 
(3) Process techniques for defining fine -line geometries produce a lower 

yield on polycrystalline silicon then on epitaxial silicon. 
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Fig. 9-Yield as a function of length, polycrystalline silicon 

12 

As is evident in Fig. 9 the defects are line -width limiting rather than 
spacing limiting. In addition, the relatively wide lines and spacing show 
little yield dependence on length over the region investigated. The 
present design rules limit the polysilicon width and spacing to 0.2 mil 
which, as shown in Fig. 9, are high yield dimensions. 

3.3 Epitaxial Silicon -Polycrystalline Silicon Interaction 

The integrity of polycrystalline silicon lines defined over epitaxial steps 
is, of course, the most important practical consideration and several of 
these investigations remain to be carried out. Using the PAS, however, 
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tests have been carried out where mask level 1 was used to define sin- 
gle -crystal islands using the process defined in 3.1. After the integrity 
of these patterns was determined, the islands were oxidized (900°C, HC1 
steam, 45 minutes) and the polysilicon process was applied using mask 
level 2. It was possible, therefore, to determine the integrity of 0.2 -mil 
polycrystalline silicon lines as a function of length. These data are given 
in Fig. 10. Comparing Fig. 10 with Fig. 9 shows that for 0.2 -mil polysilicon 
lines, there is no measurable yield reduction due to the nonplanarity of 
the polysilicon layer. It is felt, however, that this will not be the case for 
narrower widths. 

1.0 

0 1 

WAYCOAT 
PHOTORES I ST 

0.20 MIL 

P+POLYCRYSTALLINE SILICON 
CROSSING OVER EPITA XIAL 
SILICON 

4 X 103 8 12 16 20 24 
LENGTH (MILS) 

NO. CROSSOVERS X 2 

Fig. 10-Yield as a function of length, polycrystalline silicon crossing over epi silicon 

Once the integrity of the epitaxial and polycrystalline silicon lines had 
been ascertained, it was possible to examine the integrity of the channel 
oxide. Since the epitaxial layer was doped prior to oxidation, it was 
possible to test for polysilicon-to-island short circuits both before and 
after the self -align etch of the channel oxide that removes it from the 
sources and drains of the devices. It has been found that the integrity 
of the channel oxide, as determined by the number of short circuits 
present between the epitaxial silicon island and the P+ doped polysilicon 
gate, is extremely variable. This is shown in Fig. 11. It has been shown 
previously4 that the dielectric strength of the channel oxide on the edge 
of a silicon island is poor but can be improved in any of several ways. In 
Fig. 11, case 1 is a standard channel oxide grown in HC1 steam at 900°C 
for 45 minutes. Case 2 was oxidized in the same manner followed by the 
deposition of 500 A of Si02. The resulting dielectric strength increased 
substantially and, as shown in Fig. 11, the yield was also substantially 
improved. Other techniques such as depositing Si3N4 in place of the Si02 
or replacing the deposited Si02 with oxidized polycrystalline silicon have 
shown similar results. 
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It is clear, therefore, that both the dielectric strength of SOS/MOS 
devices and the yield associated with LSI arrays can be substantially 
improved by the proper process modification. In addition to the edge - 
related yield -reducing mechanism, there are other problem area asso- 
ciated with the self -align etch of the channel oxide. The yield, therefore, 
can be further increased if the channel oxide is not removed. Case 3 
demonstrates the improved integrity of the channel oxide that has not 
been removed from the source -drain areas. To fabricate devices by this 
technique, it is necessary to incorporate ion -implantation to achieve 
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2X103 4 6 8 IO 
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12 

Fig. 11-Channel oxide integrity; yield as a function of the number of crossovers 

source -drain doping. It should be noted that the channel -oxide integrity 
varies widely from run to run, and hence the data presented here indicate 
typical results. Further study in this area is needed to achieve consis- 
tently high oxide integrity. 

3.4 Contact Integrity 

Several runs have been completed using the CAR masks. Attempts were 
made to print and etch levels 3C, 3F, 3G, 3H, and 3I (see Table 3) on 
thermally oxidized silicon islands as well as on islands covered by de- 
posited oxides. A negative photoresist (Waycoat 43) was used for pattern 
definition, and, in general, it was found that the printed contact opening 
had each dimension reduced by approximately 0.05 mil when compared 
with the mask dimension. Using the usual control techniques, the pat- 
tern, as defined in the photoresist, could be replicated in the oxide to a 
high degree of precision. Some typical results are shown in Fig. 12. It is 
seen that there appears to be a rapid reduction in yield for contact 
openings less than 0.16 X 0.16 mil. 
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3.5 Interconnect Metal Integrity 

As described in Sec. 2 several aspects of the metallization step must be 
analyzed. We will discuss first metal discontinuities, then metal -to -metal 
short circuits, and, last, metal crossover short circuits. 

Concerning metal continuity, 1.4 µm of aluminum was evaporated, 
in an ion -pumped evaporation with a Sloan planetary system and elec- 
tron -beam source, onto various surfaces. Both Shipley 1350 and Waycoat 
43 photoresists were used in conjunction with PAS mask levels 4A 

through 4F (see Table 1) to define various metal widths and lengths. The 
pattern was transferred to the aluminum using the standard, commer- 
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Fig. 12-Contact integrity; yield as a function of the number of contacts 

cially available aluminum etch. The types of surfaces considered 
were: 

planar (bare sapphire) 
epitaxial silicon steps (0.6 µm) 
polycrystalline silicon steps (0.5 µm) 
multiple doped oxide steps (0.72 µm) 

Mask level 2 was used to define the initial step pattern in the various 
materials. Typical results for Waycoat 43 photoresist are shown in Fig. 

13. As expected the best results were obtained from the planar surface. 
This was the only surface that had continuous lines (although low yield 
ones) in the 2 -gm width range. Results obtained on surfaces containing 
epi-silicon steps or polysilicon steps were approximately the same. 

The lowest continuity yields were measured for the case where steps 
were etched in multiple -doped deposited oxides. These steps were fab- 
ricated by first depositing 800 A of N+ doped oxide (--e,102(3/cm3) followed 
by 800 A of undoped oxide. Next, 800 A of P+ doped oxide (Pk., 1020/cm3) 

were deposited followed by 4000 A of undoped oxide. These layers were 
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then densified at 1050°C in He for 15 minutes. As shown in Fig. 7, this 
closely duplicates the source -drain doping schedule. Defining mask level 
2 of the PAS, therefore, is analogous to opening contacts through these 
oxide layers. The continuity of metal lines which run over these doped 
oxide steps is a measure of the integrity of a metal line that must make 
contact to silicon through an opening that is "wider" than the metal line. 
In various SOS/LSI arrays, metal lines make contact with several silicon 
islands through contact openings that may be wider than the width of 
the metal, and, hence, its integrity must be quantitively determined. It 
should be noted that this measurement is different from that made using 
the CAR. The contact array (CAR) interrogates the contact opening only; 
the metal interconnect is extremely wide (0.7 mil) and covers the contact 
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Fig. 13-Interconnect metal integrity using CAR; yield as a function of the number of 
crossovers 

opening on all four sides; hence, the probability of metal continuity into 
the opening is essentially unity. In review, best results were obtained on 
planar surfaces, with epi and poly steps causing measurable yield re- 
ductions, and multiple, doped, deposited oxides praducing the worst 
yield figures. 

To test metal -to -metal short circuits, aluminum patterns were defined 
using the SPAR masks, and, again, data were generated with and without 
steps. The results are shown in Fig. 14. As in the case for metal widths, 
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best results (i.e., highest yields) were obtained on planar surfaces. It is 

interesting to note that even on a planar surface it was not possible to 
etch a spacing of 0.10 mil, even though the photoresist definition looked 
extremely good. This is consistent with the general conclusion that 
pattern definition in aluminum produces substantially lower yield values 
for width and spacing than pattern definition in polycrystalline silicon 
which, in turn, produces lower yield values than pattern definition in 
single -crystal silicon. 

Similar data were generated using Shipley 1350J photoresist and it 
was found that, for our photoresist procedure, substantial undercutting 
of the resist occurred during etching, producing at least a 0.1 -mil re- 
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Fig. 14-Interconnect metal Integrity using SPAR; yield as a function of the nunber of 

crossovers 

duction in metal widths, i.e., an increase in metal -to -metal spacings. 
Figure 15 shows typical results using Shipley. It is interesting to note, 
however, that for a given printed metal width, the yield values were 
higher for Shipley (positive) than Waycoat (negative). The use of Shipley 
for fine line geometries, however, is questionable because of the severe 
undercutting that results. 

The final area of interest is in the integrity of the field oxide that 
separates the metal conductors from polycrystalline or epitaxial silicon 
crossunders. This field oxide is again the multiple doped oxide previously 
described in detail. Mask level 2 of the PAS was used to define the 
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crossunders followed by the deposition of the doped oxides. Mask level 
4B delineated the metal lines, and measurements were performed to 
determine the number of metal-to-crossunder short circuits. The yields 
in general were in the 90% vicinity. 

Worst -case results were obtained using mask level 1 to define single - 
crystal silicon lines. These were then oxidized and doped following the 
procedure in Sec. 3.1; polycrystalline silicon was then deposited and 
defined using mask 2 and the procedure outlined in Sec. 3.2; the field 
oxide was deposited; and the metal pattern was defined using mask level 
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Fig. 15-Interconnect metal integrity using SPAR; yield as a function of the number of 
crossovers (Shipley 1350J photoresist). 

413. The number of short-circuits between the various sublayers was 
determined and the results are shown in Fig. 16. This is analogous to 
running metal conductors over the gates of SOS/MOS transistors. It is 
seen from Fig. 16, however, that the integrity of the field oxide, even 
under these conditions is extremely good and does not represent a sub- 
stantial yield -limiting factor. 

3.6 Summary of Test Results 

The ;,hree test arrays described in Sec. 2 have been used to analyze a 
particular process, namely, the silicon -gate deep -depletion CMOS/SOS 
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process. From the data generated to date, three problem areas have been 
uncovered that warrant future investigation. The first, which is strictly 
process related, concerns the integrity of the channel oxide. The yield 
curves showing the number of gate -to -island short-circuits have been 
widely variable and, for LSI arrays, can dominate the final yield. 

The second area is process -dimension related and involves the non - 
planar nature of the present process. As can be seen from the yield curves, 
a substantial yield reduction is incurred due to steps. Our ability to 
pattern various layers (epi-silicon, polysilicon, aluminum) on a planar 
surface is substantially better than it is on a nonplanar surface. 

1.0 

o 
J 
W 

0.1 

FIELD OXIDE INTEGRITY 

1 J I I 

2 X103 4 6 6 10 12 
NO. CROSSOVERS 

LENGTH OF METAL LINE (MILS) 

Fig. 16-Field oxide integrity; yield as a function of number of crossovers 

The third area is also process -dimension related and is concerned with 
contact openings. At present, fine line patterns can be defined (at least 
on a planar surface) with decent yield, but the size of the contact that 
must be used to connect one layer to another must be larger than either 
level to have a relatively high probability of opening. The physical di- 
mensions of the array and, hence, the packing density, are dominated 
by the size of the contact opening. 

All of these problem areas are essentially yield related. With the ad- 
vent of new process techniques, yield values, as related to a fixed set of 
dimensions, will increase, and for a given set of yield values, it will be 
possible to reduce dimensions and, correspondingly, increase packing 
density. 

4. Design Rule Optimization 

The previous section related process technology to physical dimensions 
through the generation of yield curves. In general, as physical dimensions 
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are reduced, the yield associated with producing that dimension is re- 
duced. As dimensions are reduced, however, the packing density, or 
number of chips per wafer, is increased. An extremely important pa- 
rameter, therefore, is the number of "functioning" chips per wafer, which 
is dependent upon both the yield and packing density. Consider the 
expression: 

number of chips/wafer =wafer area 
chip area 

number of good chips/wafer = yield X wafer area 
chip area 

The chip area is, of course, proportional to the various physical di- 
mensions used to lay out the array. There are three cases of interest. (1) 
Both the length and width of the array may be functions of a particular 
physical dimension (or design rule); this will be referred to as the two- 
dimensional design limitation. (2) Either the length or the width alone 
may vary with a particular design rule; this is the case of one-dimensional 
design limitation. (3) The array area may not be a function of the par- 
ticular design rule being considered. 

For the case of two-dimensional design limitations, Eq. [2] be- 
comes: 

and 

number of good chips/wafer (2D) -a yieldd 
[3] 

(dimension)2 
where a is the constant of proportionality. In the one-dimensional 
case, 

number good chips/wafer (1D) -b yie 
[4] 

(dimension) 
For the third case, of course, 

number of good chips/wafer = C (yieldd) [51 

and, hence, is simply a function of yield (i.e., the looser, the better). In 
some applications it is convenient to consider the width of a particular 
line as well as the spacing between the particular lines, and, hence, Eqs. 
[3], [4], and [5] become: 

Y, X YS relative number of good chips/wafer (2D) - 
(w + s)2 

[6] 

where Y,,, is the yield associated with a particular line width, YS is the 
yield associated with a particular line -to -line spacing, w is the line width, 
and s is the line -to -line spacing. Correspondingly, 
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relative number of good chips/wafer (1D) - Y3 
X 

Yu, 

(w + s) 

and 

[7] 

relative number of good chips/wafer = Y, X Y. [8] 

The yield data as given in Sec. 3 will now be inserted into the suitable 
expressions, and curves relating the relative number of good chips per 
wafer to the specific physical dimensions will be generated. 
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4.1 Epitaxial Silicon on Sapphire Films 

Using the data from Fig. 8 and Eqs. [6] and [7], the curves relating the 
relative number of good chips per wafer to the epitaxial silicon width and 
spacing are given in Fig. 17. It is interesting to note that neither curve 
in Fig. 17 exhibits a peak value. Thís ís directly related to the relatively 
small variation in yield with episilicon widths or spacings. As will be seen 
later, this is not typical. It also indicates that mask dimensions smaller 
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than 0.1 mil are necessary to find optimum values for these particular 
parameters. The figure also shows substantial increases in the relative 
number of good chips obtainable per wafer for the case where both the 
length and width of the array are a function of the epi-width and spacing. 
This is not the case for the one-dimensional situation where the increase 
in packing density is almost balanced by the corresponding decrease in 
yield. 

From the data presently available, it appears that the use of 0.1 -mil 
epitaxial silicon lines separated by 0.1 mil is close to optimum values. 
A variation in either parameter of 10.05 mil will not substantially reduce 
the yield of an array fabricated with these dimensions. It should be noted 
that these are "actual printed dimensions," and care must be taken when 
selecting mask or layout dimensions that the process will produce these 
dimensions as the end result. 

4.2 Polycrystalline Silicon Layers 

For the case of planar polysilicon lines and spacings, there is sufficient 
data from Fig. 9 to generate a similar set of curves to that obtained for 
epi-silicon. Fig. 18 shows the results of applying Eqs. [7] and [8] to the 
data from Fig. 9. The non -dimensional case, of course, simply reflects 
the yield variation which, as shown in Fig. 9, tends to saturate at a value 
of 0.3 mil. For the one-dimensional case, it is seen that widths and 
spacings in the 0.2- to 0.3 -mil range tend to flatten, indicating an opti- 
mum value of about 0.25 mil for P+ polysilicon widths and spacings. The 
two-dimensional case, using Eq. (6), is shown in Fig. 19, and a peak is 
observed at a polysilicon width of 0.2 mil and a spacing of 0.15 mil. As 
shown in Fig. 9, the dimensional control using the process described in 
Sec. 3.2 is quite good, and the 0.2 -mil width and 0.15 -mil spacing should 
be reproducible from mask to defined poly -line. Again, it should be 
pointed out that the numbers in Figs. 18 and 19 are actual printed di- 
mensions in the P+ polysilicon. 

Additional data must be generated for nonplanar polysilicon lines and 
spacings. Also, data will need to be generated for the case of N+ doped 
polysilicon layers since, in some applications, these are advantageous. 

4.3 Contact Openings 

In the area of contact openings, the data are too preliminary to generate 
an optimization curve. Applying Eq. [6] to the data in Fig. 12 indicates 
that for the two-dimensional case, the optimum contact size (square 
opening) appears to be between 0.15 X 0.15 and 0.20 X 0.20. The data 
yield essentially the same value for the relative number of good chips 
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per wafer for contact sizes between 0.20 X 0.20 and 0.16 X 0.16 mils. For 
the one-dimensional case, the optimum size is greater than 0.20 X 
0.20. 

4.4 Metallization 

Considering, first, the two-dimensional case (Eq. [6]), the results for 
optimizing aluminum on a planar surface are shown in Fig. 20. The re- 
sults show a flat portion with a center value of 0.3 X 0.2 mil. It is felt, 
therefore, that this represents an optimum value, especially on planar 
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Fig. 20-Good chips per wafer as a function of width spacing, planar surface, metal limited 
in both directions 

surfaces. When compared with optimum epi-silicon or polysilicon di- 
mensions, it is seen that metal represents the single most dominant el- 
ement in SOS/MOS packing density. This is also true in other tech- 
nologies as well, and shows the advantage of silicon -gate technology, 
especially that incorporating double layer polysilicon. 

Using Figs. 13 and 14, a similar curve for nonplanar surfaces can be 
generated and a comparison of this relationship with that shown in Fig. 
20 is given in Fig. 21. It is seen that the data show considerably less 
variation for nonplanar surfaces, and it would therefore, be more dif- 
ficult to determine an optimum value. It is felt, however, that the planar 
optimum value is a suitable estimate for the nonplanar value, and, hence, 
0.3 X 0.2 mil is considered the optimum width and spacing for aluminum 
metallization. 

Another significant result is the substantial reduction in the relative 
number of working chips per wafer that can be expected due to the 
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nonplanarity of the surface. This is, of course, due to the lower yield 
values as given in Figs. 13 and 14. This points up the second technique, 
that of planar technology, which is being used in the industry to increase 
packing density through reduced dimensions. As can be seen from Fig. 
21, it is possible to produce more working chips using 0.15 X 0.15 metal 
width and spacing on a planar surface than by using 0.3 X 0.2 mil di- 
mensions on a nonplanar surface. To take advantage of this improvement 
in aluminum metallization, however, it is necessary to have an MOS 
planar metal gate process. 

There are two contrasting viewpoints, therefore, concerning the di - 
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Fig. 21-Good chips per wafer as a function of width and spacing, planar and nonplanar 
surfaces, metal limited in both directions 

rection that high density LSI will take in the future; one improves 
packing density by using more layers of polycrystalline silicon with its 
improved yield characteristic and, in essence, builds vertically. The 
second relies on reducing dimensions significantly by having a planar 
surface. One can only speculate on which approach will dominate, since 
the data presented here clearly demonstrate that both techniques will 
give improved packing density for a given yield figure. 

Calculations have also been carried out for the one-dimensional case 
using the data in Figs. 13 and 14, and inserting them in Eq. [7]. Fig. 22 
shows the results for the planar case, where it is seen that the peak has 
shifted to 0.3 X 0.3 mil. This is to be expected since the reduction in chip 
area occurs more slowly with the decrease in the metal width and spacing 
(linear) than it does for the two-dimensional case (quadratic) and hence, 
is not able to offset the resulting yield reduction at the tighter dimen- 
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sions. A comparison with the nonplanar case is shown in Fig. 23. The 
optimum values are represented by a range of dimensions from 0.3 X 0.3 
mil to 0.4 X 0.4 mil where, again, the number of good chips producible 
on a planar surface is substantially higher than on the nonplanar sur- 
face. 

For the condition where the number of good chips is only related to 
yield (Eq. [81), the results are given in Fig. 24. This shows the advantage 
of using extremely loose dimensions when laying out areas of an array 
that are not metal -limited. 

2.0 

N 1.8 
a. 

x --1.6 
u f.4 

F-1.4 
z 

O W 
0 L.- Y1.2 

a 
LL i ¢ 
p 4I .O 

¢ ttw 
w a m .8 

> a 
F -.. .6 
4 
w .4 
¢ 

.2 

o 
0 

METAL ON A PLANAR \ 
SURFACE 

METAL ON A SURFACE 
CONTAINING POLY- 
CRYSTALLINE SILICON 
OR EPITAXIAL SILICON 
STEPS 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

METAL WIDTH 8 METAL SPACING ( mils 
0.8 0 9 

Fig. 23 -Good chips per wafer as a function of width and spacing, planar and nonplanar 
surface, metal limited in one direction 

348 RCA Review Vol. 38 September 1977 



5. Conclusions 

A set of design rules can be generated using this mask set that are con- 
sidered optimum for a particular technology. In the case of the silicon - 
gate deep -depletion CMOS/SOS process, the data indicate that the di- 
mensions listed below are close to optimum values. 

Definition Dimension (mils) 
Epi-silicon width 0.10 
Epi-silicon to silicon spacing 0.10 
Polysilicon width 0.20 
Polysilicon-to-silicon spacing 0.15 
Contact opening (square) 0.16 X 0.16 - 0.18 X 0.18 
Metal width 0.30 
Metal -to -metal spacing 0.20 
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Fig. 24-Same conditions as Fig. 23 with number of good chips only related to yield (Eq. 

[81). 

It should be noted that the curves were generated using the combined 
values of level width plus level spacing. Since, in general, an array is 
limited by both the width and spacing, this is a legitimate combination. 
These are cases, however, where an array may only be limited by a width 
or spacing and the optimum value would, therefore, be slightly different. 

It is also evident from the curves in this section that there are certain 
directions that process technology is likely to take in the future. The 
ability to define chemically vapor deposited (CVD) layers has been 
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shown to be substantially better than that using evaporated films. In 
addition, it is possible to take advantage of the crystallographic nature 
of silicon to define extremely small patterns. Multiple CVD layers, 
therefore, seem to be a promising avenue for improving packing density. 
The results presented here clearly demonstrate the advantages of planar 
technologies as a substantially different direction toward increased 
packing density. 

The last question worth addressing concerning the results is whether 
the dimensions determined to be optimum represent a physical limita- 
tion on any of the process techniques used to obtain them. As described 
in Sec. 2 we are analyzing a process sequence comprising 
(1) Thin film deposition or growth 
(2) Photoresist techniques 
(3) Etching techniques 
(4) Doping techniques 

It is felt that one or more of these techniques limit the minimum di- 
mension associated with various layers. Photoresist appears to be the 
area of least limitation, especially with planar geometries. Concerning 
epitaxial silicon, film deposition appears to be the major limitation. For 
polysilicon, etching techniques seem to dominate as is the case for con- 
tact openings. Aluminum definition appears to be a function of both the 
deposition system (or technique) and the etching technique. 

In conclusion, the various test patterns described in Sec. 2 were used 
to generate process -dimension yield data that were transcribed into 
design curves showing optimum values for circuit layout. These curves 
also pointed to directions that future technologies may take in order to 
obtain increased packing density while maintaining present yield lev- 
els. 
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The Study of Microcircuits by Transmission Electron 
Microscopy 

W. E. Ham, M. S. Abrahams, J. Blanc, and C. J. Buiocchi 

RCA Laboratories, Princeton, NiJ. 08540 

Abstract-The use of transmission electron microscope (TEIM) methods, especia ly in cross 
section, for detailed physical examination of the components of microcircuits 
is discussed from a device engineer's point of view. Careful attention is given to 
the type of problem that can best be studied by this method. Details of the required 

sample preparation process are shown and suggestions are made for ensuring 
a high probability of success with the samples. Since many readers will be unfa- 
miliar with the mechanisms of TEM image formation, a brief discussion of the 
features of the sample that cause contrast is included. Specific examples showing 
use of the method on samples of interest to silicon -on -sapphire technology are 
presented. These samples show an anomalous thinning effect in the thermal oxide 
grown on silicon island edges that has not previously been noted. They also clearly 
demonstrate the capability of seeing layers as thin as 10 A, as well as the inter- 
faces between almost every material commonly used for the manufacture of 
microcircuits. Defect distributions within the single -crystal silicon and near the 
edges of the silicon islands are clearly shown, as Is the grain size distribution 
present in heavily doped polycrystalline silicon used for gate metalization. A 

possible anomalous boron diffusion phenomenon in polycrystalline silicon due 

to the grain size distrbution is suggested. An example using oxide isolation 
methods shows that accurate modelling of such processes is possible from the 
excellent profiles obtained by cross sectional TEM methods. 

1. Introduction 

Microcircuits, like the solid-state devices from which they by and large 
evolved, depend upon the electronic and thermal properties of silicon 
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together with modern microlithographic methods. Much is known about 
the various methods for altering the electrical properties of silicon, such 
as variable crystal pull rates, solid-state diffusion processes, and ion 
implantation. Much is also known about the methods for forming di- 
electric films on silicon, such as thermal oxidation in various ambients 
(gases, temperatures, and pressures), chemical conversion by massive 
ion implantation, and chemical vapor deposition. Studies have been done 
to determine the properties of the energy bands and of the mechanical 
and optical properties of silicon. Whole industries are built up around 
the- formation of images on polished wafers of silicon. Treatments that 
affect the crystallographic perfection of silicon are well known and are 
continually being studied. Many other details could no doubt be listed. 
Despite all this knowledge, the actual detailed internal microstructure 
of the critical operating regions of the individual devices of the micro- 
circuit has rarely, if ever, been observed as it exists in an operating device. 
For example, the MOS transistor operates by electrostatically inducing 
a charge into the silicon within some hundred angstroms of the actual 
silicon surface. Typically this surface is covered with a thermally grown 
Si02 layer. Theories of current transport in such surface layers have been 
developed without benefit of knowing the structure of the silicon near 
the oxide. For the bipolar transistor the entire action may occur in a 
narrow (<1 pm), though sometimes physically complex, base region. The 
junctions on both sides of this region as well as the base region itself are 
normally considered very important to the current gain obtained. Once 
again these regions of the device have rarely, if ever, been microscopically 
observed as they actually exist in a device and theories have developed 
without benefit of the knowledge of the actual physical structure. 

This is not to say that attempts to observe such regions have not been 
made. It is sufficient to say that most attempts have relied on assump- 
tions that are difficult, if not impossible, to prove. For example, one 
might grow a thermal Si02 layer on silicon and subsequently remove it 
by a chemical or mechanical means such as with HF or by sputtering. 
Whereas it is reasonable to expect that these techniques will expose the 
silicon surface as it existed with the oxide on it, there is no guarantee that 
the oxide removal technique will not in itself alter the silicon. Other 
attempts to observe this type of structure by using low -angle sections 
in the hope of "amplifying" the nonuniformity present in the interface 
have two fundamental problems. The first of these is illustrated in Fig. 
1 where a hypothetical low -angle section is shown. Cursory observation 
of the top view of the sections might lead one to believe that "bubbles" 
of progressively increasing size exist as one proceeds deeper into the film. 
This is an extreme example, but it demonstrates that this method, as 
other methods that attempt to use geometrical amplification, relies on 
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exact uniformity throughout the original sample plane. The second 
problem is that the sectioning method itself will very likely introduce 
a "fuzziness" into the interface observed. This is particularly true of 
sections produced by the typical angle lapping or polishing procedures. 
We therefore conclude that any method that includes material removal 
in a direction substantially parallel to the interface of interest will suffer 
loss of resolution because of lateral nonuniformities of one type or an- 
other, or because of nonuniform material removal rates. 

SECTION 
LINE CROSS SECTIONAL VIEW 

0 O O 
TOP VIEW OF LOW ANGLE SECTION 

Fig. 1-Effects of lateral nonuniformilies on low angle sections. 

In this paper, we discuss the use of transmission electron microscopy, 
with which it is possible to observe physical features of integrated circuit 
structures as they actually exist in a device to a resolution of a few ang- 
stroms and with no geometrical amplification. With transmission elec- 
tron microscopy, only those materials that diffract (i.e., are at least 
partially crystalline) or that have different electron absorption properties 
from their neighbors can be distinguished. Most materials used for 
manufacturing microcircuits fall into one of the above categories. TEM 
methods provide at least a factor of 20-100 improvement over the res- 
olution obtained with conventional methods. More importantly, TEM 
samples allow crystallographic perfection, subsurface features, and in- 
terfacial regions to be seen. 

We do not mean to imply that the use of transmission electron mi- 
croscopy methods on materials of interest to microcircuits is new nor 
do we wish to imply that this is the first use of TEM for examining IC 
structures. Such work by others and by the authors has already been 
published. This paper, however, presents much more detail concerning 
the types of sample that are likely to have the best success, shows more 
complicated and interesting structures than have heretofore been 
published, and shows correlation between the microscopic structure and 
electrical performance of devices. 
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We also do not mean to imply that coarser measurements than those 
available by TEM are of no value; quite the contrary is true. Etching 
studies, X-ray topography, and scanning electron microscopy (SEM) 
are invaluable preliminary steps to TEM. These methods are faster and 
more convenient than TEM and serve to indicate possible areas of in- 
terest and often to help in the interpretation of the TEM work. The spirit 
of the present article is that such preliminary examinations are made 
as a matter of routine and we therefore focus on the greater detail 
available in TEM. We do give an example of a complementary and mu- 
tually reinforcing examination by SEM and TEM in Sec. 4. 

In Sections 2 and 3 we discuss sample preparation for TEM and the 
information content of TEM micrography respectively. Both these topics 
are extremely complex. Our presentation is addressed not to the prac- 
ticing electron microscopist but to the device engineer. We, therefore, 
attempt to give a physical feeling for what can be done, how it is to be 
done, and what type of interpretations (and misinterpretations) can be 
made. Detailed discussions of some practical examples are included. 

2. Suitable Sample 

The basic requirements for a suitable sample are that it be thin enough 
to pass an electron beam through and that the materials or structures 
of interest be present in the thin region. Typically, for the electron beam 
energy levels used for TEM work, the samples must be less than a few 
thousand A thick. This thickness can be achieved by an ion milling 
method and this is the method most frequently used. Thinning by 
chemical etching is also a well known and useful method for TEM sample 
preparation. For preparing cross sections of typical microcircuits that 
contain layers such as Si/SiO2 or Si/Si3N4, it is obviously not suitable 
because of the difference in the chemical reactivity of the materials 
present. The key to achieving a successful sample, however, lies in the 
preparation of the sample prior to ion thinning. 

To thin a sample parallel to the plane of the wafer, the wafer is first 
ground and polished from the back to a thickness of X25 µm and then 
ion thinned from one or both sides until the desired thickness is reached. 
(It is nearly impossible to determine the depth from the top surface being 
examined if thinning from both sides is used.) In most cases these parallel 
thinned samples are not of the greatest interest for IC work because the 
features, which are defined by photoresist methods, typically are >2 µm 
and most interfaces are parallel to the wafer plane. Furthermore, those 
interfaces that are not parallel to the wafer plane tend not to be per- 
pendicular either. One is left with a situation not unlike that of the 
low -angle sectioned samples wherein the extent and nature of the in - 
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terfaces may appear broadened as shown in Fig. 2. If the viewing angle 
is adjusted so that one of the interfaces has minimal width, then the other 
will be even broader and multiple images may be necessary. These effects 
are discussed more fully in the next section. 

In most cases a strong tendency exists for the interfaces to be parallel 
to the wafer plane simply because the layers used in IC's are usually 
much wider than they are thick and are formed from processes that 
uniformly affect the wafer surface. Since the interfaces are parallel to 
the wafer surface, they can best be observed from the side, i.e., perpen- 
dicular to the wafer plane. This type of observation requires greatly in- 
creased sophistication in sample preparation. 

INTERFACE 

IMAGE PLANE 

ELECTRON 
BEAM 

i TEM SAMPLE 

i 

I ENT I r- INTERfACE^^--- 
I BROADENING I 

1 I 

(PARALLEL TO WAFER PLANE) 

Fig. 2-Cross-sectional view of an arbitrary interface in a microcircuit structure and the 
interface broadening that appears to exist when viewed from the top. 

The basic method used for the samples shown here was developed 
several years ago.1 The cross sectional samples are restricted to be no 
wider (see Fig. 3) than the wafer thickness. The typical initial thickness 
is 0.4 mm which after very careful mechanical polishing is reduced to 
0.025 mm. The length can be arbitrary but must be such that it will fit 
into available ion thinning fixtures. The region of interest on these 
samples is the extreme edge of the thin side as shown in Fig. 3. It does 
not require a great deal of imagination to appreciate the extremely del- 
icate nature of these samples and the absolute precision required in both 
the mechanical and ion thinning processes. In general, it is necessary to 
provide the edge with a protective coating in order to avoid removing 
the entire region of interest during the thinning process. 

When one is interested in a particular area of a wafer (for example, 
an area in which a circuit failed), he must dedicate the sample prepara - 
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tion effort from the beginning toward this area. The first step is a sawing 
operation, and consideration must be given to the direction of the cut 
to he made in order to expose the best possible cross section. The final 
sample will be <0.2 µm thick, and the saw can be guided to no better than 
^-±25 µm. The region of interest must remain in the nominal center of 
the sample in order to be preserved through the subsequent steps. After 
the sawing operation, the sample will be typically 250 µm wide. At this 
point one must carefully measure the distance of the area of interest to 
the edges of the saw cuts. The next thinning step proceeds by polishing 
both sides approximately equally until the final thickness is -25 µm. 
This must he done with great care or the desired area is likely to be lost. 

WAFER 

SAW CUT 

MECHANICAL 
POLISH 

ION THIN 

SAMPLE WIDTH 

THICKNESS 

SAMPLE LENGTH 

Fig. 3-Schematic of process of forming a TEM sample from a wafer. The x indicates the 
location of interest. 

The sawed sample is embedded in a wax such as Apiezon* and the pol- 
ishing is begun. Care must be taken to note the time when the sample 
itself begins to polish and the material removal rate must be known. The 
polishing is stopped approximately 10µm before the area of interest is 
reached. At this point, one must again carefully measure the distance 
from the area of interest to the edges of the saw cuts. If the sample was 
not exactly parallel to the polishing plane, the area of interest may have 
been removed and this can be noted after dismounting. An iterative 
process may be required to isolate the desired region to within 10µm of 

Trade name. 
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the polished edges. Each iteration produces manifold opportunities for 
breakage and is very time consuming. 

Assuming the area of interest is successfully isolated in this 25 µm 
polished sample, the sample is then mounted for ion thinning. A side view 
of the sample at this point is shown approximately to scale in Fig. 4. This 
thinning process is usually carried out from both sides. The primary 
control on the ion thinning is the optical density of the sample, as the 
thinning rates and sample thickness are not generally known with suf- 

BOTTOM SURFACE 
,,--"OF WAFER 

REGION 
OF -w 

INTEREST - 2µm 

TOP SURFACE 
OF WAFER 

TOTAL SAMPLE WIDTH 
^-0.4mm 

Fig. 4-Section of a TEM sample drawn approximately to scale. The electron beam would 
normally be perpendicular to the page. 

ficient accuracy to use time as the basic controlled parameter. One can 
therefore expect to isolate the thinned region to perhaps ±5 µm in the 
direction perpendicular to the original polished surfaces. Isolation in 
a direction parallel to this surface can be done with great precision if the 
sample still contains the region of interest after the thinning process. 
It is sometimes found that the optical density of the total sample (which 
is mostly substrate material, as shown in Fig. 4) does not accurately re- 
flect the situation on the edges. Thus, it is possible for entire sections 
of the edges to be missing or to be too thick for electron penetration after 
ion thinning. In general, however, suitable surface regions will exist 
somewhere on the sample, as shown in Figure 5. Obviously, it is difficult 
to guarantee that the portions of the sample that are suitable for good 
TEM images will in fact be those regions of interest. Clearly, therefore, 
the process required to examine a particular preselected portion of a 
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wafer produces a low chance of success and is quite involved. A great deal 
of effort must go into a single sample. Areas that need to be examined 
by this method must be very carefully documented and studied before 
attempting to form a TEM sample. The overall chance of forming a 
successful sample is greatly increased if several samples addressing the 
same phenomena are used. This requires of course very careful book- 
keeping and a linear increase in effort. 

Fortunately many questions of interest in the physical structures of 
integrated circuits do not require examination of a specific area of a wafer 

REGION INTACT 

ti 
PROTECTION LAYER 

REGION PARTIALLY REMOVED 

REGION ENTIRELY 
REMOVED 

,..---A-ti ^ 

REGION OF INTEREST 

SIDE VIEW 

J 
V 

SUITABLE TEM REGIONS TOP VIEW 

Fig. 5-Effects of non -ideal thinning on practical samples. 

but rather need only a particular type of combination of materials. For 
these types of questions a periodic structure is ideal. If the variation in 
the direction perpendicular to the polished faces is not important, the 
process of obtaining a good TEM sample of the structure of interest is 
much more likely to be successful. In a typical circuit it may be difficult 
to identify the features of the TEM image, since in these cases the 
variation in a direction perpendicular to the polished faces is important. 
Some examples of TEM sections of circuits whose basic elements repeat 
have been shown by Sheng and Chang.2 We will concentrate in this paper 
on periodic structures fabricated in the same way as a circuit as far as 
processing is concerned, but with geometries that are more favorable for 
TEM samples. 

The periodic structures chosen are simply strips of repeating width 
and spacing. These strips can be used to form almost all structures of 
interest to IC's by using various spacings and by aligning the strips of 
one level to those of previous levels or by covering the entire surface with 
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a layer without forming the strips. A typical example of a structure that 
may be formed by this method is shown in Figure 6. Here we see that at 
least 25 unique features can be identified from each repeating unit and 
that nearly exact duplicates of these are present in the same sample for 
verification of the effects seen. Some of the labeled features might not 
seem to be unique. Examination of the actual TEM images shown later 
will reveal that many of the labeled areas are in fact unique and contain 
some of the more important information. It will also show that in some 
cases the schematic drawing is substantially incorrect when compared 
to the shapes actually existing. 

MATERIAL A MATERIAL B 

Fig. 6-Strip method used to form almost any desired microcircuit structure for TEM ex- 
amination. The letters indicate possible points of interest. 

The effects of greatest interest are usually where edges of one form 
or another exists. In some cases, particularly with crystalline materials 
such as silicon, the structure of the material away from the edges is also 
of interest and this is also available from the sample. In some cases, in- 
teraction between the edges may be present. For these types of investi- 
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gation a sample with more than one edge -to -edge spacing is suggested. 
If the effects are in fact due to edge interaction they will in general be 
strongly influenced by the edge -to -edge spacing. Only the spacings de- 
termined by the masks will be adjustable on the same samples. Thus, 
the possibility of determining the cause of the effects seen, of seeing 
many different kinds of interfaces and materials in the same sample, and 
of producing more than one observation of the same structure in the same 
sample is enhanced by using carefully constructed samples of the general 
type shown in Fig. 6. 

3. Information Contained in TEM Micrographs of IC Structures 

As mentioned earlier, we are dealing with the properties of a beam of 
electrons transmitted through solid phase material. The transmission 
process causes changes in the nature of the beam by absorption and/or 
diffraction. The actual processes occurring are very complicated and 
constitute an entire field of study in themselves. The reader is referred 
to reference texts3-5 for more thorough discussions. A basic division must 
be made, however, between amorphous materials and crystalline ma- 
terials, since the factors determining the transmitted intensities are 
completely different for the two cases. We will briefly discuss the salient 
factors affecting the images obtained so that an individual unfamiliar 
with TEM technology can obtain a reasonably accurate impression of 
the sample from the images. 

3.1 Amorphous Materials 

For amorphous materials, absorption is the most important consider- 
ation. The transmitted beam will be more intense where the absorption 
is the least and less intense where the absorption is greatest. The ab- 
sorption is determined by the electronic properties of the material and 
by its thickness. (Thus, an internal measure of ion thinning uniformity 
exists.) The observed transmitted intensity is determined by integration 
of all absorbed electrons, regardless of how the absorption occurred. This 
can he important when one is concerned about the extent of interfacial 
regions as discussed below. An image of the transmitted intensity over 
the region of the sample that is in the beam can be obtained by expanding 
(magnifying) the transmitted beam (using electromagnetic lenses) and 
exposing a fluorescent (or more strictly, cathodoluminescent) screen or 
suitable electron sensitive film. The image observed is simply that of 
transmitted electron intensity and can be thought of as being a result 
of the many independent sub -beams that form the main beam. This 
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concept of sub -beams is particularly helpful in understanding the way 
in which the images from crystalline materials arise. 

In the ideal case when the electrons are incident exactly parallel to 
a hyperabrupt planar interface the image will typically exhibit 10 of 
"fuzz." This fuzz is caused by nonideal lenses in the microscope and other 
factors characteristic of the particular microscope and sample in use and 
can be as low as 2 A. This is also called the resolution limit and is at least 
20 100 times better than typical scanning electron microscope resolution 
currently in use for examining the surface features of integrated circuits. 
If the beam is not exactly parallel to the hypothetical hyperabrupt in- 
terface a transition region will appear to exist as shown in Fig. 7. If the 
electron absorption coefficient is at in the upper material of Fig. 7 and 

//I 
DARK 

INTERFACE PROJECTION 

HYPERABRUPT 
INTERFACE 

Fig. 7-Effects of intrasample interface tilt on the TEM Image. An interface between two 
amorphous materials is shown. 

a2 in the lower material, the transmitted intensity is given by 

/t1 = /p exp (-a1Xs) 
for the upper layer and by 

/t 2 = /0 exp (-a2Xs ) 
for the lower layer, where /o is the incident intensity and Xs is the total 
specimen thickness. Let us further assume that the interface is tilted with 
respect to the incident beam by an angle as shown in Fig. 8. 
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In the interface region the transmitted intensity is given by 

¡ti = 10 exp (-aiXi) exp (-a2X2) 

where X1, X2 and other symbols are defined in Fig. 8. This equation can 
be readily rearranged to a more convenient form: 

It, = 10 exp (-a2X8) exp [-y cot B(ai - a2)]. 

Now 1t2 = loe-a2X., is the transmitted intensity at the bottom of the 
interface projection and loe-atx, is the transmitted intensity of the top 
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Xs 
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\ 
It2 

TRANSMITTED INTENSITY 

Fig. 8-Transmitted intensity in a tilted interface region similar to that of Fig. 7. 

of the interface projection. If P =' (a1 - a2) cot), the intensity in the 
projected interface region only is given by 

1t/ = jt2e-0'. 

Thus, the intensity in the projected region, as shown In Fig. 8, may or 
may not appear linearly graded. In general one would expect a relatively 
sharp transition from the region of lowabsorption to that of the interface 
projection and a less sharp transition from the region of high absorption 
to that of the interface projection. This is shown in Fig. 8. This difference 
in sharpness is greatest when It) is near zero and is minimum where it' 
= 1t2. The important point of this discussion is that precisely the same 
kind of image can exist when a hyperabrupt interface is tilted as can exist 
when a gradual transition between two materials exists, and that one 
would expect to see, with good resolution, the shape of the outline of the 
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interface projection if a tilt were purposefully introduced. The inter- 
section of the interface with the sample surface should be visible. 

Clearly if there are no "grey" areas visible, there is no possibility of 
a transitional type of interface whose width is greater than -10 A (typ- 
ically -3 atomic layers). If a grey area exists, one can attempt to minimize 
its width by tilting the sample. Thus, if the width can be reduced, a tilted 
interface must be assumed. On the geometrical scale of interest here, such 
transition regions may not be noticed until after development of the 
photographic plate and after the sample is removed from the microscope. 
In addition, tilting to reduce the observed interface width to a minimum 
will, in general, result in substantial distortion in the rest of the image 
due to complicated projections of the sample on the image plane of the 
microscope. In these cases, one can examine the envelope of the grey area 
and determine if the undulations occur over distances comparable to 
the sample thickness. If they do not or if no appreciable undulations 
exist, one can usually assume that no significant interface tilt is present. 
A situation is shown later where this is not true however. 

Since the transmitted intensity is determined by the total material, 
it is not in general possible to determine a difference between a com- 
pletely homogeneous transition region and one consisting of micro (<10 
A) islands of amorphous material. The shape of every interface between 
amorphous materials with substantially different electron absorption 
coefficients existing in a sample should be visible with a resolution of 
<10 A. The absorption coefficients themselves are expected to be slowly 
increasing functions of the mean atomic number of the elements in the 
material and are sensitive to the density of the material. 

3.2 Crystalline Materials 

The image seen from the transmitted electrons is formed basically by 
a subtraction process. In the amorphous case discussed above, this 
subtraction was accomplished by absorption. Some of the electrons in 
each sub -beam of the image are removed, thereby reducing the strength 
of the transmitted beam. The sub -beam itself travels through the sample 
in a straight line and the absorbed electrons return to the system ground 
through the sample holder. In the case of crystalline materials, however, 
the sub -beam will be partially diffracted as it passes through the sample. 
In this case the intensity of the sub -beam is reduced by a deflection (by 
diffraction) process. This results in total conservation of electrons. The 
image obtained by expanding (magnifying) the directly transmitted 
beam will, therefore, he the least intense where the most diffraction has 
occurred and the most intense where the least diffraction has occurred. 
Since the process of diffraction is intensified as more and more planes 
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of the crystalline atoms are traversed by the beam, the process is not 
unlike that of absorption. However, since mono -energetic electrons are 
used, diffraction will occur only from those planes that satisfy the Bragg 
condition. Therefore, deviations in the micro -orientation of the crystal 
plane can cause large changes in the diffracted intensities. This feature 
is completely different from the amorphous case and is frequently the 
dominant cause of contrast in crystalline materials. The particular for- 
mulation of the intensity is much more complex than for simple ab- 
sorption and will not be discussed here. The important point to note is 
that a transition between an amorphous material and a crystalline ma- 
terial will he sharply visible because of the different amounts of beam 
removal due to absorption and diffraction, respectively. For most 
specimens of interest diffraction is a stronger influence on the image than 
absorption. For samples that are too thick, absorption always domi- 
nates. 

Defects in a crystalline material cause changes in the diffraction 
conditions near the defects and may, therefore, also be visible. For some 
types of defects that diffract, such as twins, it is possible to adjust the 
tilt of the sample such that a very strong diffraction exists from the twins. 
One can then expand (magnify) this diffracted beam to obtain an image 
that is most intense where the twins exist. This type of image is called 
dark field and is exactly analogous to an optical microscope dark field 
image. For most investigations of first -order interest to microcircuits, 
these dark field images are of secondary importance. They are, however, 
extremely important for determining, for instance, the type and location 
of defects or material with a specific orientation. 

For a defect to be visible, it must occupy a significant fraction of the 
sample thickness so that it can interfere with the diffraction to a level 
that will be seen in the transmitted sub -beam. Not all defects in crys- 
talline material will be visible. Usually a strain field exists near the defect, 
wherein the atoms are displaced slightly from their usual lattice position. 
This strain field aids in disturbing the diffraction and produces greater 
contrast. 

It can be shown that the beam is deflected only very slightly by a 
typical diffraction. A typical deflection angle is perhaps 1/2°. Thus, very 
small bends in the lattice can cause very large changes in the diffracted 
intensity. It is not unusual to see large contrast changes over regions of 
apparently defect -free material that are due to very slight bending of 
the samples. These types of region must be interpreted with great care. 
Typically, defects show relatively sharp and distinct features. In the 
neighborhood of interfaces, however, intensity changes must be carefully 
studied before assuming the causes. Large intensity changes do not al- 
ways mean that significant structural changes exist. 
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Since the crystalline materials diffract, they produce a typical dif- 
fraction pattern characteristic of the crystal orientation. If the lattice 
producing the diffraction is not in its equilibrium state, the atoms may 
be displaced slightly, and this strain can be detected by analyzing the 
position of the diffraction spots. Thus, a means for determining the av- 
erage strain in the crystalline material over the entire imaged area also 
exists. 

While this discussion is simplistic, it does contain the essence of most 
of the important ways that images are formed and should give the reader 
enough information to be able to interpret most of the features of TEM 
images that are important for IC applications. In summary these features 
and methods are (1) resolution of edges and interfaces with great accu- 
racy, (2) observation of the detailed structure of the crystalline parts of 
the sample and (3) a measurement of the strain existing in the single 
crystalline parts of the sample. 

Usually the only crystalline materials present are silicon, some metals, 
such as aluminum or tungsten, and substrate materials such as sapphire 
and spinel. Frequently, the silicon is present both as nominal single - 
crystalline material and as polycrystalline material. Defects in these 
materials may be of interest, since they can control properties of the 
material such as electrical transport, material transport (including dif- 
fusion and electromigration) and non -equilibrium effects such as lifetime 
and recombination of electrical charge carriers. Detailed observations 
of the defects in the devices can help greatly to understand which 
mechanisms are important in determining the electrical properties and, 
possibly, the long term stability of the devices. 

4. Example Using Silicon on Sapphire Technology 

We have chosen to use silicon on sapphire technology as a good example 
of a typical implementation of the methods described in this paper. 
Silicon on sapphire is used primarily for high performance digital inte- 
grated circuits. Typically, a thin film of silicon is epitaxially deposited 
on a polished single -crystal sapphire substrate, and this film is divided 
into islands of isolated silicon by an etching process. Other methods for 
forming the regions of isolated silicon also exist, such as converting the 
silicon into silicon dioxide between the islands by thermal oxidation or 
by selectively conditioning the sapphire surface so that relatively non- 
conducting silicon grows in the conditioned areas. We have used pro- 
cesses for forming the samples that are essentially the same as those 
currently used by RCA for manufacturing LSI circuits. 

The silicon film is nominally 6000 A thick at the beginning of the 
process. A thin oxide is grown or deposited on the silicon surface and is 
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defined into the shape desired for the silicon island. In this case we have 
chosen a nominal 13 µm (0.5 mil) island width for the grid mask (see Fig. 
6), since this is a typical size. The silicon was etched using a potassium 
hydroxide-n-propanol solution, which is commonly used to form sloped 
edges in single -crystal silicon. This etch attacks ̀ 1111 planes more slowly 
than others and therefore tends to leave ;111} planes. Usually some 
over -etching, that is etching beyond the time required to remove the 
silicon from the sapphire, is employed to ensure that the entire wafer 
is sufficiently etched. This produces a degree of undercutting of the 
silicon beneath the oxide mask and produces some nonideal shapes on 
the edges of the islands. The oxide etch masks are chemically removed, 
and a thermal silicon dioxide layer is grown on the silicon to a thickness 
of approximately 1100 A in a steam atmosphere. This channel oxide 
grows only on the silicon; the base sapphire remains nominally unaf- 
fected. At this point, a layer of silicon 5000 A thick is deposited on the 
entire wafer by chemical vapor deposition. The deposition is done at 
-700°C by silane decomposition and the silicon deposit is polycrystal- 

line. This polysilicon is nominally undoped at this point but is subse- 
quently heavily doped by any of several methods and serves as a me- 
tallic -like electrode for the gates of MOS transistors and as an electrical 
connection between different areas of the circuit. For the samples dis- 
cussed here the polysilicon was doped by diffusion from a boron doped 
oxide source at a temperature of 1050°C. This produces P+ polysilicon 
beneath the doped oxide. After deposition, the boron -doped oxide is 
defined into strips using the same mask that was used to define the sil- 
icon islands, but the mask is intentionally misaligned to the islands in 
a manner similar to that shown in Fig. 6. After the diffusion, the boron 
doped oxide strips are chemically removed and the wafer is again exposed 
to the silicon etch solution. This etch will not attack silicon heavily doped 
with boron and, therefore, removes only the undiffused polysilicon. At 
this point, the wafer is coated with a 1µm layer of deposited oxide as a 
protection during ion thinning and to simulate a typical passivation layer 
for a circuit. The sample thus represents an entire cross section of an 
operating MOS transistor in its channel region (where the single crystal 
silicon is lightly doped), except that the poly does not cross the entire 
island. By not allowing the poly to completely cross the silicon island, 
it is possible to examine the structure existing at the edge of the gate 
electrode in terms of the poly shape and channel oxide structure near 
the poly edge. Since neither the poly nor the channel oxide is sensitive 
to orientation, this slight perturbation is reasonable. Thus, all of the 
features of interest to the central channel region of a transistor are 
contained in a single sample. This sample could have been processed 
further to contain information of interest about the heavily doped source 
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and drain regions by etching the channel oxide after etching the poly and 
diffusing or by implanting dopant through the channel oxide into the 
single -crystal silicon not under the poly. This was not done here because 
we wanted a sample with "uniform" properties throughout, so that the 
extent and reproducibility of the silicon structure seen could be deter- 
mined. The intended structure is shown in Fig. 9. 

A montage showing an actual TEM image of a sample of the form of 
Fig. 9 is shown in Fig. 10. This figure shows a single silicon island 13µm 
long and contains a plethora of information. In this and in all succeeding 

THERMAL CHANNEL OXIDE 

POLYSILICON :`: 
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Fig. 9-Silicon on sapphire sample addressing the properties of MOS transistors. (A) 
Structure intended for images shown in Figure 10. (B) Modification of (A) to include 
heavily doped source and drain regions. 

micrographs, the orientation of the single -crystal silicon is as shown in 
Fig. 10. We shall discuss the more important points one at a time. We 
note that the poly mask was not precisely aligned to the silicon island. 
The poly edges should have been in the center of the island. 

The first point to make is that Fig. 10 shows a section 13µm (0.5 mil) 
long. This represents approximately 1/250 of the length of one side of 
a typical single LSI circuit. It would take approximately 50 sections of 
the thickness of this sample to fill the space between the source and drain 
of a single 10 µm (0.4 mil) long MOS transistor. From the overall view 
of the entire image, one can immediately obtain a feeling for the "third" 
dimension of the circuit. A direct comparison of the z direction with the 
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x or y direction is available as it actually exists (i.e., without geometrical 
amplification or viewing angle distortion). The distance charge must 
travel from the source to the drain is put into perspective. The thickness 
of the channel oxide as compared to the silicon and the poly is clearly 
evident. As a point of calibration, typical circuit designs assume that the 
masking levels can be aligned to each other within an accuracy ap- 
proximately equal to the extent that the poly overlaps onto the top of 
the silicon island. Typical minimum dimensions (line widths and spac- 
ings) are one-half to one-fourth the length of the silicon island. Attempts 
are continually being made to shrink these dimensions into the sub - 
micron range, largely by using nonoptical lithographic methods. Line 
widths of less than 0.5 pm can he obtained. If such dimensions were used 
to determine the silicon -island width, more than two-thirds of the surface 
area of the silicon would be on the edge of the islands, which is generally 
considered a parasitic region. Thus, a clear and accurate projection of 
the physical effects to be expected by changing the x or y dimensions can 
be made. These effects could include items of primary importance, such 
as crossover capacitance and total interconnection lengths (resistance). 
For example, a 0.5 pm polysilicon line crossing a 0.5 pm thick and 0.5 pm 
wide oxidized silicon island would be much longer in fact than an x, y 
plane view would indicate. Similarly, the capacitance of such a geometry 
would be dominated by the normally parasitic edge effects. With a clear 
picture of the geometry, an accurate calculation and prediction of effects 
of this type can be made. 

Observation of the features of the image as a whole is comparable to 
that seen by using a good scanning electron microscope (SEM) in that 
resolution in the 100 range is available. The structure in Fig. 10 is seen 
in exact cross section, however, and the image contrast features are much 
sharper and are due to the internal rather than the external parts of the 
sample. For example, distinguishing the channel oxide from the silicon 
by SEM may require an oxide etching process, so that the topological 
features (rather than the electron -beam -transmission features) would 
be different from that of the other parts and would in general require 
nonstraightforward viewing angles. Even in this case, the resolution and 
structural information is usually inferior in the SEM case. 

Two examples of SEM images obtained on structures similar to that 
of Fig. 10 without the polysilicon are shown in Fig. 11. Here the channel 
oxide was removed by etching using a photoresist mask (which was 
subsequently removed). Figures similar to those of Fig. 11 have been 
previously published by Lee and Kjar6 and Ham7. We note that the 
etched oxide profile and the silicon island edge in Fig. 11 are not straight 
because of the nonideal photoresist exposure and development used to 
define these edges. It is very difficult to be sure of the structure of the 
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sample near the top or the bottom of the island edge from the SEM im- 
ages. Cleaving samples to produce some improvement in the viewing 
angles, which is required frequently, does not allow determination of the 
structure of the interface regions and very often is destructive to the 
regions of interest. Moreover, it does not provide the desired detail for 
the SOS edge regions. On the other hand, a view of a much larger sam- 
pling of the wafer can be obtained from the SEM images and this can 
be very important for interpreting the TEM images. For example, be - 

ETCHED ISLAND 
Ce(IDE STEP EDGE 

ILICON 'SAPPHIRE 

SILICON 
0.5 µm 

SILICON 
0.75 µm 

Fig. 11-SEM images of samples similar to that of Fig. 10. Two different silicon thicknesses 
are shown with a step etched into the (1100 A) channel oxide. There is no pol- 
ysilicon on these samples. 

cause of the nonstraight silicon edge, a significant amount of "tilt" (see 
Fig. 7) might be expected in the silicon oxide interface region on the 
island edge even though the intersection of this interface with the surface 
of the TEM cross sectional sample would appear nearly straight. On the 
top silicon surface shown in Fig. 11, the undulations in the x direction 
are essentially the same as those in the y direction. In this case, an un- 
dulation in the TEM image would relate to the amount of tilt of the in- 
terfaces. 
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Fig. 12-High magnification XTEM image of the left end of the island shown in Fig. 10. 

A magnified view of the left hand side of Fig. 10 is shown in Fig. 12. 
The right hand side of Fig. 10 is shown in Fig. 13 and an image of a similar 
edge from another sample is shown in Fig. 14. Fig. 14 shows better con- 
trast near the bottom of the edge region than the other images. In these 
figures a resolution of perhaps 20 A exists. A cursory examination of these 
images reveals that a very complex structure exists on the edges of the 
silicon islands. Perhaps the most obvious feature of interest is the ap- 
parent nonuniformity in the channel -oxide thickness on the edges while 
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Fig. 13 High magnification XTEM image of the right end of the island shown in Fig. 10. 

the thickness is almost constant on the top of the island. Preliminary 
examination of Figs. 12, 13, and 14 suggests that the edge oxide is pref- 
erentially thin near the top of the edge. Cursory inspection of Fig. 12 
suggests that the oxide undergoes a very substantial thickness change 
approximately half way up the edge. Near the bottom it appears that 
a sharp reduction in the thickness exists. We also note the presence of 
very sharp silicon corners at the top of the island edge. None of this 
structure is clear from the SEM samples. On the other hand, some of the 
apparent structure in the edge oxide is due to an interface tilt phenom- 
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Fig. 14-High magnification XTEM image of an island edge showing dislocations and good 
contrast at the bottom of the island edge. 

enon. All three highly magnified edge TEM images are seriously affected 
by different types of tilt as shown in the line drawings on the images. One 
must conclude after careful study that the oxide on the edge is ap- 
proximately uniform in thickness except near the top and bottom and 
is thicker by approximately 20-30% than the oxide on the top. It is very 

374 RCA Review Vol. 38 September 1977 



TRANSMISSION ELECTRON MICROSCOPY 

easy in this case to be misled by the tilted interface. The thin oxide 
sections near the top of the edge are real but they are not as thin as they 
first appear. 

The phenomenon of interface tilt must be suspected any time one is 
dealing with a photolithographically defined edge, because the undu- 
lations present due to the nonideal photoresist edges cause preferential 
interface tilt in cross section. It may therefore be necessary to obtain 
high magnification images or purposefully tilted images of these types 
of region to be able to see the relatively faint contrast differences due 
to tilted interfaces and to be confident of the actual structure existing. 
We note that even with 20 A resolution and optimum viewing angles, the 
exact structure at the bottom and top of the edge is not absolutely clear. 
It is, however, much clearer than from previous techniques. 

The shape of the silicon edge determines, in part, the shape of the 
thermal oxide edge. In particular, the sharp point of silicon at the top 
of the edge deserves comment. The origin of this point is best seen by 
considering the shape of the silicon before the channel oxidation. A cross 
section of a typical island edge immediately prior to thermal oxidation 
is shown in Fig. 15. It is clear that a sharp point exists at the top of the 
edge. (We note that significant tilt projections are also seen in this figure.) 
This point is a result of the anisotropic silicon etch used to form the 
islands which, as stated above, tends to leave 11111 planes. The defects 
(twins) in the silicon are on 11111 planes and it is apparent that the slopes 
of the edges are approximately parallel to the defects. Thermal oxidation 
of a given volume of silicon produces approximately twice that volume 
of oxide. Since the oxide thickness is approximately 1000 A, only ap- 
proximately 500 A of silicon was consumed. This is not enough to remove 
the point. Possible effects of this pointed structure are discussed 
later. 

The oxide structure near the top of the edge is primarily a result of 
the starting silicon structure. The simplest models of thermal oxidation 
do not predict the preferential thinning observed immediately below 
the top of the edge, however, and such regions are not clearly in evidence 
from the SEM images. The concept of lateral material flow in the oxide 
during oxidation has been previously suggested for thermal oxidations 
of regions such as this.? For very thick thermal oxides on the island edges, 
large separations of the oxide from the sapphire have been previously 
noted6'7 and a TEM image of such a thick oxide is shown in Fig. 16, in 
support of this concept. Detailed modeling of this type of oxidation is 
yet to be done, so the cause of the thin oxide region at the top of the edge 
is uncertain. We also note that the silicon-oxide interface on the top of 
the silicon near the edge is bent upwards in Figs. 12, 13, and 14. This is 
probably caused by differences in net oxidation rates rather than by 
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Fig. 15-XTEM image of an island edge after chemical etching. 

0. 

mechanical bending due to forces in the oxide, since the contrast in the 
single crystal silicon is relatively uniform in this region. (Mechanical 
bending would cause large intensity charges as discussed earlier.) Such 
forces may have been present during growth and subsequently annealed, 
but they are not large in the sample as it existed during TEM imaging. 
A conceivable cause for this type of interface profile would be cooler 
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silicon at the tip (because of preferential thermal losses) during the ox- 
idation. 

In any case, the results of the very complicated processes involved for 
this structure are clearly visible and provide a good foundation from 
which an accurate model can develop. 

The silicon structure near the bottom of the edge of the silicon island 
with thin channel oxides is also of interest. It is quite clear in Fig. 12, 13, 
14, and 15 that the silicon smoothly joins the sapphire both before and 

5000 A THERMAL 
Si02 

SEPARATION OF OXIDE 
FROM SAPPHIRE 

POLYSILICON 

i 

f 

SINGLE CRYSTAL SILICON 

-.i a700,4Í SAPPHIRE 

0.1 µrr 

Fig. 16-XTEM image of the bottom of an island edge that has been heavily thermally oxi- 
dized. Note that the polysilicon, which was deposited after the oxidation, nearly 
touches the single -crystal silicon even though the oxide is ^-5000 A thick. 

after oxidation. This question has been the subject of some informal 
debate with one suggestion point being that the silicon at the bottom of 
the edge is consumed faster than other silicon because of its more highly 
defected nature and because of its better exposure to the oxidizing am- 
bient. This should cause thicker oxides at the bottom of the edge. An- 
other point of view suggests that the silicon in this region is very highly 
stressed and should tend to separate from the sapphire under heat 
treatment or oxidation. It is clear that, for the thermal cycles and times 
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used for these samples, neither point of view describes the system for 
thin oxides. Instead, it appears that the oxidation of the bottom of the 
edge may proceed slightly more slowly than for other parts of the edge. 
There is no evidence of any separation of the oxide from the sapphire 
for the thin oxides. On the other hand, thick oxides (Fig. 16) separate 
from the sapphire after maintaining good contact for ' 700 A from the 
silicon. The thick oxides are electrically approximately as thick (in terms 
of dielectric strength) as the thin oxides because the poly is within -'700 
A of the silicon at the bottom of the edge. We also note that a sharp sil- 
icon corner remains at the top of the edges but that the retrograde slope 
has been removed. The slope of the silicon edge has changed markedly 
due to the nonplanar geometry and resulting nonuniform oxidation rates. 
These processes are currently under study. It is also clear that all surfaces 
are intimately in contact with the CVD layers (deposited oxides and 
polysilicon) everywhere, including on the retrograde slopes. 

Another feature of interest in Fig. 10 is the shape of the edge of the 
polysilicon on the top of the silicon island. Recall that this edge was 
formed by the etch resistant properties of boron -doped silicon and that 
the boron was introduced by diffusion from a boron -doped oxide strip 
that was not in place during the poly etching process. It is not immedi- 
ately clear why the observed edge profile should exist. The "tail" near 
the oxide is particularly noticeable. Since the boron -doped oxide was 
not in place during the etch, the only factors influencing the etch rate 
of the poly are those due to the boron content. If one assumes, for sim- 
plicity, that a boron concentration exists such that no etching takes place 
for boron levels above this concentration and that the etching proceeds 
at approximately the same rate as undoped silicon below this concen- 
tration, then the shape of the poly edge should be approximately the 
same as that of the locus of the critical concentration in the poly. One 
would not expect the profile observed in the poly from classical diffusion 
theory. A profile similar to that shown in Fig. 17A would be expected; 
the profile shown in Figure 17B is that obtained. The critical boron 
concentration exists farther from the doped -oxide edge at the bottom 
of the poly than at the top. The cause for this is uncertain, but it may be 
related to nonuniform diffusion coefficients in the poly. 

Other relatively coarse features of Fig. 10 include the nonuniformity 
experienced in the ion thinning, particularly in the deposited oxide. It 
is sufficient to cause obvious intensity changes over relatively small areas. 
This suggests that any method that uses ion thinning as the basis for a 
profile by measuring the properties of the surface left (such as by Auger 
methods) or by analyzing the properties of the material removed (such 
as SIMS) may suffer considerable loss of depth resolution that will not 
be apparent in the data. 
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To this point, we have mostly discussed the information content of 
the images that is relevant to the mechanical properties of the structure. 
The relationships of the position of the various interfaces to each other 
have been only briefly discussed. Information is also available concerning 
the structure of the interfaces and materials present. In general, there 
is no evidence that any interface between any of the materials is other 
than completely abrupt to within the resolution and limitations of this 
method. Any transition regions that exist are not sufficient to cause in- 
tensity changes in the images. On the other hand, many structural fea- 
tures of the single -crystal silicon and the poly can be seen. 

BORON DOPED OXIDE 

A POLYSILICON EXPECTED 
PROFILE 

B POLYSILICON 

OBSERVED 
PROFILE 

°TAIL:REGION 

Fig. 17-Anomalous edge profile in polycrystalline silicon possibly caused by nonuniform 
diffusion of boron due to the grain size distribution in the poly. 

The poly shows no evidence for being other than composed of random 
crystallites. A definite pattern in the distribution of the crystallite sizes 
was noted however. The grains found near the thermal oxide are some- 
times smaller than those in the upper portion of the film. This can be 
seen in Fig. 10 in the poly on the top of the island. (Other TEM images 
not shown here have shown the presence of small grains near the oxide 
even more clearly.) Since the poly near the oxide can have very small 
grains it may be composed largely of grain boundaries. This poly 
therefore may not have the same properties (such as boron solubility 
limits and diffusion coefficients) that would be experienced in single - 
crystal silicon or in the upper portion of the poly film. The small grains 
may also provide a possible site for electrical charge trapping in the poly 
with resulting electrical instability. This type of instability could proceed 
rapidly at room temperature and appear as a dielectric charge in MOS 
structures using poly silicon as the gate metal. The very small grained 
poly might behave as poor dielectric since it is difficult to make small 
grained poly conductive. Alternatively one might suspect a high boron 
concentration near the poly oxide interface instead of the relatively low 
levels normally expected. Such boron concentrations could have major 
consequences on the injection of charge into the oxide and thus be a re - 
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liability concern. One might expect a high degree of sensitivity of these 
effects to the grain structure and thickness of the poly. Other poly films 
that have been examined do not show the preferential distribution of 
crystallite sizes. Such examples are shown later in this paper. Thus a 
mechanism exists that can cause small grains near the oxide in poly- 
crystalline silicon but that does not always persist even throughout the 
extent of a single sample. A mechanism such as nonuniform surface 
cleanliness might be suspected. The fact that the poly shows no evidence 
of columnar growth may be of interest. 

The single -crystal silicon is literally "loaded" with structure. Examples 
of microtwins and dislocations are shown in Fig. 10 along with other 
features, such as "bent sample" contrast. It is quite clear that this silicon 
is highly defected, especially in the region near the sapphire. Models of 
electrical conduction processes in this material must therefore be used 
with the knowledge that the material is highly imperfect and the tradi- 
tional models may not apply. Detailed discussions of some of the effects 
of these defects can be found elsewhere.8'9 

It is particularly interesting to note the behavior of the defects in the 
silicon near the edges of the islands. Upon initial examination of Fig. 12, 
13, 14 and 15, one can see that no very large perturbation in the defect 
type or density is present near the edges compared to the regions of the 
films more remote from the edges. It is also seen, however, that the dif- 
ferent edge regions of the various samples have very different densities 
of defects intersecting the edge regions. This difference is a result of the 
nonuniform distribution of defects throughout the x and y dimensions 
of the film, as can be readily seen by examination of Fig. 10. The electrical 
behavior of the edge regions has been observed to be highly nonideallo 
and can be erratic in some cases, even between "identical" devices on 
the same region of the same wafer. Other cases have been noted where 
relatively smooth changes in the edge properties exist between adjacent 
devices. This behavior could, in principle, be explained by the different 
defect densities intersecting the silicon oxide interface on the island edge. 
It must be recognized, however, that the TEM samples are only a few 
thousand angstroms thick at most and that it would require at least 
10-50 times this thickness to represent a typical source -to -drain spacing. 
Therefore it is very difficult to be sure of the number of defects inter- 
secting the edge region throughout the entire electrically active edge 
region of a typical device. It is clearly possible and likely that the number 
of defects intersecting the edge interface is substantially greater than 
those intersecting the top silicon-oxide interface. These defects could 
cause preferential generation of surface states, potential barriers, or 
scattering centers, and may have first order effects on the electrical 
properties of the edges. 
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In addition to the most populous planar defects that intersect the edge 
silicon-oxide interface, another class of defect is commonly seen near 
the edges. These are dislocations probably produced by processing the 
wafers at high temperatures. Examples of these can be seen clearly in 
Fig. 14. Many of these dislocations intersect the silicon-oxide interface 
on the island edge. In this particular sample, their density is X 

109/cm-2 of interface area if the sample is assumed to be 3000 A thick. 
The curvature of the dislocation lines indicates that they have been 
generated from the lower left corner of the island, although their precise 
source is not clearly evident. Once generated, these dislocations glide 
under the influence of the shear stress present at or near the edges of SOS 
films.11 These shear stresses develop upon relaxation of the normal 
strains occurring because of differential thermal contraction or expan- 
sion. This is a general phenomenon expected to occur, for example, in 
most semiconductor composites and semiconductor-oxide systems. 

It is of further interest that neither the nature nor the density of the 
planar defects present are substantially altered by the processes used 
to form the sample of Fig. 10,12,13, or 14. (For these samples the silicon 
was deposited at ^950°C and the samples were heated to 900°C for 
channel oxidation and to 1050°C for poly diffusion.) Fig. 15 shows the 
preprocessing silicon structure. 

The reader may have noticed that the channel oxide does not exhibit 
any visible interface at all with the deposited oxide. This is the only ex- 
ample of any interface between two amorphous materials in Fig. 10. One 
would not necessarily expect to see this interface by TEM since the 
materials are chemically and structurally very much the same.. It is im- 
portant, however, to demonstrate that interfaces between amorphous 
materials can be readily seen by TEM if they are different. To this end 
and to demonstrate at the same time the ability to clearly see layers in 
the 10 A thickness range, TEM images from another sample are shown 
in Figs. 18 and 19. This sample also shows the structure of a silicon island 
edge prepared by an oxide isolation method. It will be seen that this 
structure is entirely different from that of the chemically etched edges 
shown in Fig. 10. 

The sample was prepared by first growing a channel oxide in steam 
to a thickness of -'700 A on a SOS wafer with a 0.6 gm silicon layer. A 

thin layer of amorphous Si3N4 was then deposited and defined into strips 
-'5µm wide. At this point, the channel oxide was etched using the nitride 
as the etch mask. This process left the wafer with strips of Si3N4 over 
channel oxide separated by regions of bare silicon. The silicon was etched 
with the same potassium hydroxide etch used to form the islands shown 
in Fig. 10 but for a reduced time, such that 2000 A of silicon remained 
in the regions between the nitride. The wafer was then placed in a 900°C 
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Fig. 18-XTEM image of the edge of an oxide isolated SOS island (see text). 

steam furnace for a time sufficient to grow ̂ -6000 of Si02 on bulk sil- 
icon. This schedule was intended to ensure that all of the silicon between 
the nitride regions was consumed and thus was somewhat longer than 
necessary. (The nitride acts as a barrier to oxidation of silicon.) A thick 
layer of polycrystalline silicon was then deposited so that the shape of 
the oxide and nitride surfaces would be clearly visible. 

An image of the region near the edges of the nitride strips is shown in 
Fig. 18 and a complete island is shown in Fig. 19. It is clear that gross 
structural changes exist compared with the chemically etched edge. The 
oxide nearest the silicon edge is the thickest and is noticeably bowed 
outward. This is probably a result of the oxidation in this region con- 
tinuing after the thin silicon was consumed. A sharp corner exists as the 
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Fig. 19-Entire island from the same sample as shown in Fig. 18 (see text). 
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oxide approaches the edge region and again near the edge of the nitride. 
Very significant oxidation has occurred on the silicon under the Si3N4 
as well as on the edge region. This oxidation has dramatically lifted the 
nitride above its original plane and has caused the top silicon edge to 
curve downward for -'1 µm from the edge of the Si3N4. The retrograde 
slope in the silicon on the edge shown in Fig. 14 has been removed and 
there is certainly no evidence for preferential thinning of the edge oxide. 
(We again note a small tilt projection on the most vertical part of the 
silicon edge.) The profile of the edge silicon is gradually curved and 
smoothly intersects the sapphire surface. Sufficient detail clearly exists 
to allow detailed accurate modeling of the oxidation mechanism for this 
type of system and such work is in progress. We also note a large intensity 
difference in the silicon near the edge in Fig. 18 as compared to away from 
the edge. This could be evidence for preferential edge forces and resulting 
sample bending, but microdiffraction studies would have to be per- 
formed to substantiate this contention. The image of the entire island 
shown in Fig. 19 does not show any consistent contrast changes near the 
edges and is a very good example of the value of having more than one 
example of the structure of interest available on the same sample. 

This particular method of forming the islands produces a channel 
oxide thickness that gradually increases as one proceeds from the center 
of the island toward the edge. Any electrical effects that might be asso- 
ciated with the silicon on the edge would require that more potential on 
the gate be used. The edge region is, in a sense, gradually isolated from 
the main body of the device. It is clear that the island width cannot be 
arbitrarily reduced without serious effects occurring near the center of 
the island. 

The Si3N4 appears as a dark band immediately above the oxide in Figs. 
18 and 19; it is sharply visible and distinct from the oxide. A high mag- 
nification image of the region where the oxide is just beginning to thicken 
is shown in Fig. 20. This image shows even more clearly that the nitride 
layer is visible and, further that a layer exists on top of the Si3N4 whose 
thickness is approximately 10 A. This seems to violate the claimed res- 
olution limit of 10 A. However, when a well-defined interface exists over 
extended regions, it is possible to obtain from the original plate a reso- 
lution somewhat better than 10 A as shown, for example, in Ref. [12]. 

This resolution is normally lost during photographic processing and no 
attempt is made here to show a high resolution image. For such resolu- 
tion, a region must be found where no tilt exists. This is done by carefully 
examining several areas for the minimum size and, if necessary, replacing 
the sample in the microscope for tilting experiments. 

This thin layer on the nitride has been previously suggested13 but not 
previously directly observed and is almost certainly caused by the ex - 

RCA Review Vol. 38 September 1977 383 



THIN OXYNITRIDE LAYER -101 THICK 
NITRIDE -POLY 

POLY - TILT PROJECTION 

Si3 N4 

UNTILTED REGION TILTED REGION 
T R 

Si02 - TILT LT PROJECTION 

OXIDE 
Si SINGLE CRYSTAL SILICON / TILT PROJECTION 

i 

tir; 

r 

i 

0.1µm 

Fig. 20-High magnification XTEM image of the channel oxide region of the sample shown 
in Fig. 18. 

posure of this surface to the oxidizing ambient during the island for- 
mation. Its presence or absence can have first -order effects on the 
transport of charge through the nitride layer and thereby on the stability 
of any MOS device incorporating a nitride in its gate dielectric. We note 
that it is difficult to see this thin layer in regions where the interface is 
tilted. 
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Every example shown in this paper is relevant to matters of practical 
importance. The shapes of the oxides on the edge of the islands are of 
first -order importance to the dielectric behavior of the channel oxide 
of practical MOS transistors. Unpublished data acquired at RCA Lab- 
oratories has shown that arbitrarily increasing the thickness of the 
channel oxide on the SOS edge does not continue to increase the di- 
electric strength. This is directly explained and predicted by the phe- 
nomenon shown in Fig. 16. This explanation does not appear to hold for 
thin oxides. For these thin oxides, which usually exhibit inferior dielectric 
strength properties, there are two points of weakness. Even though the 
oxide at the bottom of the edge is not appreciably thinner than the other 
oxides, it is present as an oxide surface contacted on one side by polysi- 
licon and on the other side by single -crystal silicon. This structure has 
been shown to be prone to anomalous surface conduction effects14 which, 
therefore, may be the cause of failure for some samples. The other point 
of weakness exists at the top of the island edge where thinner oxides are 
seen. Probably even more important than the thin oxides is the sharp 
silicon point. As the potential between the gate metal and the silicon is 

increased, the electric field will tend to concentrate at the silicon tip, 
thereby causing very high densities of surface charge in the silicon. These 
high densities of charge and high fields can cause locally enhanced in- 
jection of charge into the oxide with resulting lower dielectric breakdown 
potentials. A mechanism similar to this has been suggested by Kerr" 
for conduction in thermal oxide grown on polycrystalline silicon. 
Therefore, for a system of this type the dielectric strength may be de- 
termined by the unlikely process of silicon etching rather than by the 
more traditional processes of oxide growth or metallization. Transistors 
with edge -oxide profiles similar to those shown in Fig. 18 and 19 do not 
have inferior dielectric properties of the oxides on the edges of the 
islands. 

We have shown here three cases where the TEM examination of 
structures found in typical integrated circuits has provided key infor- 
mation needed to understand electrical behavior that had previously 
been difficult to determine. These are: 
(1) Determination of the detailed structure of the edge regions of silicon 

on sapphire islands. This includes phenomena related to the oxide 
profiles and to the possible effects of silicon defects on the sili- 
con-oxide interface. 

(2) Observation of a small crystallite region of the poly near the oxide. 
This region may be important in determining the diffusion 
properties of the poly. The poly structure can also provide a 
possible explanation for rapid room -temperature instabilities 
sometimes seen in boron -doped polysilicon MOS structures. 
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(3) The direct observation of a thin layer on the surface of Si3N4. This 
layer can be very important in the vertical transport of charge 
through Si3N4 layers and was found to be thinner in the actual 
structure than had been suspected from previous work.13 

5. Discussion and Conclusions 

We have discussed in this paper most of the features of sample prepa- 
ration and of the TEM images that must be considered to obtain an ac- 
curate impression of the microphysical properties of microcircuits using 
cross sectional transmission -electron -microscope methods. It should 
be quite clear that these methods are not at present well suited to fast - 
turn -around applications. Routine use for specific failure analysis will 
require innovation in the methods of obtaining suitable samples. It is 
possible that the current process could be developed into a semi -pro- 
duction method. On the other hand, as demonstrated in Sec. 4, some of 
the most important physical features of the microcircuit structures 
cannot be seen with conventional methods and may require TEM ex- 
amination. The decision whether or not to use TEM methods depends 
on the type of information sought. TEM is best suited for applications 
where examination of a specific local region of a wafer is not necessary 
and is particularly powerful for determining the internal structure of 
microcircuits without microphysical disruption. Many of the most im- 
portant phenomena associated with microcircuits exist within the parts 
of the device that cannot be seen from surface features. We have shown 
in Sec. 4 that complex structural features of internal parts of microcircuit 
devices can be seen with very good resolution (<10 A if needed). 

Even in the case where large differences in hardness exist between the 
various constituents of the device, such as silicon, sapphire, or silicon 
nitride, the ion thinning rate is usually sufficently uniform in the narrow 
surface region of interest to allow simultaneous electron transmission 
through each constituent in this region. In fact the ion thinning ridges 
shown in Fig. 10 do not show discontinuity across material boundaries 
and strongly suggest that the effective thinning rate must be nearly 
identical for all materials in this region. This conclusion can also be ar- 
rived at by considering the thickness ratio of the samples before and after 
ion thinning. If any appreciable thinning -rate differences exist, one 
would certainly expect that they would be visible in the 1000-3000 A 
layer left from the 250,000 A starting thickness. The possibility of small 
thickness differences cannot be entirely ruled out, however, because local 
enhancement or retardation of the thinning rate of a given layer by ad- 
jacent layers may exist due to a low angle of incidence of the thinning 
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argon ions (15° from the sample plane). This will cause a shadowing ef- 
fect. Therefore, harder layers must be removed before the ion beam can 
reach the softer layers behind them. This is probably the main reason 
that the observed degree of uniformity exists. In general, one would 
expect that the thickness of a given layer (in the electron beam direction) 
in a multilayer structure would not be more different from the thickness 
of neighboring layers than it would be from its own thickness in the 
growth direction. 

There is invariably a question of the damage introduced to the samples 
by the ion thinning process. We can state with confidence that the 
methods used by the authors for ion thinning do not introduce any no- 

ticeable damage to the samples. This is demonstrated by relatively large 
areas of defect -free silicon seen in Fig. 10 and by the fact that very large 
areas of bulk single -crystal silicon prepared by this method (on other 
samples not included in this paper) do not show any evidence of struc- 
tural damage. It is known that argon ion thinning can introduce very 
shallow surface damage in some cases. This damage is not revealed by 
the imaging techniques used in this paper and does not affect the ob- 
served features. The low -angle ion thinning method is a gentle way to 
remove excess material. 

Among the methods used for obtaining microphysical information 
from microcircuits, only the cross -sectional -scanning electron -micro- 
scope method is close to cross sectional TEM methods in the total in- 
formation content of the images. In the cross-sectional SEM case, the 
sample may be tilted to allow a perspective view of much more of the 
sample. This feature may be important for some applications. The image 
is determined entirely by the exposed surface properties of the sample 
and it is possible that an etching process may be needed to allow certain 
layers to become visible. The TEM method on the other hand allows 
unambiguous determination of the location of all interfaces between 
different materials and observation of the subsurface (intrasample) 
structure, but with reduced volume of sample available (compared to 
SEM) for examination. The resolution available with the TEM is at least 
20-100 times better. A complete characterization of a sample will require 
both. (The SEM images of Fig. 11 are partial -cross-section images.) 

We have also seen that interpretation of the TEM images is far from 
trivial in some cases because of the sensitivity of the transmitted in- 
tensity to properties of the sample that are not important in determining 
optical images. Thus careful study and examination of multiple samples 
may be required before concluding a cause of TEM contrast. Two of the 
most important anomalous (to untrained microscopists) effects are the 
"bent sample" contrast, which arises because of the sensitivity of electron 
diffraction to very small angular changes, and the "tilt projection" ef- 
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fects, which arise because of undulations within the sample. These can 
both cause severe misinterpretation if they are not understood. 

We have demonstrated in this paper the ability to observe layers as 
thin as 10 A and interfaces between the following materials with a res- 
olution of <10 A: 

(1) Single -crystal silicon/Single-crystal sapphire 
(2) Polycrystalline silicon/Single-crystal sapphire 
(3) Thermal Si02/Single-crystal sapphire 
(4) Thermal Si02/Single-crystalline silicon 
(5) Thermal Si02/Polycrystalline silicon 
(6) Thermal Si02/Silicon nitride 
(7) Deposited Si02/Polycrystalline silicon 

Many other interfaces can also be readily seen by TEM. The only In- 
terface the authors have found impossible to detect is the thermal Si02/ 
deposited Si02 interface. These materials are too similar to produce 
contrast. Very good qualitative agreement with the simple absorption 
model for amorphous materials was found for the tilted interface be- 
tween Si02 and Si3N4. 
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Low -Resistance All-Epitaxial PIN Diodes for Ultra - 
High -Frequency Applications 

Y. S. Chiang and E. J. Denlinger 

RCA Laboratories, Princeton, N.J. 08540 

Abstract-Low resistance p -i -n diodes for low -power switching applications have been 
developed using an all-epitaxially-grown structure. With 1 pF diodes, a series 
resistance of less than 0.2 ohm was achieved at a forward -bias current level of 
only 10 mA. A reverse -bias voltage of only 10 to 15 volts is needed to deplete 
the diodes. The fabrication method as well as the performance tradeoffs of these 
p -i -n diodes are described. 

1. Introduction 

PIN diodes are used in numerous switching applications from very low 
frequencies into the microwave range.' The various circuit applications 
place different specifications on the diode capacitance, avalanche 
breakdown voltage, and sometimes the thermal resistance of the diode. 
These specific requirements coupled with the forward current and re- 
verse -bias potential needed to operate the p -i -n diode constitute the 
constraints under which the design of the diode is finalized. This paper 
describes the structure of an all-epitaxial p -i -n diode and its perfor- 
mance, together with considerations of trade-offs between design and 
operating parameters for low -power switching applications. 

The merit of a p -i -n diode is almost exclusively expressed in terms of 
the series resistance at a specific current level. This series resistance can 
be divided into two parts: the part due to the I layer, which is highly 
sensitive to current level, and the part due to the p+ and n+ layers and 
the two metal-semiconductor contacts, which is essentially independent 
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of current level. Since the metal-semiconductor resistance, which is 

independent of current density,2 is ever present, it is extremely impor- 
tant to construct very low resistance ohmic contacts to silicon and to 
measure the resistance very accurately. Accurate measurements of 
contact resistance of metal-silicon systems under reverse -bias conditions 
have been reported previously.3 The evaluation of the contact resistance 
in the forward -bias direction will be described. A considerable amount 
of work was concentrated on developing and evaluating various metal 
systems for constructing ohmic and very -low -resistance metal-silicon 
contacts readily and reproducibly. A scheme of gold -chromium -palla- 
dium silicide-silicon constructed through vacuum evaporation and 
low -temperature (250°C) annealing was found to give an excellent 
metal-silicon contact for both the reverse- and the forward -bias condi- 
tions. 

In fabricating silicon p -i -n diodes, three alternative approaches are 
apparent: first, the all-epitaxially-grown structure scheme; second, the 
conventional and most used method involving an epitazial layer and a 

bulk p+ or n+ substrate; and third, the double diffusion (such as the 
planar p+ and n+ diffused diode) of a bulk high -resistivity a or v sub- 
strate approach. The last approach is not particularly suitable for low - 

power switching applications and, therefore, has not been examined 
experimentally. For convenience of description and with justification 
becoming clear later, we shall refer to the all-epitaxy approach as the 
thin-epitaxy method and the second approach as the thick -substrate 
method. Both approaches have been carried out experimentally and the 
performance of the resulting p -i -n diodes evaluated. Discussions on the 
desirability of these approachs will be made with respect to the diode 
performance and the ease of fabrication. 

2. Diode Fabrication 

2.1 Thin Epitaxy Method 

A multi -layer p+in+ junction, shown in Fig. 1, is first grown epitaxially 
on a low-resistivity,(100)oriented,,antimony-doped silicon wafer using 
the conventional silane pyrolysis in hydrogen. The 5µm thick p+ contact 
layer is first grown on the n+ substrate at a temperature of 1100°C and 
doped to a resistivity equal to or less than 0.001 ohm -cm with diborane. 
The undoped I layer of a particular thickness 1, typically from 1 to 15 

µm, is then grown on top of the p+ layer. A thin n+ layer (usually 1µm 
thick), is finally grown on top of the I layer with phosphorus and/or 
phosphorus -arsenic doping to a resistivity of 0.0015 ohm -cm. Then a 

metal-silicon ohmic contact to the n+ layer is formed by evaporating 
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palladium, annealing at 250°C to form a 1000 palladium silicide layer, 
followed by a standard evaporation of chromium -gold. A 60 to 70 µm 
thick copper heat sink is electroplated onto the gold and covered by a 
very thin gold protective layer via electroplating. The n+ (100) oriented 
substrate is then completely removed with the KOH-H2O-n-propanol 
selective etch4 and left with the epitaxially grown p+ layer. The p+ layer 
is next vacuum deposited with the palladium silicide-chromium-gold 
metallization in an identical fashion to that described above. Through 
standard photolithographic techniques, gold contact hemispheres with 
the diameter needed to achieve the desired diode capacitance and a 

CHROME - 
GOLD 

Pd2Si 
P+ CHROME- 

GOLD - I N 

Fig. 1-Detail schematic drawing of a gold -chromium -palladium silicide contacted all-epi- 
taxially-grown p -i -n diode chip. 

height of 15µm are formed on the p+ side of the wafer. Inverted silicon 
p -i -n mesa diodes are then chemically etched to result in thousands of 
diodes on a 60 to 70µm thick copper heat sink with the finished structure 
shown in Fig. 1. Diodes can then be separated either by cutting with 
appropriate tools or by chemical etching coupled with photolithogra- 
phy. 

2.2 Thick Substrate Method 

The (100) oriented p+ substrate (0.006 ohm -cm resistivity, boron doped) 
and the (111) oriented p+ substrate (0.004 ohm -cm resistivity, boron 
doped) both have been experimented with as the starting material. An 
epitaxial I layer of a thickness l is first grown on the p+ substrate followed 
by an n+ layer (1 µm thick) at a resistivity of 0.0015 ohm -cm (phos- 
phorus and arsenic doped) to complete the p+in+ structure. The layers 
are grown at a temperature of 1100°C using silane pyrolysis in hydrogen. 
The same palladium.silicide-chromium-gold metallization as described 
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for the thin epitaxy method is then applied to the n+ epitaxial layer. The 
p+ substrate is thinned by chemical etching to a desired thickness. Then 
the same palladium silicide-chromium-gold metallization is made on 
top of the p+ substrate, followed by electroplating gold and/or copper. 
Gold contact hemispheres are formed on top of the n+ epitaxial layer 
via standard photolithography and electroplating techniques. Silicon 
p -i -n mesa diodes are defined in a manner similar to that outlined in the 
previous section, except that only a small fraction of the total thickness 
of the p+ substrate is etched to form the mesa diode. The diode chips are 
separated by scribbing and cleaving like most silicon bulk devices. 

REPLACEABLE CAPACITOR 

i 

NYLON SCREW--' 

TO NETWORK 
ANALYZER 

-TO BIAS SUPPLY 

LOW -LOSS INSULATOR 
(TEFLON SHEET) 

Fig. 2-Microwave cavity for forward -biased resistance measurements of diodes. 

3. Packaging, Assembly, and Performance Evaluation 

The p -i -n diodes (or diode chips) which we measured were mounted 
individually using soft solder into an alumina pill -type package. The 
performance of the p -i -n diodes were evaluated in a resonant -cavity at 
ultra -high frequencies (500 to 1000 MHz) using these packaged diodes. 
The reverse -biased diode measurement procedures have been described 
in an earlier paper;3 we will concentrate here on the resistánce mea- 
surement when the diode is forward biased. The coaxial microwave cavity 
used is shown in Fig. 2. With the diode replaced by a short, a reference 

RCA Review Vol. 38 September 1977 393 



unloaded Qo of the cavity including the fixed capacitor is measured using 
a network analyzer reflection unit. The exact value of the capacitor C 
(including fringe capacitance) can be determined by knowing the reso- 
nant frequency F along with the characteristic impedance Zo and length 
x of the coaxial line sections. The capacitance is given by 

C - 2irF(Z01 tan/3x + Z02 tansx2) 

where Zo1, Z02, x t, x2 are the characteristic impedances and lengths of 
transmission lines shown in Fig. 2. To get the resistance of the packaged 
diode, the measured Qm and resonant frequency of the diode -loaded 
cavity is used in the following equation: 

1 1 1l 
RP 

27rFC \Q_ Qo/ 
[21 

The resistance of the pill -type package itself is determined by substi- 
tuting a ball of gold for the diode chip and connecting it to the rim of the 
package in the same way (e.g., with a strap or bond wires). By subtracting 
out this package resistance Rpk from that obtained with the packaged 
p -i -n diode, we can determine the series resistance Rs of the diode chip 
itself. 

1 - Z-02 
tansx2 tan/3x1 

Zoi 

4 Performance Analysis and Experimental Results 

[1] 

This section describes the characteristics of various metal-silicon con- 
tacts, the theoretical and experimental behavior of the diode's for- 
ward -bias resistance, and various performance trade-offs of PIN 
diodes. 

4.1 Metal-Silicon Contact 

A. Evaluation of Various Metal Systems 

A metal-silicon contact of Au-Cr-Si has excellent properties under re- 
verse -bias conditions, but behaves anomalously under forward -bias to 
prohibit its usage as an effective contact. For example, a minimum in 
the plot of series resistance versus bias current was observed as illus- 
trated in Fig. 3. Au -Ti -Si in the particular scheme used for fabricating 
our diodes has very high metal-silicon contact resistance;3 thus, it also 
is eliminated from usage. The gold -chromium -palladium silicide con- 
tacted p -i -n diode behaves normally as is evident in Fig. 4, which shows 
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Fig. 3-Series resistance versus forward -bias current of gold -chromium contacted p -i -n 
diodes (I -layer thickness = 3 µm). 
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Fig. 4-Series resistance versus forward -bias current and reverse -bias voltage for a 1 pF 
gcld-chromlum-palladium silicide contacted p -i -n diode (I -layer thickness = 3 
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results for a diode made via the thin epitaxy method. The series resis- 
tance of the same diode at depletion under reverse -bias is also shown in 
Fig. 4. The forward -bias resistance gradually approaches the series re- 
sistance of the depleted diode measured under high reverse bias with 
increasing forward current, and finally merges into it at very high forward 
current. Thus, the limiting value of the resistance for both the forward - 
and reverse -biased conditions is the total equivalent contact resistance 
Re. From the equation 

Re = Á , [3] 

the total equivalent specific contact resistance pc can be calculated, 
where A is the area of the diode. The parameters R, and are discussed 
further in Section 4.2. 

B. Effect of n+ Layer Doping on Forward -Bias Resistance RS 

It has been reported that the specific contact resistance between the 
metal and the n+ silicon layer is very sensitive to the resistivity of the 
n+ layer as measured under reverse -biased conditions.3 A similar trend 
was observed with forward -bias resistance for the Au-Cr contacted p -i -n 
diodes, as shown in Fig. 5. No systematic investigations were undertaken 
for Au-Cr-Pd2Si contacted diodes, since the n+ layer with lowest possible 
resistivity was always used to optimize the performance. Phosphorus 
and phosphorus -plus -arsenic doped n+ layers, both having a resistivity 
of 0.0015 ohm -cm, have been used in fabricating certain diodes with 
otherwise identical procedures. There seems to be a slight improvement 
in performance with the additional arsenic doping. 

4.2 Mathematical Model of Forward -Bias Resistance 

The series resistance Rs of a p -i -n diode under forward bias can be 
written as 

Rs = R, + Re [4] 

where 
R, = the resistance of the I region of the p -i -n diode; 
Re = the resistance of the n+,p+ layers and the two metal- 
semiconductor contacts = total equivalent contact resistance. 

R; under dc forward bias is given as5 

l2 
R; - [5] 

IT(ge + 
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where 
l = thickness of I region; 
r = lifetime of electrical carriers in the I -region; 
I = do forward current 
µe = electron drift mobility 

= hole drift mobility. 
Under high frequency conditions6 

2 1 

R; - l 
1 + 1 I cos (wt + tp) , [6] 

Ir(µe + Ah) l N/1+ (wr)2 

where Ir f = rf current and 

fp = tan -1 
1 
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Fig. 5-Series resistance versus forward -bias current of gold -chromium contacted p -i -n 

diodes showing effect of n+ layer doping. 

For wr » 1, the rf term goes to zero and Eq. 161 becomes identical to Eq. 

[51. 
The resistance R, can be expressed as 

R 
Pa+ln+ + Pp+lp+ Pcn+ Pcp+ Pc 

A A A A 
[7] 
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where 
pn+, pp+ = resistivity of n+ and p+ layers; 
l+, 1p+ = thickness of n+ and p+ layers; 
Pcn+ = specific contact resistance of metal to n+ layer 
pcp+ = specific contact resistance of metal to p+ layer 
A = area of diode; 
pe = total equivalent specific contact resistance. 

Combining the various equations, the series resistance Rs of the p -i -n 
diode can be written 

12 Pc 
Rs = Ri + Re = 

Ir(µe+ lih) + A 
[8] 

Using pe/A obtained in the manner described previously, a (µe + µh ) 
value of 1800 cm2/volt-sec,7 and the value of r independently measured 
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Fig. 6-Series resistance versus (forward -bias current)-' 04 a gold -chromium -palladium 
silicide contacted p -i -n diode (I -layer thickness = 6.2 µm) showing correlation 
between mathematical modeling and experimental results. 

at various current levels, the series resistance of the diode Rs as a function 
of 1/I can be predicted through the use of Eq. [81. The predicted results 
are plotted in Fig. 6, together with actual experimental data points for 
a diode with a 6.2µm thick I layer. The value of r used is from the mea- 
surement by Nuese8 via the p -n junction step -recovery technique. The 
measured resistance is always higher than the value predicted by the 
mathematical model, but the agreement is surprisingly good considering 
the accuracy of measurements involved in obtaining the various pa- 
rameters. 
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4.3 Design Trade -Offs 

A. Trade -Offs for an All-Epitaxially-Grown PIN Diode 

Generally speaking, the design of a p -i -n diode involves the optimization 
of the diode's I -layer thickness 1 with the following operating parameters: 
the forward current level, the reverse bias voltage needed to switch the 
diode to a constant -capacitance high -Q state, the series resistance and 
capacitance combination that is required, and the rf power to be handled. 
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Fig. 7-Series resistance versus forward -bias current for 1 pF p -i -n diodes of various I -layer 
thicknesses. 

The thinner l is, the lower is the resistance due to the I layer, but the 
higher is the contact resistance due to the metal-silicon contact and the 
n+ and p+ layers. Figs. 7 and 8 show experimentally derived trade-off 
curves between the diode's series resistance, its I -layer thickness, and 
the applied dc current in the forward biased direction. The measurement 
method is described earlier in Section 3. All of the diodes had capaci- 
tances of 1 pF f 5% and their n+ layer doped heavily with phosphorus 
and arsenic to a resistivity of 0.0015 ohm -cm. For dc currents _<10 mA, 
the experimental results show that to achieve the lowest series resistance, 
it is beneficial to use as thin an I layer as possible. However, at higher 
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bias currents (e.g., 25 to 100 mA) the optimum I -layer thickness increases 
to about 4 pm. Since it is difficult to construct extremely thin I -layer p -i -n 
diode wafers with high yields, a good compromise for achieving <0.2 
ohms resistance is a diode having an I -layer thickness of -k,3 µm. The 
reverse -bias characteristic of such a diode is shown in Fig. 9. Note that 
the diode's capacitance saturates at only 5 to 10 volts, which is far from 
the breakdown voltage of X75 volts. Beyond 10 volts, there is only a 3% 
further decrease in capacitance. 
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Fig. 8-Series resistance versus I -layer thickness for 1 pF p -i -n diodes at various forward -bias 

current levels. 

B. Sensitivity of Series Resistance to Capacitance 

The dependence of series resistance on diode capacitance was experi- 
mentally verified through measurements of diodes with capacitance 
values ranging from 0.07 to 2 pF. As shown in Fig. 10, the dependence 
of RS on (area)-' for a fixed I -layer thickness is more and more linear as 
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the bias current is increased. At very high bias currents, the resistance 
is simply the contact resistance and, therefore, should be linear with 
(area) -1. These values of resistance correspond very closely to those 
measured with the diode reverse biased (see Fig. 4 and Ref. [3]). For a 

reasonable value of bias current (e.g., 20 mA), there is a nonlinear de- 

pendence of RS on diode capacitance as shown in Fig. 11. However, only 
below about 0.5 pF is there a rapid change of Rs. 

8 1.0 1.2 1.4 1.6 1.8 2A 2.2 

Cp(pf) 

Fig. 11-Series resistance versus depletion capacitance of p -i -n diodes at a forward -bias 

current level of 20 mA. 

C. Trade -Offs with Conventional Thick p+ Substrate Diodes 

PIN diodes constructed by using the thick substrate method described 
in Section 2.2. exhibited the forward -bias electrical characteristics shown 
in Fig. 12. The standard commercially available p+ bulk substrate has 

a thickness t of about 7 mils (.18 mm) and a resistivity of 0.004 to 0.006 

ohm -cm. For the tests described here, epitaxial layers were grown on a 

p+ substrate and the wafer was broken into two pieces with one being 
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thinned down to a thickness of 2 mils (.05 mm) before metallization. The 
latter thickness represents the practical limit for handling. There is a 
substantial reduction in series resistance with an all-epitaxially-grown 
diode which has a p+ layer thickness of only 4.5 µm. 
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Fig. 12-Performance comparison of an all-epitaxially-grown diode with conventional thick 
substrate diodes. 

5. Discussion 

From the experimental results presented in the previous section, it is 
clearly evident that the all-epitaxially-grown p -i -n diode is superior in 
performance to the conventional diode using a thick p+ substrate. 
However, there are certain advantages inherently associated with the 
thick -substrate method. Among them are the use of conventional silicon 
processing technology and the accompanying slight reduction in pro- 
cessing cost of the diode. This slight reduction in processing cost may 
be offset by the smaller number of diodes produced per wafer because 
the larger resistivity of the p+ substrate must be compensated by the use 
of a larger size chip. Another advantage of the thick substrate method 
is the likelihood of a lower reverse -bias voltage for switching to the 
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low -loss capacitor state because of the possibility of obtaining a lower 
carrier concentration in the I region. 

With regard to metal-semiconductor contacts on all-epitaxial-grown 
diodes, the Pd2Si-Cr-Au system gave highly reproducible results no 
matter how the diode was mounted in the package (by thermocom- 
pression bonding, ultrasonic bonding, or soldering). In contrast, the 
Cr-Au system produced very unreliable results that depended very 
heavily on the method of mounting. Typical Rs versus I curves for diodes 
mounted by soldering or with top contact via ultrasonic bond wires were 
shown earlier to have a minimum at a current level that depended on the 
area of the diode. Diodes mounted in a package using only thermocom- 
pression bonding exhibited respectable values of series resistance. It 
appears that the Cr-silicon interface is unstable and may form an in- 
termediate layer that affects the diode performance only in the for- 
ward -biased direction; in the reverse direction, the layer is depleted and 
therefore has no effect on the diode's series resistance. 

Correlation between the mathematical model of the diode's series 
resistance and experimental results is considered quite good. This is 
particularly true in light of the fact that measurements of the diode's 
effective carrier lifetime and its series resistance were independently 
made, and each has an estimated error of approximately ±10%. In spite 
of this, the consistency of the measured performance of the all-epitaxially 
grown diodes is remarkably good. Three batches of diodes having the 
same I -layer thickness and fabricated with epitaxial structures grown 
more than five months apart, and with metallization as well as mea- 
surements made at different times, reproduce the performance of one 
another with an accuracy of ±5%. 

All of our forward -bias series resistance measurements were made at 
a frequency close to 600 MHz. However, measurements made at 4 to 8 
GHz9 correspond very closely with those made at 600 MHz, indicating 
essentially no frequency dependence. This is in excellent agreement with 
the contention made by Eng,lo,ll Inal and Toker,12 and Ohtomol3 that 
frequency is independent of the series resistance measured under reverse 
bias. 
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1. Introduction 

This paper describes the results of a study to integrate charge -coupled 
device (CCD) structures and support circuitry into prototype equipment 
for use in government communications systems. The support circuitry 
that was integrated with CCD structures under this program constituted 
clock drivers and timing/logic circuitry along with CCD signal processing 
circuitry. The integrated circuit (IC) approach taken was a CMOS-CCD 
compatible approach that minimizes power dissipation, leads to a re- 
duction in complexity of interface circuitry, and offers high reliability. 
This effort is expected to enable system users to employ CCD's to achieve 
substantial reductions in physical size and cost of communication -sig- 
nal -processing functions as well as improved performance compared with 
what can be accomplished with either digital LSI or conventional analog 
approaches. 

The CCD-IC array includes two 13 -bit Barker -coded correlators; one 
has split gates while the other has floating gates. The split -gate correlator 
was intended to provide a standard for comparison, while the floating- 

This program was supported in part by the U.S. Army Electronics Command, Ft. Monmouth, N.J., under 
Contract DAAB07-75-C-1323, and this paper is a summary of two detailed reports submitted to that 
agency.' 2 
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gate correlator was intended to generate information pertaining to design 
of a programmable binary correlator. The IC chip also included two test 
vehicles. A CCD low-pass filter (anti-aliasing filter) and a long 500 -stage 
register supported by clock drivers and a considerable amount of logic 
circuitry are integrated. 

Both split -gate and floating -gate correlators operated with close to 
theoretical performance at 16 kHz. Correlation peaks were 13:1 for both 
a "1" and "0". The 504 -stage test register was operated at 1 MHz with 
a no "fat -zero" transfer efficiency characterized bye _< 10-5. 

In this paper, the CMOS-CCD compatible technology is discussed in 
Section 2, device design in Section 3, experimental results in Section 4, 
and summary and conclusions in Section 5. 

2. Merged CMOS/Buried Channel CCD Process 

To integrate drivers and peripheral logic on -chip with a CCD, it is nec- 
essary to develope a compatible CCD/driver/peripheral technology. 
Many options are possible. However, the requirements of a military 
communications system (i.e., battery operation, electrically noisy en- 
vironments, and radiation exposure) indicated that a CMOS technology 
would be superior with its low power consumption, high noise immunity, 
and relatively high tolerance to radiation. The decision to use buried 
n -channel CCDs (N-BCCD) was made because of their high speed, ef- 
ficiency, reliability, and radiation tolerance. 

Certain problems in obtaining a compatible CMOS-CCD were an- 
ticipated at the outset, including that of substrate compatibility. One 
aspect considered was that the voltage of the substrate would simulta- 
neously be the reference for the CCD and the bottom rail for the CMOS 
logic and clock drivers. This realization motivated the choice of a four - 
phase, "push" clock scheme and of a fabrication sequence, employing 
a silicon nitride layer, that ensured that all phase gates maintain the same 
oxide thickness and identical potential profile (details of fabrication will 
be discussed later). Another aspect of the compatible substrate problem 
was that of compatible concentrations and doping polarity. The standard 
substrate used at RCA for BCCDs is very lightly doped, i.e., NA 6 X 

1014, while the standard CMOS well is 2 to 4 X 1015. It was proposed 
initially that the standard p -type well could be implanted and diffused 
into the lightly doped CCD substrate (thereby electrically connecting 
the p well and p- CCD substrate) and that the buried -channel implant 
of ND = 6 X 1015, diffused to a thickness of 2 gm, could be used to sim- 
ulate the standard n -substrate for the p -type devices. This proposal was 
especially attractive because the characteristics of both standard CMOS 
and BCCDs could be expected. However, after close examination, it was 
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realized that the thickness of the 2µm, n -type buried layer would not 
be sufficient to contain the depletion layers of the p -type devices that 
would be operated at a maximum voltage of 15 V. With a diffusion depth 
of about 1µm for standard p+ diode diffusions, the maximum allowable 
depletion layer would then be only 1µm; but the depletion width would 
be close to 2 gm to support a safe design voltage of 20 V. This requires 
a 3 gm depth for the n region, which is deeper than desired for many 
buried -channel devices. 

The process that evolved was, in fact, a direct "inversion" of the 
standard CMOS process with an added threshold adjust implant, which 
is then merged with the basic N-BCCD process. This process is depicted 
in Fig. 1. The design parameters for the buried -channel implants used 
are discussed in Appendix A of Ref. [1]. The unusually large number of 
process steps results from the three implants, the two layers of poly -Si, 
and the deposited silicon nitride required. Though little attempt was 
made in the work described here, a great deal of consolidation is possible 
in a refinement of the process steps outlined. Our interest was to use 
standard design rules as much as possible. For example, the diffusions 
are not self -aligned, the CMOS devices are aluminum -gated, and each 
implant serves a specific function. A number of concepts recently de- 
veloped for state-of-the-art poly -Si CMOS and NMOS ICs can be pur- 
sued in the future to simplify the merged CMOS-CCD process and si- 
multaneously to give higher yield (from fewer process steps), improved 
packing density, and improved circuit and device performance. 

There is a great deal of flexibility in the technology employed. The 
buried channels may be tailored for desired performance, and the CMOS 
devices can be independently tailored for particular requirements. The 
one constraint is that the substrate potential for the CCD and the bottom 
rail for the CMOS drivers be the same. However, the n -wells can be bi- 
ased independently, i.e., biased to different positive voltages relative to 
the substrate. This feature proved to be advantageous in the operation 
of the floating and split -gate Barker -coded CCD structures, since the 
directly driven phase gates were driven with 10-V CMOS drivers while 
the floating gates were capacitively coupled to 15-V CMOS drivers. The 
common substrate potential could lead to some reduction in buried - 
channel well capacity because there is, in general, no guarantee that 
maximum well size occurs in the range from 0 to +10 V on the gates. It 
may be desirable to use a somewhat negative reference, possibly as 
negative as the pinning voltage,3 which is -6 V, for these BCCD devices. 
However, it was found experimentally that maximum well size occurred 
with +12-V clock drive referenced to zero. Consequently, a 10-V swing 
relative to zero substrate potential, which was enforced by the common 
substrate, proved to be ideal for operation of these BCCDs. 
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3. Device Design 

3.1 CCD Design 

With the fabrication approach chosen for the merged buried -channel 
COS/MOS integrated circuit, the substrate of the CCD and of the 
transistor not located in a well are the same. This implies that all clocks 
must operate between substrate and some positive voltage for n -channel 
CCDs or substrate and some negative potential for p -channel CCDs. 
Thus, dc offsets between clocks would require major alterations to the 
standard COS/MOS process because additional isolation diffusions 
would be required. To simplify the clock driver requirements, therefore, 
it is desirable to operate in a mode in which all gates have the same do 
level. 

One approach, which accomplishes this but still uses the standard 
overlapping double poly -Si gate structure, is a four -phase clocking sys- 
tem. The devices are fabricated such that the oxide thicknesses under 
both poly -Si gates are the same, or nearly so. This can be accomplished 
by use of a silicon nitride layer to prevent differential channel oxide 
growth or by etching the oxide in the gaps between the first layer poly -Si 
and regrowing the gate oxide when these poly -Si gates are oxidized. 

The four -phase system is illustrated in Fig. 2. Four separate clock 
waveforms are required. Each could be a symmetrical square wave, but 
device performance will improve if the trailing edges of the pulses have 
some finite slope. Phase 1 and phase 3 are essentially 180° out of phase. 
Phase 2 is the same as phase 1 except for a 90° phase lag. Phase 4 is 180° 
out of phase with phase 2. The lower part of Fig. 2 shows the potential 
wells at various times. At ti, both phase 1 and phase 4 are ON, and the 
charge is stored in the region between the adjacent second layer poly -Si 
(phase 4) and first layer poly -Si (phase 1) gates. Between times t1 and 
t2, phase 2 is turned ON and phase 4 turned OFF. Thus by the time t2, 
the charge has moved to the right a distance of one gate (0.2 mil) and is 

being shared under phase 1 and phase 2 gates. This sequence continues 
until, after one full period of the clock, the charge moves one full stage 
to the right... 

There are several advantages to this four -phase clocking system. The 
most important, of course, is that no do offsets are required between clock 
phases. All clock drivers can operate between the same dc levels and 
electrical isolation, and proliferation of a large variety of dc levels is no 
longer required. Another advantage of the four -phase system is the larger 
signal that can be propagated. This is especially important when bur- 
ied -channel devices are being used, since the signal levels in these devices 
are already lower than those of an equivalent surface -channel structure. 
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The increased signal occurs because two adjacent gates are used to store 
charge, thereby doubling the charge -storage area. Also, the full potential 
difference between an ON channel and an OFF channel can be used to 
store charge. In two-phase operation only the potential difference be- 
tween an ON first -layer polysilicon and an ON second -layer polysilicon 
gate can be used to store charge. Thus one would expect between two 
and four times the signal charge using the four -phase approach. 

The price of using this four -phase system is that more clock waveforms 
have to be generated-four versus two. 
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Fig. 2-Four-phase operation showing clock waveforms and potential profiles at the times indicat- 
ed. 

3.2 Split Gate Correlator Design 

Perhaps the most straight -forward approach for tapping and weighting 
a CCD register with a Barker code is the split -gate technique .4 Since the 
weighting pattern for a Barker code consists of a pattern of ones and 
zeros, with no values in-between, the split gates are organized such that 
they physically cover the full CCD channel width and are either brought 
out to one side of the CCD register and connected to the positive sum 
line, for a one, or to the other side and connected to the negative sum line, 
for a zero. Summing is done by directly coupling all floating gates that 
come out on the same side. The sum lines are fed to a differential am - 
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plifier. By arbitrary choice, the side representing correlated "ones" goes 
to the plus terminal and the side representing correlated "zeros" goes 
to the minus terminal of the differential amplifier. Since these gates are 
used not only to sense the presence or absence of charge, constituting 
patterned data, but also to establish the proper potential profiles in the 
CCD channel for transfer of charge, these gates must receive the proper 
phase clock signals. This requirement is accomplished in the specific 
design implemented by capacitively coupling the split floating gates to 
appropriate clock drivers. 
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Fig. 3-Schematic of split -gate CCD Barker -coded structure. 
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The split -gate sensing and clock driving schematic is shown in Fig. 
3. Details of the CCD gate structure, input and output gates, are not 
shown. Included in this schematic are transistors that reset the potential 
of the gates during the period when there is no charge under the split 
gates (this is depicted in the timing diagram of Fig. 11). 

By inspection of Fig. 3, in which the 13 -bit Barker -coded weighting 
pattern is depicted, it can be seen that there are nine gates with a "one" 
weighting but only four gates with a "zero" weighting. This leads to an 
imbalance in phase capacitance between the + and - terminals of the 
split -gate device. A solution to this problem was found by designing both 
banks of split gates to have equivalent values of capacitance that track 
with process variations. This solution was carried out by adding 
"dummy" fingers (gates) to the - bank of split gates, i.e., five fingers 
located over a parallel dummy channel were added to the split -gate side 
that has only four fingers attached. The dummy line is constructed ac- 
cording to the same design rules used for the Barker -coded line, and since 
the added fingers are fabricated along with the rest of the structure, the 
counterbalance capacitance will track from process run to run. This 
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ensures that the line capacitances of the + and - banks of split gates will 

be identical. A schematic of the counterbalanced structure is shown in 
Fig. 4 and a photomicrograph of the device is shown in Fig. 5. 

In the split -gate and floating -gate vehicles (to be discussed in the next 
section), the clock drive is capacitively coupled to the floating phase 
gates. This allows the floating gates to be driven to the proper potential 
for optimum charge transfer while being simultaneously used to sense 
the presence of signal charge. The design of the coupling capacitor is 
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CCD CHANNEL 

DUMMY CCD 
CHANNEL 

CLOCK 
DRIVER 

TO DIFF AMP 
AND RESET 
TRANSISTORS 

CLOCK 
DRIVER 

Fig. 4-Schematic of counterbalanced split -gate Barker -coded structure. 

shown in Fig. 6. Unless special precautions are taken, the addition of the 
coupling capacitor unduly increases the parasitic capacitance, which 
tends to reduce the signal voltage. In this design, the clock drivers are 
connected to a first -level poly -Si drive plate. Overlying the first -level 
poly -Si drive plate is a second -level poly -Si plate that is connected by 
means of an aluminum metallization strap to the first -level poly -Si 
floating gates. Since the driven plate overlies the drive plate, it is shielded 
from substrate parasitic capacitance; the problem of competition be- 
tween parasitic capacitance and active capacitance is thereby solved. 
An extension of this design provides a top aluminum plate connected 
to the bottom drive plate with the driven plate sandwiched between. For 
a given value of capacitance this design version can reduce the required 
area by a factor of two, but because of the additional complexity and a 
potential yield problem with a three -layer large -area structure, this 
feature was not incorporated in the design. 
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While the split -gate tap design is a viable mask -programmable means 
of tapping, it does not provide an electronically programmable capability. 
Individual floating -gate taps are required if the individual tap weight 
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Fig. 6-Coupling capacitor design. 

414 RCA Review Vol. 38 September 1977 



SIGNAL PROCESSING APPLICATIONS 

is to be altered electronically. Therefore, it was decided to test a float- 
ing -gate tap approach with a second Barker -coded correlator on the chip. 

No programmability feature is included, however. 
One of the problems encountered in earlier floating -gate taps is the 

problem of setting the do potential of the floating gate. Therefore, the 
present design includes a MOS switch to periodically set the do potential. 
In addition, in order to increase the signal -handling capability, a capa- 

citively coupled ac clock drive to the floating gate is included so that the 
channel potential at the floating gate will operate in normal CCD fashion 

between the same ON and OFF levels as the other CCD gates. The tap 

CCD Ts 

CHANNEL 

LOUT 

Fig. 7-Schematic of floating -gate tap. 

will, therefore, be able to hold as much signal charge as the remainder 
of the register. This would not be the case if the floating gate were 

maintained at a de potential midway between the ON and OFF levels 

of the other gates. 
A schematic diagram of this floating -gate tap is shown in Fig. 7. The 

ac clock voltage, VCL, is coupled to the floating gate through coupling 
capacitor Cc. The output current iout through the sense transistor Ts 
depends upon the voltage of the floating gate which, in turn, depends 
on the signal -level -dependent channel capacitance Cohan of the floating 
gate. The transistor TR is the reset switch. Whether the sense transistor 
source lead is connected to the +sum bus or the -sum bus depends upon 
the code sequence. A photomicrograph of the actual floating gate device 
is shown in Fig. 8. 
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3.4 High -Speed Register Design 

While the present Barker -coded test vehicle is designed for 16 -kHz clock 
operation as determined by system requirements, many CCD signal 
processing applications demand higher clock frequency operation. To 
provide a test of CMOS clock drivers at higher frequencies, a 500 -stage 
delay line is also included on the chip. The device is a serpentine struc- 
ture with five 100 -stage straightaways with 1.0 -mil -wide channels and 
four corners incorporating floating diffusion turns. CMOS clocks are 

DRIVE COUPLING CAPACITORS 

16\-- + _ 

ta ti ti u, LI I 
IN FLOATING GATE CCD 

Fig. 8-Floating-gate Barker -coded correlator. 

designed to drive the four -phase register at 10 MHz. Clock driver inputs 
go directly to bonding pads, and clock logic and trigger generation will 
be accomplished off -chip, as will input and output strobe generation. 
Bond pads are incorporated between the drivers and the register so that 
off -chip drivers can be used to establish baseline performance data to 
compare with on -chip driver performance. 

The operation of the floating diffusion corner is illustrated in Fig. 9. 
A dc gate follows each diffusion. For efficient operation the potential 
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Fig. 9-Floating diffusion corner operation: (a) clock timing and (b) cross-sectional view of the floating 
diffusion and surface -potential diagrams. 
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wells in the register should not be filled to a level higher than the po- 
tential under the dc gate. A photomicrograph of the 500 -stage register 
is shown in Fig. 10. 

3.5 CMOS Logic and Driver Design 

The CMOS logic for producing the clock, input strobe, and reset signals 
is integrated into the same array as the CCD devices. The transistors in 
the timing logic are all aluminum gates and are designed for 10-V oper- 
ation. The design of the transistors is the same as the standard CMOS 
design except that the starting material is different as discussed in 
Section 2. 

MSS CLOCK DRIVERS 

9 T . 

11 .«71 la.aL J Li 

Fig. 10 -500 -stage test register. 

There are three input signals to the timing logic. The first of these is 
the REF signal from which all the timing signals are formed. The second 
input signal, the PHASE CLOCK, is used to properly synchronize the 
timing logic in a system application. The third input signal, MODE, puts 
the timing logic into one of two possible configurations. When MODE 
is low, the clock and strobe signals for the input test (SID) device are 
formed. When MODE is high, clock signals for the higher frequency 
operation of the two 13 -bit Barker -coded correlators are formed. 

The frequency of the square -wave REF input signal determines the 
frequency of the clock and strobe signals generated on the array as shown 
in Fig. 11. The phase of these signals is determined by the PHASE 
CLOCK input. The capability to adjust the phase is necessary if syn- 
chronization with the input signal is to be obtained and maintained in 
a system application of the array. The PHASE CLOCK is used to gen- 
erate the RESET pulse which resets all the registers in the timing logic. 
Registers A and B in Fig. 12 are used to produce this reset pulse. 

A reset pulse R is required to reset the floating gates in the split -gate 
and floating -gate versions of the 13 -bit Barker -coded correlators. The 
reset pulse is to occur shortly before phase 4 makes its positive transition. 
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The chosen time is the first half of the period when phase 3 is high and 
phase 4 is low. The logic for generating the R pulse is shown in Fig. 13. 

The transmission gates T3 and T4 are controlled by the same signal CLK 
which is used to clock the I and J registers (Fig. 12). Transmission gate 
T3 is off at this time. The output of G4 remains high until CLK goes low, 

turning on T3 and causing G2 to go high. 
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Fig. 11-Split-gate and floating -gate timing and clock signals. 

The logic for producing the input strobe signal f; for the two CCD 
correlators is the same as that for the R pulse, except for two changes. 
Since the f; pulse occurs when phase 3 and phase 4 are high, the input 
signals to G1 of Fig. 13 become phase 3 and phase 4. Also, the fi signal 
is normally high with the pulse going down to a variable Vss voltage. 
Thus, the output of the pulse -generating circuit is passed through an 
inverter operating between the variable Vss and VDD. This inverter is 
the same type as used in generating the fs signal. 
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A sample -and -hold signal, fs+h is generated and brough to an output 
pad on the array. This signal is required for the sample -and -hold circuit 
external to the array that samples the correlator output signal. This 
signal is the same as the f; signal prior to its final inversion. The fs+h is 
passed through an output driver, consisting of two inverters, prior to 
output from the array. This increases the output driver capability that 
is needed for the larger capacitive loads seen in going off the chip. 

The MODE control permits the floating -gate and split -gate CCD 
correlators to be clocked at a higher rate than would otherwise be pos- 
sible. The REF signal is normally reduced in frequency by a factor of 16 
in registers C, D, E, F, G, and H before reaching the final Johnson center. 

03 
02 

Fig. 13-Circuit for generating phase R. 
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The maximum frequency is limited by the maximum rate at which the 
C, D, E, and F registers can be clocked. This remains the case as long as 
MODE remains low. If MODE is high, the REF input is brought directly 
to the clock input of the final Johnson counter without being divided 
by 16. This is done by using the MODE input to control a pair of trans- 
mission gates, T1 and T2 of Fig. 12, which select either the output of 
register G or REF as the clock CLK for registers I and J. The CCD clock 
frequency is reduced from the REF frequency by a factor of 4 when 
MODE is high or by a factor of 64 when MODE is low. The signals for 
the input test circuit are not valid when MODE is high. 

Each of the four phases (0) of clock for each of the CCD devices has 
its own clock driver. The clock drivers take the clock signals as produced 
by the timing logic and form signals with the proper shape, voltage level, 
and drive capability. 

ISV ISV 

PI P2 
4/4 m4 

0-10V 0-15V 
NI N2 

Fig. 14-Phase-4 clock driver with level translater. 

A driver consisting of a single inverter is used on all the clock phases 
except for phase 4 in the split -gate and floating -gate correlators. The 
output of the inverter is a signal with a 10-V swing from ground to VDD, 

and a fall time of 200 ns. The rise time is much faster. To obtain this fall 
time, the n -transistor in the inverter has a longer channel length and a 
shorter channel width than normal. The clock driver device sizes for each 
phase were determined by computer simulation of the driver, using the 
capacitive load presented by the CCD device. 

The phase 4 clocks for the floating -gate and split -gate correlators need 
a different clock driver. The required voltage swing is from ground to 
15 V rather than from ground to 10 V. In addition, the capacitive loads 
are greater, but the rise- and fall -time requirements remain the same. 
The driver shown in Fig. 14 is designed to meet these requirements. 

The first inverter, consisting of transistors P1 and N1, translates the 
signal swing from 10 to 15 V. The P1 transistor is smaller than the N1 
transistor, shifting the switching threshold to the middle of the input 
off, causing the output of this inverter to go to 15 V. When phase 4' is high 
(10 V), both P1 and N1 are on. The gate voltage on P1 is 5 V below its 
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source, whereas the gate of N1 is 10 V above its source. As a result of the 
scaling of device sizes, the output of the inverter goes to ground. How- 
ever, the inverter draws a constant current, which is determined by P1, 
when phase 4' is high. This current is minimized by using a small tran- 
sistor for Pl. 

The design of the second inverter, consisting of P2 and N2, is governed 
by the same considerations as those for the single inverter clock drivers. 
The device sizes to obtain the 200-ns fall time were determined by 
computer simulation. 
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Fig. 15-Layout of CMOS/CCD test chip. 

Clock drivers for a high-speed CCD test line are also included on the 
array. The inputs to these drivers come from off the array. Each driver 
consists of a single inverter designed for an ouput rise time of 20 ns and 
fall time of 25 ns. Phases 1 and 3 see a load of 50 pF, whereas phases 2 
and 4 see a load of 100 pF. The drivers for phase 1 and 3 use a 20 -mil 
n -transistor and a 50 -mil p -transistor. The phase 2 and 4 drivers have 
40 -mil n -transistors and 100 -mil p -transistors. Special care is taken in 
designing these drivers to keep the series resistance in the signal path 
to a minimum. 

3.6 Array Layout 

A block diagram of the CCD-IC test array is shown in Fig. 15. Overall 
chip dimensions are 159 X 148 mils (151 X 140, bond pad to bond pad). 
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A little more than one-third of the chip is used for CMOS timing and 
logic, somewhat less than one-third for CMOS drivers, and the final 
one-third for CCD devices. The area not blocked out on the chip acco- 
modates test devices for process control. The total number of bond pads 
is 36, not including internal bond pads for test purposes. A photomi- 
crograph of the entire chip is shown in Fig. 16. 

aylir,rr --, - 

ICT = v` t V LE La 
Fig. 18-CMOS/CCD array. 

4. Experimental Results 

4.1 General Device Characteristics 

The transistor characteristics of the Al -gated CMOS transistors from 
the final two fabrication runs were nearly identical. A set of n and p 
characteristic curves are shown in Fig. 17. These devices have nominal 
design rules of: channel length = 0.3 mil, channel width = 4 mils, oxide 
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thickness is 1000 A plus 400 A silicon nitride. Typical characteristics are 

listed below: 

VTN=1.2V VRN=23V 
VTp = -2.5 V VBP = 34 V 

The transistors exhibit close to standard characteristics with the ex- 

ception that the p -type threshold is more negative than standard. This 
could be adjusted by the choice of a lighter n -well implant. 
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Fig. 17-CMOS transistor characteristics on array (25 to 50 ohm -cm), p -type substrate. 

The CCD devices also exhibited the expected potential minima versus 

gate voltage characteristics as shown in Fig. 18. Both the first -level po- 

lysilicon gates (G-1) and second -level gates (G-2) exhibit the same 

characteristic. This is expected due to the silicon nitride layer, which 

results in the same gate oxide layer thickness for both levels of polysili- 

con. The trace in Fig. 18 shows only positive gate voltages because the 
protective diodes attached to the input gates prohibit a negative voltage 

swing relative to substrate. 
The topological features of the CMOS-CCD array were examined 

using the scanning electron microscope. Features of interest are the 
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Fig. 18-Minimum potential of the source diode for the onset of CCD channel conduction CMOS/ 
CCD-array lot 3, wafer A. The top dotted trace shows the actual data; the whitened trapezoidal area 
represents the actual data displaced vertically by 6 V. 

poly -Si coverage, edge profiles, A l -metallization coverage, and continuity 
over the poly -Si and Si02 edge contours and contact regions. Fig. 19 
shows the overall features obtained in CMOS-CCD array. A detail of the 
A l -metallization crossing a tapered field -oxide edge, two layers of poly -Si 

AL METAL 

-POLY CATES 

Fig. 19-SEM of double poly -Si CMOS/CCD structure. 
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Fig. 20-A I -metal crossing a tapered field -oxide edge; two layers of poly -SI to a contact opening. 
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Fig. 21-Reset pulse and phase clocks relative to FS+H Oct 2, wafer A). 
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Fig. 22-Input source diode referenced to FS+H. 

Fs+H 

e--- SOURCE STROBE 

to a contact opening, is shown in Fig. 20. The contours of the oxidized 
poly -Si edges are rounded, and the field -oxide edges are smoothly ta- 
pered. 

4.2 Clock Logic and Driver Operation 

All clock logic and driver circuits operated as designed. Fig. 21 shows 
scope trace photos of the reset pulse and phase clocks relative to the 
sample -and -hold pulse. Comparison with Fig. 11 indicates that the de- 
sired timing has been achieved. The reference frequency was 800 kHz; 
phase clocks were 200 kHz. Fig. 22 shows the input source strobe, the 
amplitude of which can be varied with VVSS. All wave shapes appeared 
to be consistent with the design. The wave shape of the phase -four clock 
when operating at 200 -kHz frequency is shown in Fig. 23 on an expanded 
scale. The rise time is about 100 ns, and the fall time is about 200 ns. The 
design value of the fall time was 200 ns, and the objective was to have 
a faster rise time than fall time. These conditions are necessary for op- 
eration of the correlator vehicles up to 1 -MHz clock rates, the maximum 
design frequency for these vehicles. 

Fig. 23-Shape of clock waveforms. 

SCALE - VERT: 5V/cm 
MOR :Iµs/cm 

FALL TIME - 200ns 
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Fig. 24-Array exerciser for CMOS logic. 
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Fig. 25-High-speed register logic. 
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4.3 Array Exerciser Design 

An array exerciser and test fixture were designed to provide a convenient 
means of demonstrating and evaluating the performance characteristics 
of the array. The array exerciser contains circuitry for encoding data bits 
into 13 -bit Barker -coded sequences. These Barker -coded sequences may 
be applied to the inputs of either the split -gate correlator or the float- 
ing -gate correlator. Also produced by the exerciser are the phase clock 
and various bias voltages required for the correlator operation. Another 
portion of the exerciser is devoted to producing the four -phase clock and 
bias voltages for operating the high-speed test register. 

The array exerciser was built using CMOS 4000 series logic is shown 
in Fig. 24. The high speed and reset register logic circuitry is shown in 
Fig. 25 using TTL. 

_ 

141.14411.1' CORRELATION 

ANTICORRELATION PEAK 

SCALE' 
VERT:IV/cm 2V/cm 

CLOCK FREQUENCY:I6KHz 

Fig. 26-Correlation response for floating -gate CCD as sensed with CMOS operationallamplifiers. 

4.4 Floating Gate Correlator Operation 

Fig. 26 shows the correlation response for the floating -gate CCD corre- 
lator for 1-V and 2-V output correlation peaks as sensed with CMOS 
operational amplifiers. This response fully exercised the design concepts 
employed. Examination of the trace in Fig. 26 shows a sharp spike at the 
clock transition time. These spikes are due to mismatch in the leading 
and falling edges of the phase -four clock used to compensate the vir- 
tual -ground operational amplifiers. In application of the correlator, a 

sampling threshold detector would be used to detect the correlation 
peaks. With proper timing, the detector would not be influenced by the 
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spikes at transition points. Note that the side -lobe patterns do not 
change significantly under conditions where the output is changed by 
a factor of two. The ±2-V output corresponds to nearly full -well sig- 
nal. 

The anticorrelation response is shown in greater detail by Fig. 27. With 
the signal continuously repeated, the expected side -lobe pattern is all 
"l's" of the same polarity as the correlation peak with a ratio of 1 to 13. 
It is difficult to measure peak -to -side -lobe ratio with the type of pattern 
wherein the side lobes are all "l's", because the reference is difficult to 
establish. Note that the constant dashed level in the display of Fig. 27 
is not the reference for the side -lobe pattern, but rather it is the level 
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ANTI- 
` CORRELATION 
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Fig. 27-Anticorrelation response of floating -gate CCD. 

established by grounding the reset transistor. It should be pointed out 
that were the baseline chosen to be the constant reset level, the side lobes 
would appear in opposite polarity to that expected theoretically and the 
peak -to -side -lobe ratio would be only 6:1. If it is assumed that the peak 
is correct, i.e., 13 "l's", then the appropriate reference would be the 
baseline located 2 cm below the top of the trace. The side lobes, then, 
with noticeable fluctuations but on average, appear to be one small di- 
vision below the baseline arbitrarily chosen. Another way to say the same 
thing is that if it is assumed that the side lobes do not have the opposite 
polarity relative to the peak, the peak should be 12 divisions above the 
average side -lobe peak. Then the baseline is located one division above 
the average -side -lobe peak which is approximately 2 cm (two large di- 
visions) below the top of the trace. Certain irregularities in the side -lobe 
pattern can be explained by the observation that a modulation with the 
period of the 13 -bit Barkar-coded appears to modulate the side -lobe 
pattern to some extent. The cause of this has not yet been deter- 
mined. 
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Experiments were carried out to determine the maximum number of 
error bits allowed before detectability of the correlation peak is in 
jeopardy. Not all possibilities were covered, but the worse case at three 
"miss -hits" appeared to have a detectable correlation peak. However, 
worst case with four "miss -hits" did not exhibit a detectable correlation 
peak. 
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SCALE: 0.5V/cm 
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SCALE: 5V/cm 

I 
CLOCK PLUS SIGNAL 

Fig. 28-Correlation and anticorrelation peaks for split -gate correlator and CMOS differential amplifi- 
er. 

4.5 Split Gate Correlator Operation 

Fig. 28(a) is a trace of the correlation and anticorrelation peaks obtained 
using the split -gate correlator and an off -chip CMOS differential am- 
plifier. In view of the special design intended to capacitively balance both 
sides of the split phase, a rather large amount of capacitive imbalance 
was actually observed. This trace was taken by offsetting the display so 
that primarily signal content is shown. It can be observed that the 
side -lobe pattern is extremely uniform. Using the midpoint between the 
correlation and anticorrelation side -lobe levels as a reference, a corre - 
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lation peak to side lobe ratio of 13:1 is observed. As with the floating -gate 
vehicle, the reference is located slightly below the side -lobe pattern of 
the correlation peak. This pattern constitutes uniform "l's", as it should 
for a noninterrupted Barker -coded sequence. The reference is not ac- 
tually visible but must be inferred. The total signal -plus -clock output 
is about 14 V when the differential amplifier is operated near the limit 
of its maximum dynamic range, as shown in Fig. 28(b). The correlation 
peak is 0.65 V above the 14-V level and the anticorrelation peak is 0.65 
V below. Not all of the samples indicated as uniform a side -lobe pattern. 
Fig. 29 shows a strong correlation peak but also indicates a Barker -coded 
feedthrough pattern exhibited by the side lobes. 

4.6 Test Register 

The 504 -stage test register was designed to test the effect of the merged 
CMOS-CCD process on fundamental CCD parameters, as well as to test 
the high-speed capability of this new technology. The integrated 
driver -delay line was designed to operate up to 10 MHz. All other vehicles 
on the TC1181 CMOS-CCD array were designed to operate up to 1 MHz. 
Testing of the CCD test register has been done at 1 MHz and tests at 
higher speed are to be conducted. 

Fig. 30 is a trace of a signal comprising eight "l's" delayed through the 
504 -stage register when operated at 1 MHz. The transfer efficiency 
shown in this trace corresponds to an a of 1 X 10-4. This measurement 
was made without fat zero injection. Other devices have exhibited an e 

of 1 X 10-5 without fat zero. 
Operating biases corresponding to the results in Fig. 30 were 

G1 = 1V 

G2=2V 
corner dc = 3V 

VDD = 12.5V 

+15 = 21.6 V 

S1 = 14.8to9V 

The test register was driven with the on -chip clock drivers, but the phase 
clock timing and predriving were obtained from pulse generators. 

A further test of interest is to determine if the input stage, CCD well 
depth, or the corner diffusion well limit the maximum signal. Initial tests 
indicate that maximum signal is not determined by the corner diffusion 
well, but the maximum signal injection has not been identified as an 
input -related effect or a CCD-well capacity limit. In any event, with a 
1 -mil channel width, and a four -phase device, output signal levels (200 
mV) are equivalent to those seen with two-phase 2 -mil -channel -width 
CCD devices with the same source -follower output circuit. 
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Fig. 29-Split-gate CMOS/CCD Barker -coded correlation at 16 -kHz clock frequency with feed - 
through. 

5. Summary and Conclusions 

The most significant result reported in this paper is the development 
of a CMOS-CCD technology that offers low power dissipation, excellent 
performance, and the promise of high reliability due to the use of CMOS 
logic and buried n -channel CCDs. A complex CCD array (comprising 
split -gate and floating -gate 13 -bit Barker -coded correlators), a low pass 
filter, and a 504 -stage CCD register have been integrated along with 
supporting CMOS timing/logic, drivers, and signal processing circuit- 
ry. 

In addition to the integration of CMOS timing/logic circuits and 
drivers, CMOS-IC amplifiers (TC1148) were used for sensing the cor- 
relator signals. These ICs could have been incorporated with the 
CMOS/CCD array, but to save time and expense, they were used in a 

I Illtlllt 

10µs/cm 2µs/cm 

VERTICAL SCALE: 0.2V/cm 

Fig. 30-Pulse response of 500 -stage test register; clock frequency equals 1 MHz. 
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breadboard format. These CMOS-IC operational amplifiers can be used 
for applications up to 1 -MHz signal frequency, and their use at 16 kHz, 
the frequency of interest for the correlator vehicles, was highly successful. 
Symmetric correlation peaks, representing a "1" and anticorrelation 
peaks, representing a data "0", were observed for both the split -gate and 
floating -gate correlators. 

The floating -gate correlator developed was designed in a format that 
would allow its implementation in an electrically programmable con- 
figuration. Electrical programmability can be obtained simply by adding 
a programmable register that controls switches to connect the float- 
ing -gate taps through source -follower transistors to either the plus- or 
negative -sum buss. 

The split -gate correlator produced the expected correlation response 
with a high degree of regularity in the side -lobe patterns; however, the 
+ and - phase imbalance should be improved to obtain better clock 
cancellation. The side -lobe pattern in the floating -gate correlator was 
somewhat "irregular"; nevertheless, the expected correlation peak was 
observed. Detectability with up to any combination of three "miss -hits" 
(error -bits) appears to be entirely practical. 

A transfer efficiency characterized by f < 10-5 was measured with the 
504 -stage test register at 1 MHz using the pulse technique with no fat 
zero. This performance is remarkably good considering the rather long 
diffusion schedules required for the n -well formation prior to the CCD 
fabrication. 

The successful results achieved in this study prove the feasibility of 
a compatible CMOS-buried n -channel CCD process. This makes possible 
the simultaneous incorporation of the inherent low power, high noise 
immunity, and high performance advantages of CMOS on -chip with high 
efficiency CCD devices to achieve self-contained signal processing 
components (such as analog delay and transversal filters) that will not 
require complex external support circuitry. Such arrays can now be 
designed to achieve a substantial reduction in cost, size, and power 
compared with standard analog or digital signal processing approach- 
es. 
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Suppression of Premature Dielectric Breakdown for 

High -Voltage Capacitance Measurements* 

Alvin M. Goodman 

RCA Laboratories, Princeton, N.J. 08540 

Abstract-Surface-initiated premature dielectric breakdown' is encountered in extended - 

range MIS C(V) measurements at applied -bias voltages above some sample - 

dependent threshold value, e.g., 3 to 5 kV across a 150 -µm -thick wafer of sap- 

phire. tt is necessary to suppress this premature breakdown in order that a much 

larger applied -bias voltage may be used without damaging the sample. This may 

be accomplished by eliminating the air space adjacent to the sample surface at 

the Junction of the dielectric and the electrode edge. A simple, easy -to -use ap- 

paratus (sample holder and probe assembly) that allows this to be done conve- 

niently and quickly by using a silicone washer to cover the edge of the electrode 

and the adjacent area of the insulator is described. 

1. Introduction 

1.1 Description of the Problem 

A recently developed modification of the MIS C(V) techniquel has ex- 

tended its useful range, allowing it to be used for the measurement of 
samples with insulating layers more than two orders of magnitude greater 
in thickness than was previously possible. This use, however, requires 

The research described in this paper was partially funded by Advanced Research Projects Agency 
Order 2397 through the National Bureau of Standards' Semiconductor Technology Program Contract 
5-35912 and is not subject to copyright. A version of this paper, containing mechanical details not in- 
cluded here, is available as NBS Special Publication 400-37. 

436 RCA Review Vol. 38 September 1977 



DIELECTRIC BREAKDOWN 

the application of large bias voltage to the capacitor sample to be mea- 
sured. When the bias voltage exceeds some threshold value (e.g., 3 to 5 
kV across a 150 -µm -thick wafer of sapphire2) there exists the danger of 
breakdown in the critical region along the insulator surface or in air at 
an electrode edge as shown schematically in Fig. 1(a). 

The breakdown at the surface or in air usually leads to breakdown of 
the dielectric under test (sapphire in the present work). This problem 
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Fig. 1-Sample configuration illustrating (a) critical region where premature breakdown 
occurs and (b) use of silicone grease to suppress premature breakdown. 

is similar to the one of "premature breakdown" encountered in the 
measurement of "breakdown strength" in dielectric media.3 The present 
problem is different, however, in three respects. For C(V) measurements, 
(1) the high -field region should have a well-defined area, (2) the field 
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within this region should be as uniform as possible, and (3) there is no 

need to raise the applied field to the breakdown level. 

1.2 Conventional Techniques for Suppression of Premature Breakdown 

The known methods of preventing premature breakdown3 can be roughly 
categorized as follows: 
(1) Immersion of the sample or its critical region in 

(a) suitable gas at high pressure (e.g., N2 at 100 atmospheres) 
(b) liquid, either insulating (e.g., oil) or partially conducting (e.g., 

aniline) 
(c) solid (e.g., silicone grease or elastomer) 

(2) Shaping of sample geometry to reduce the electric field at the elec- 
trodes edges (e.g., "recessed specimen" or "McKeown specimen" 
technique). 

Each of these methods in its conventional embodiments is undesirable 
in the present application for one or more reasons: 1(a) would be difficult 
and time-consuming to implement; 1(b) and 1(c) are messy and incon- 
venient to use; and 2 is inconsistent with our requirement of a uniform 
field over a well-defined area. Method 1(c) was used2 with partial success 
up to about 8 kV. The solid used to immerse the critical region was a 
silicone grease (Dow Corning "4 -Compound").* This is shown in sche- 
matic cross section in Fig. 1(b). The application of the silicone grease 
to the sample and íts removal after the measurement were difficult, 
messy, and time-consuming. In addition, the technique did not consis- 
tently prevent breakdown above about 6 kV. 

In one set of experiments half of the samples were destroyed by di- 
electric breakdown when voltages up to 8 kV were applied across 150-µm 

sapphire wafers during measurements. These and other equally cata- 
strophic results made it clear that a better method for breakdown pre- 
vention was needed to make the measurement technique a practical one 
for everyday use rather than a research laboratory curiosity. 

The new breakdown suppression technique and the associated ap- 
paratus and test chamber described in the following sections of this re- 
port were developed as part of a measurement system to be used for 
routinely carrying out high -voltage extended -range MIS C(V) mea- 
surements. The first part of that system (a capacitance meter bias -iso- 
lation unit) has been previously described.4 

Certain commercial equipment, instruments or materials are identified in this report to adequately 
specify the experimental procedure. In no case does such identification Imply recommendation or en- 
dorsement by the National Bureau of Standards, nor does it imply that the material identified is necessarily 
the best available for the purpose. 
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DIELECTRIC BREAKDOWN 

2. A New Technique 

2.1 Basic Description 

It has been found that if an insulating silicone -rubber toroidal washer 
having appropriate properties is pressed over the sample surface in- 
cluding the electrode edge, premature breakdown can be effectively 
prevented. The surface of the rubber in contact with the sample must 
be smooth and the rubber itself must be very resilient. It is also important 
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Fig. 2-Oblique view of apparatus. The washer frame is raised; the baseplate is moved to 
the side; and the probe -carrier box is partially raised on its hinge foi visual clari- 
ty 

that the rubber contain no voids in the vicinity of the critical region and 
that it have both a very high resistivity and a low dissipation factor. The 
technique includes a means for pressing the washer uniformly and 
controllably over the surface of the sample. Washers molded from two 
silicone compounds have been used successfully, Dow Corning Sylgard 
#182 and #186. It has been found that a thin coating of silicone grease 
on the surface of the washer in contact with the sample gives even more 
reliable protection against breakdown than using just the washer alone. 
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Photographs of one version of the apparatus used for implementing the 
technique are shown in Figs. 2, 3, and 4. 

In Fig. 2 an oblique view of the apparatus is shown. The washer frame 
has been raised and the baseplate has been moved to the side for visual 
clarity. The silicone washer is held in a recessed hole that has been 
counterbored in the bottom of the washer frame. The probe carrier box 
is shown unlatched and partially raised on its hinge. In Figs. 3 and 4, the 
sample is shown in place with the washer frame lowered and the washer 
pressed firmly against the sample. 
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SILICONE 
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Fig. 3-Overhead view of apparatus with sample in place and probe -carrier box in extreme 
upward position. 

2.2. Operation 

In operation, the baseplate with the sample mounted on it is slid under 
the washer frame, and the two horizontal -axis micromanipulators are 
adjusted to make the washer concentric with the edge of the electrode 
on the sample. Both the washer and washer frame are transparent al- 
lowing this adjustment to be made quickly and easily. During this ad- 
justment, the probe carrier box is swung up as far as it can go to allow 
the operator maximum visibility (see Fig. 3). The vertical -axis micro - 
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manipulator is then used to move the washer frame down, pressing the 
washer against the sample. 

It is important that the washer be pressed against the sample hard 
enough to fill any air spaces or voids at the sample surface. This pressure 
extrudes the washer slightly as can be seen in Figs. 3 and 4. 

The probe carrier box is then swung down and latched in place. The 
probe can then be lowered through the concentric holes in the washer 
and frame to make contact with the electrode. This is accomplished by 

fi 

'o- 

' sILICONE 
,_WASHER 

DOE 

~MI 
SILICONE WASHER 

Fig. 4-Side view of apparatus with silicone washer pressed firmly against sample and probe 
lowered to contact sample electrode. 

turning either of the two cam -shaft knobs, thereby rotating the cam 
against the probe carrier and forcing it down. The probe has a spring - 
loaded retractable tip to provide a reliable contact to the evaporated 
electrode on the sample without damaging it. 

3. Experimental Results 

The use of the technique described in the preceding section has virtually 
eliminated dielectric breakdown during MIS C(V) measurements at 
applied -bias voltages up to 12 kV across 150 -µm -thick sapphire wafers. 
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In addition, further tests were carried out at higher voltages. A 125- 
µm -thick sapphire wafer was tested to breakdown at 16 kV. One 350- 
µm -thick sapphire wafer was tested without breakdown up to 30 kV, 
which was the approximate limit of our test capability. 

In summary, a new, simple, easy -to -use technique for suppressing 
premature dielectric breakdown during high voltage C(V) measurements 
has been described. The technique allows the use of a much larger ap- 
plied -bias voltage than was previously possible. 
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Photoelectroluminescence of ZnS:TbF3 

J. I. Pankove, M. A. Lampert, J. J. Hanak, and J. E. Berkeyheiser 

RCA Laboratories, Princeton, N.J. 08540 

Abstract-Optical generation of electron -hole pairs under an electrode causes a polarity - 
dependent enhancement of electroluminescence (EL) in ZnS:TbF3. When holes 
are driven into the bulk of the ZnS, the optical enhancement of the EL is multipli- 
cative; when holes are extracted from the bulk, the enhancement is additive. 

1. Introduction 

The purpose of the following experiment is to observe the influence of 
optically generated electron-hole pairs on the electroluminescence (EL) 
of the ZnS layer. Previous experiments have shown that EL in ZnS:TbF3 
results from the impact excitation of Tb-related centers.l,2 Clearly, 
different results should be obtained, depending on the polarity of the 
applied voltage. When the pairs are generated near a cathode, holes can 
escape from the ZnS, whereas pair generation near an anode enhances 
hole trapping. 

2. Experimental 

A thin transparent layer of cermet was interposed between the sputtered 
ZnS:TbF3 layer (^-1 µm thick) and a transparent Al electrode (inset of 
Fig. 1). In203 formed the other electrode on the opposite side of the ZnS 
film. The high resistivity cermet was introduced to homogenize the 
current distribution and thus to prevent the formation of local spots of 
high current density that result in burnout. 
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A He-Cd laser provided the UV excitation (3.8 eV) through the Al dot, 
producing the photoluminescence characteristic of ZnS:TbF3. The lu- 
minescence was detected by a photomultiplier (RCA 31025) that viewed 
the Al electrode through a narrow pass filter that transmitted the Tb 
emission. The photoluminescence was two orders of magnitude lower 
than the lowest level of electroluminescence shown in the data to be 
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Fig. 1-Experimental set up for the study of PEL. Inset shows the structure of the EL 

cell. 

presented below. Note that the photoconductivity spectrum and the 
excitation spectrum for photoluminescence are similar, which is not 
surprising since they both result from optical excitation across the energy 
gap. 

The use of a bias across the layer resulted in polarizing effects and 
great susceptibility to burnout. To eliminate these effects and to get 
reproducible results, it was found convenient to apply the voltage in the 
form of an ambipolar square wave. At each polarity reversal, a large 
displacement current flows consisting of a gradual, but fast, rise as the 
ZnS depolarizes and then an equally fast decay as the ZnS repolarizes; 
this is followed by a slow decay. Light emission begins only after the 
depolarization reaches a plateau and then gradually decays. It is during 
this plateau period that all the observations reported here were made. 
Fig. 2 shows the time dependence of current and light with and without 
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UV excitation. The UV enhancement of EL, or photoelectrolumines- 
cence (PEL), is evident. 
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Fig. 2-Expanded views of current (top traces) and light intensity (lower traces) signals with 
and without UV irradiation: (a) positive bias, (b) negative bias. 

3. Results and Discussion 

This enhancement was studied by means of a sampling system (Fig. 1) 
which measured the light intensities, L(V), (under both biasing polari- 
ties) in a 2µsec window on the luminescence plateaus (Fig. 2). The log- 
arithmic values of these two quantities were plotted versus the amplitude 
of the applied voltage. Figs. 3 and 4 show the recorded L(V) character- 
istics obtained in overlapping ranges of data. 

When the Al electrode is positive, the EL is enhanced in a multipli- 
cative fashion (curve translation along the log scale). When the Al elec- 
trode is negative, the enhancement decreases with increasing bias-an 
additive effect. 

The electron-hole pairs are generated near the front surface of the 
ZnS, under the Al electrode, within one UV penetration depth (-'2 X 
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10-5 cm). When the Al electrode is positive, the electric field drifts the 
holes into the ZnS:TbF3. The holes are trapped, forming a positive space 
charge that increases the electric field near the cathode, thus increasing 
the impact excitation rate. Since the photoluminescence is two orders 
of magnitude lower than the lowest observed EL, the trapping of holes 
at Tb, or Tb-related centers does not, in itself, lead to significant radi- 
ative recombination. It leads to a nonradiative recombination which has 
not, to date, been analyzed. In the absence of UV illumination, the 
emission intensity is controlled by a steep function of applied voltage. 
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Fig. 5-Enhancement ratio PEL(V)/EL(V): (a) when the aluminum is positive, (b) when the 
aluminum is negative. (Different symbols represent measurements on different 
cells.) 

The field enhancement by the UV flux, originating in charge trapping 
effects, appears to have a multiplicative effect on the luminescence in- 
tensity. The data of Fig. 5a shows a nearly constant enhancement by a 
factor of 3 for the experimental conditions used. 

When the aluminum is negative, the electric field drives the holes out 
of the ZnS. The number of electrons at the cathode is proportional to 
the UV flux at low voltages and increases at high voltages until it becomes 
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dominated by the tunneling current, whereupon the ratio of PEL to EL 
tends to one, as seen in Fig. 5b. Note that PEL_ is observed at voltages 
much lower than those required to observe EL_. This is presumably 
owing to the fact that UV excitation populates the conduction band and 
thus permits impact excitation before tunneling from the cathode be- 
comes appreciable. 

In conclusion, we have shown that optical injection of holes in ZnS: 
TbF3 in the PEL experiment, greatly enhances the EL when the polarity 
of the bias is such as to drive the holes into the bulk. With the opposite 
polarity, the EL enhancement decreases with increasing bias. 
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J. M. Hammer Fiber -Optic to Planar-Waveguide Optical Coupler (4,018,506) 
L. A. Harwood and E. J. Wittman Bias Circuit for Junction Diodes (4,019,152) 
L. A. Harwood Third Harmonic Signal Generator (4,019,118) 
L. A. Harwood Controlled Oscillator (4.020,500) 
A. C. 1prl Method of Simultaneously Forming a Polycrystalline Silicone Gate and a Single Crystal Extension 
of Said Gate in Silicon -on -Sapphire MOS Devices (4,016,061) 
P. J. Kannam and W. P. Bennett Transistor Having Integrated Protection (4,017,882) 
G. S. Kaplan and A. D. Ritzle Binary Rate Multiplier with Means for Spacing Output Signals 
(4,017,719) 
E. O. Keizer Video Disc Record Having Spirally Aligned Sync Storage Locations (4,018.984) 
E. O. Keizer Video Disc Playback Apparatus (4,018,987) 
T. W. Kisor Carrier for Semiconductor Components (4,015,707) 
A. W. Levine and M. Kaplan Electron Beam Recording Comprising Polymer of 1-Methylvinyl Methyl 
Ketone (4,018,937) 
R. M. Mehalso Method of Making. a Metallized Video Disc Having an Insulating Layer Thereon 
(4,018,945) 
T. D. Michaelis Solar Torque Compensation for a Satellite (RE29177) 
L. O. Miller and H. Popp Method for Extending Cathode Life in Vidicon Tubes (4,018,489) 
G. H. Olsen. M. Ettenberg, and R. U. Martinelli Electron Emitting Device and Method of Making the Same 
(4,019,082) 
J. G. Ottos Method of Detecting Heater Resistance Independent of Contact Resistance (4,020,416) 
W. L. Ross Multiple Target Data Receiver for a Collision Avoidance System (4,016,564) 
H. G. Seer, Jr. Negative Gamma Circuit (4,018,988) 
A. C. Sheng First Timing Circuit Controlled by a Second Timing Circuit for Generating Long Timing In- 
tervals (4,017,747) 
I. Shidlovsky Method for Preparing Cathodochromic Sodalite (4,020,147) 
D. L. Staebler Recording Assembly for Volume Holography.(4,017,144) 
R. P. Stone Method of Setting Cathode -G1 Spacing (4,015,315) 
D. H. Vllkomerson Interferometric Technique for Determing Ultrasonic Wave Intensity (4,020,147) 
P. K. Weimer Charge Transfer Readout of Charge Injection Device Arrays (4,016,550) 
O. M. Woodward Frequency Selective Reflector System (4,017,865) 

May 

R. A. Bartolini, A. Bloom, and W. J. Burke Method for Desensitizing Reccrded Organic Volume Phase 
Holographic Recording Media (4,022,618) 
B. W. Beyers, Jr. Transducer Drive Circuit for Remote Control Transmitter (4,027,280) 
A. Bloom, R. A. Bartolini, and A. E. Bell Ablative Optical Recording Medium (4,023,185) 
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T. A. Bridgewater Color Function Display System (4,025,945) 
G. R. Briggs Programmable Frequency Divider for a Television Receiver Frequency Synthesizer 
(4,024,476) 
R. R. Brooks GTO Switching Circuits (4,023,049) 
J. E. Carnes, R. H. Dawson, R. T. Fedorka, and H. W. Kaiser Charge Transfer Circuits Exhibiting Low 
Pass Filter Characteristics (4,027,260) 
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T. L. Chase, D. Durantl, and R. SassoII Lighthouse Having a Main Filter and a Supplemental Filter 
(4,021,820) 
B. Crowle Temperature -Sensitive Current Divider (4,021,722) 
B. Crowle Current Divider Provided Temperature -Dependent Bias Potential From Current Regulator 
(4,025,842) 
E. J. Denlinger Diode Package (4,021,739) 
W. J. Derenbecher PAL Alternate Line Color Phase Detector (4,024,572) 
R. A. Dischert and J. M. Walter Synchronizing System Employing Burst Crossover Detection 
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A. H. Firester Laser Alignment Apparatus and Method with an Alignment Minor (4,022,533) 
R. A. Gange Method and Apparatus for Cataphoretic Deposition (4,026,780) 
J. J. Hanak Electroluminescent Device Comprising Electroluminescent Layer Containing Indium Oxide 
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F. Hawrylo and H. Kressel Semiconductor Ohmic Contact (4,024,569) 
P. Ho and A. Rosen Broad -Band TRAPATT Amplifier Having a Tapered Idler Circuit (4,021,750) 
R. A. Holt and K. C. Adam Signal Modification Techniques (4,023,165) 
R. N. Hurst and R. A. Dischert Signal Defect Compensation (4,021,852) 
E. C. James and G. H. Fairfax Apparatus for Conserving Energy in a Building (4,021,615) 
C. L. Jones and W. L. Schulte, Jr. Multifrequency Signal Receiver with Digital Tone Receiver 
(4,021,620) 
H. Kawamoto and D. J. Miller, 3rd High Repetition Rate Injection Laser Modulation (4,027,179) 
E. O. Keizer Recording Apparatus and Methods for Use in Forming a Video Disc Record Having Spirally 
Aligned Sync Storage Locations (4,022,968) 
B. A. Kirschner Analog to Digital Conductors (4,023,160) 
J. K. Kratz and E. W. Christensen, II Deflection Yoke with Non -Radial Conductors (4,023,129) 
H. Kressel and M. Ettenberg Low Beam Divergence Light Emitting Diode (4,023,062) 
S. Larach Yttrium Tantalate Phosphors (4,024,069) 
L. D. Meixler Stable Wide Deviation Linear Voltage Controlled Frequency Generator (4,023,114) 
R. M. Moore Method of Fabricating Polycrystalline Selenium Imaging Devices (4,021,375) 
J. J. Moscany and J. J. Piascinski Method of Making Viewing -Screen Structure for a Cathode -Ray Tube 
(4,025,661) 
E. J. Nossen Phase Lock -Loop Modulator Using an Arithmetic Synthesizer (4,021,757) 
J. C. Peer Vertical Deflection Circuit (4,023,069) 
J. S. Pistiner, L. Muhl'elder, and J. E. Keigler Elimination of Residual Spacecraft Nutation Due to Pro- 
pulsive Torques (4,023,752) 
D. L. Ross and L A. Barton Method of Purifying 2,4-Bis(6-Diazo-5,6-Dihydro-5-Oxo-1-Naphthalen- 
esulfonyloxy Benzophenone) (4,024,122) 
M. R. Royce and R. P. Thompson Method for Preparing Filter -Coated Phosphor Particles 
(4,021,588) 
G. F. Stockdale and J. L. Cooper Method of Making a Composite Glass Structure (4,021,219) 
A. Sussman Liquid Crystal Device with Louver Means Located Behind the Liquid Crystal Device 
(4,021,945) 
H. R. Warren Recorder -Reproducer System (4,025,959) 
K. R. Woolling, Jr. Counter Type Remote Control Receiver Producing Binary Outputs Correlated with 
Numerical Commands of a Companion Remote Control Transmitter (4,023,105) 
B. Zuk Flip -Flop with Setting and Sensing Circuitry (4,021,686) 

June 

A. A. Ahmed Current Amplifiers (4,028,631) 
A. A. Ahmed Current Scaling Circuits (4,032,839) 
J. A. Allen Video Disc Playback System and Pickup Cartridge Therefor (4,030,124) 
C. H. Anderson and S. Bloom Guided Beam Flat Display Device (4,028,582) 
Z. M. Andrevski and M. J. Lurie Hydrostatic Bearing Apparatus (4,030,815) 
A. I. Aronson Passive Cooler (4,030,316) 
W. L. Behrend Sideband Analyzer for AM Transmitters (4,028,625) 
A. Bloom, R. A. Bartolini, and H. A. Weakliem Method of Improving the Sensitivity of Organic Volume 
Phase Holographic Recording Media (4,032,340) 
A. Bloom and L. K. Hung Electro -Optic Device (4,032,470) 
E. W. Christensen and J. K. Kratz Beam Adjustment Assembly for a Cathode Ray Tube (4,032,872) 
R. A. Crane and A. K. Ghosh Method for Achieving Gas Dynamic Lasing (4,031,485) 
F. R. Dimeo and W. J. Bachman Insulator for an Antenna (D244,866) 
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R. A. Dischert Color Encoding Camera Utilizing Comb Filtering for Color Signal Separation 
(4,030,118) 
J. G. Endriz Fluorescent Discharge Cold Cathode for an Image Display Device (4,029,984) 
J. G. Endriz Flat Image Display Device Utilizing Digital Modulation (4,030,090) 
A. H. Firester Prealigned Laser Mount and Method of Making Same (4,030,046) 
A. H. Firester and I. Gorog Defect Detection System (4,030,835) 
P. Foldes Multimode Coupling System Including a Funnel -Shaped Multimode Coupler (4.030,048) 
R. A. Gange Holographic Recording Medium Employing a Photoconductive Layer and a Low Molecular 
Weight Microcrystalline Polymeric Layer (4,032,338) 
D. M. Gavrilovic and D. L Ross Novel Liquid Crystal Compounds and Electro -Optic Devices Incorporating 
Them (4,029,594) 
E. A. Goldberg Non -Integer Frequency Divider Having Controllable Error (4,031,476) 
R. C. Graham Read/Write Character Generator Memory Loading Method (4,028,724) 
D. D. Harbert Received Signal Selecting System (4,030,040) 
L. A. Harwood Complementary Field Effect Transistor Signal Multiplier (4,032,967) 
J. Hillier Record Protection System (4,030,138) 
M. L Henley and L. E. Smith Raster Centering Circuit (4,032,819) 
M. V. Hoover Complementary Symmetry FET Mixer Circuits (4,032,851) 
N. Hovagimyan, A. D. ladicola, and W. P. lanuzzi Universal/Assigned Night Answering Systwn for EPABX 
(4,028,499) 
L. R. Hulls and S. C. Hadden Filter Which Tracks Changing Frequency of Input Signal 14,032,852) 
M. A. Leedom Disc Player and Stylus Therefor (4,031,546) 
P. A. Levine Smear Reduction in CCD Imagers (4,032,976) 
A. L. Limberg Feedback Amplifiers (4,030,042) 
D. P. Marinelli Method of Forming Grooves in the (011) Crystalline Direction (4,029,531) 
L. I. Mengle Parabolic Current Generator (4,028,586) 
J. I. Nubani and W. R. Rysz Method of Assembling a Mount Assembly in the Neck of a Cathode -Ray 
Tube (4,031,597) 
J. I. Pankove Photovoltaic Device (4,028,720) 
R. L Pryor Tri-State Logic Circuit (4,029,971) 
R. M. Rest, J. G. Henderson, and C. M. Wine Television Tuning System with Provisions tor Receiving 
RF Carrier at Nonstandard Frequency (4,031,549) 
W. Rosnowsky Method of Selectivity Doping a Semiconductor Body (4,029,528) 
D. L Ross and D. M. Gavrilovic Novel Liquid Crystal Compounds and Electro -Optic Devices Incorporating 
Them (4,029,595) 
H. D. Scheffer Wire Lead Bonding Tool (4,030,657) 
T. O. Stanley Flat Cathode Ray Tube (4,031,427) 
J. F. Sterner SCR, Diode, DIAC, and TRIAC Tester (4,031,465) 
G. A. Swartz Method for Sloping the Sidewalls of Multilayer P+PN+Junction Mesa Structures 
(4,029,542) 
B. K. Taylor and J. A. Allen Stylus Adjustment Apparatus for a Video Disc Player (4,030,123) 
J. A. van Raalte Electron Multiplier Image Display Device (4,028,575) 
P. K. Weimer Charge Injection Device Arrays (4,032,903) 
O. M. Woodward Broadband Turnstile Antenna (4,031,56) 
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