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ABSTRACT

The objéctive of this program was to develop a practieal
technique for making custom patterns of intercomnections on integrated
circuits without the use of masks. The use of a computer-controlled
electron beam was proposed for fabricating these interconnections, and
this approach was followed throughobt. The program has resulted in a
fast and accurate method for automatically laying out an interconnection
pattern to connect gpecified subcircuits so as to perform the desired
function, and in the means for creating this pattern in metal at the

required scale by electron beam lithography without the use of masks

or of any photographic processing.
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1.0  INTRODUCIION

In the manufacture of integrated circuits, the ability to
change the pattern of the final metal interconnections easily and
economicélly'permits use of custom circuits for breadboards and small
production runs, using the master slice principle. As it pertains to
dt‘avice and system reliability, a programmed interconmection capability
permits the interconnection of a large number of tested subcircuits to
form a monolithic subsystem having greatly inereased circuit function
per external comnection or bonding pad. Such a subsystem may be
expected to have a significantly lower failure rate than one made of
many separate circuit chips because of the relatively large failure
rate associated with the greater number of intercomnecting leads and
wire bonds. Other advantages also accrue from compressing large amounts
of circuit function onto a single wafer or chip, such as the short
length of circuit interconnections, with reduced capacitance and atten-
dant reduced power per logic function for a given circuit speed.

The aim of the program desecribed in this report was to
develop such an interconnection method, using computer-controlled elec—
tron beam exposure of electron sengitive resist (electroresist) to de-~
lineate conductive paths, thereby eliminating the need for drafting and
photographic processes. Previous work at Westinghouse Research on
applications of scanning electron microscopes to integrated circuits,
and a program already underway under joint Air Force and Westinghouse
sponsorship, "Maximum Density Integrated Circuits by Electron Beams",

Contract F33615-67-C~1335, provided a sound basis for the present program.

1-1



The effort to be described was direc?ed principally at refining the com-
puter-controlled electron beam exposure apparatus and related software,
developing software to provide custom interconnection geometries, develop-
ing a two-stage Sinéle level metallizatioﬁ process, and developing an
adequate regi;tration method for successive electron beam—-produced
patterns.

The test vehicle adopted for the program was a l-bit adder, made
from a redundant array of gates. Viable gates, as determined by probe
test, were to be interconnected to form the adder. Originally, only
the final, custom, metal ihterconnection was to be defined by electron
beam writing on electroresist, and the other device patterns by conven-
tional photolithographic procedures. During the program, however, it
became evident that a distortiom of about 0.5% existing in the electron
beam pattern would make registration impossible to achieve between
optical and electron beam patterns.

To overcome this difficulty, all patterns required both for
device fabrication and for final metallization were made by the electron

beam method.



2.0 1-BIT ADDER TEST VEHICLE

The choice of vehicle to demonstrate the flexible, seiected
interconnection technique had to be a compromise between subsysteus so
small that the relatively unsophisticated interconnection program would
fail to have sufficient generality, and subsystems so large that the
extended computer programming required would make little further con-
* tribution to the demonstration.

A one-bit adder, requiring about 10 to 15'NAND gates, was
chosen as representing a suitable compromise between these extremes.
This vehicle serves to illustrate all the essential factors involwved
in maskless discretionary interconnection of viable gates, and repre-
sents a useful subsystem of wide application to present-day systems.

2.1  LOGIC SELECTICN

The 1-bit adder logic function is described by the following

table:
Input Qutput
Previous
Carry Summand Summand Sum Carry
C A B 5 C
0 0 0 0 0
0 0 1 1 0
0 1 0 1 0
0 1 1 0 i
1 0 0 1 0
1 0 1 0 1
1 1 0 0 1
1 kN 1 1 1

1-Bit Adder Logic Function
Table 2,1
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This function may be realized by many different but logically
equivalent circuit configurations that have relative advantages and dis-
advantages with regard to speed, complexity, and power dissipation.

These may be divided into two classes, namely (1) those using serial
addition of the three inputs, two at a time, and (2) those using parallel
a&dition of the three inputs. A review of the various possibilities ~
narrowed the gelection to the two adders shown in Fiés. 2.1 and 2.2.

The 11-gate adder in Fig. 2.1, which is of the parallel

variety, has a logic fupnction which may be represented by

Sn = An ., Bﬂ . Cn—l + (An + Bn + Cn—lo' (An . Bn + Aﬁ . Cn—l + Bh. Cn_l),
and C =A*.B_+A'.C . +B'.GC_ _,

n n n n n—-1 n n-1
where ., means AND,‘+ means OR, and means NOT.

Fig. 2.2 'shows a 1l0-gate adder of the serial variety with a

logic function given by

5
n

T

(Ah" Bn + Aﬁ * Bn) ) cnnl n n T n n=-1

=A-,B .C +A-.B .C +A:.B . C
n T hr} n n Fok

C =A .B +(A'.B +4A-.8).C¢C
T 1 n

]

A+.B +A".C + B, C_ .

n n n n-1 n n-1

Both inputs and outputs for this version must be in complementary form,
or, what is equivalent, must use negative logic.

A comparison of the gate requirements and power/speed charac-

teristics of these two configurations is shown in Table 2.2. Although

the adder of Fig. 2.1 has a faster carry, it requires a larger range of

2-2
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fan-in and fan-out for its constituent gates than that of Fig. 2.2,

The sum delay is the same for both circuits.

the 10-gate version requires 207 fewer gate inputs.

Table 2.2 also shows that

In view of this

study and comparison, the l0-gate addef, using a 2-in, 4-out gate and

working with negative IN/OUT logic levels was selected as best suited

for the program vehicle.

Total |Total Gates
Gate Complement Gates, |Gate On, Sum Carry
No, | Fan—In | Fan-Out*| Type Inputs | Max/Min | Delay®#* [ Delay#**
Fig. 2.1 | 4 1 1 11 20 7/3 4T 3T
Parallel 3 In,
Logic 6 Out
2 -2 2
2 3. 1
3 2 6
Fig, 2.2 | 2 1 1 10: i5 6/3 4T 4T
Serial 2 In,
Logic 4 Qut
2 i 2
4 2 3
2 2 4
%
Collector Load Counted as 2 Loads
%k

T = Average Delay Per Gate

Comparison of 1-Bit Adder Characteristics

Table 2.2
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In order to confirm the results of this study a breadboard
model of the 10-gate adder was comnstructed from DTL gates, using 2-1/2
Westinghouse WC-266D packages-éf quad 2-input NAND gates. The opexation
of thé breadboard version satisfied the adder truth table, and the
measured operating speeds substantiated the estimates for maximum sum
and carry delays of 4T, where T is the propagation time per gate.

Table 2.3 shows the observed delay times for various input transitions.

. In%.t:l.alC . Flgal c Outgut Delzy, us Notes
1 1 o 1 1 o 1 1
0 0 0 1 1 1 04 ¢ 04 Input Step .0l pS
Rise & Fall Time
1 1 1.0 0 0 05 +.05 Operating Time
N\,

0 0 0 0 0 1 .04 L . Per Gate, T, = .02 us
0 0 1 0 0 0 .05 -
0 0 0 1 0 0 ¢ .08 - Same result for

}
1 o0 o0 0 0 o0 . .08 - B, only
0] 0 0 1 1 0 —_— 04
1 1 0 0 0 0 - .05
0 0 0 1 0] 1 S .08 Same result for

}
i 0 1 6 "0 o0 — .05 By & G

Operating Delays for 10-Gate Adder Made From (W) WC-266D DIL
Integrated Circuits

Table 2.3



2.2 GATE DESIGN

The logic gﬁ?e for use in the 1-bit adder was chosen from con-
siderations of low complexity, relatively fast speed, conventional logice
levels, conventional processing (up to ?he final metal), and moderate
power requirements. The choice was a basic tramsistor-transistor logic,
TZL, without output drive transistors, the circuit of which is shown in
Fig. 2.3. Several additional leads spanning the supply buses and out—
put connections by means of diffused undercrossings are included to per-
mit final logic interconnection at one level without external crossovers.
The use of this gate with small area requirements but with reduced drive
capability is especially suitable for LSI applications where most out-
puts terminate on the wafer, and where buffer amplifiers or drivers may
be used where neceésary to communicate with the rest of the system
external to the wafer. The resistor values chosen for this gate, as
shown in Fig. 2.3, give a dissipation per gate, at Vcc =6 volts{ of
12 mW ON, 3 mwW OFF. In a 10-gate adder array, this design would dis-
sipate a total of 84 mW maximum, 57 nW minimum, apart from dissipation
of the unused, redundant gates. ‘The latter can be permanently comnected
in the OFF condition, restricting their dissipation to 3 mW each. The
initial layout for this gate is shown in Fig. 2.4. It measured 300 u x
350 u overall, and was-designed for use in a 4 x 6 gate array. Antiéi—
pated speed for this gateWﬁ?]D to 15 nS8. The capacitance of intercon-
necting logic leads, which are 5 u wide, is about 1.5 x 10_16 Fd per
micron length. A typical logic lead on the adder has a length of about

13

1000 p, giving an average lead capacitance of 1.5 x 107" Fd. The
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capacitance of each diffused undercrossing is C 7~ 6.4 x 1071

i3

7 Fd/u2 x
30 p x 270 u = 5.2 x 107 Fd, and an average logic lead includes about
2 undercrossings. Therefore, the total capacitance associated with a
typical logic lead is (1.5 + 2x 5.2) x 10712 Fd = 1.2 p¥. The time
constant given by this in parallel with the 14 KQ load resistor of the
gate is 5 nS, giving a total gate speed for an average gate in the test
vehicle of about 20 n$. The second version of this layout, shown in
Fig. 2.5, was made to permit use of the bottom underdiffused lead
independently of the lower gate input. This layout measured 234 u x
312 p, including probe test pads. It was designed for 240 p x 320 n
spacings in a rectangular 4 x 6 array of similar cells. Some of the

target specifications for the vertical profile and alignment tolerances

for this gate are éiven in Table 4.

Substrate: P-type, 10 2 cm, 100 orientation, .010" thick
Subcollector: N+, As dopant, 4 u drive, 20 Q/1
Epitaxial Layer: N-type 4.5u thick, 58 cm
Bases and Resistors: P-type, 2.5 u junction depth, 250 @/O3
Emitters: N+, P dopant, 2.0 p deep (0.5 basé width)

Alignment Tolerances, + 2 microms
Successive Patterns:

Gate Fabrication Specifications, Second Version
Table 2.4
A final modification of this layout was made in order to relax
alignment tolerances, which were felt to be too stringent in view of the
relatively large device geometry., This layout, which is shown in

Fig. 2.6, measures 346 p x 332 u overall, and the test pads which
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partly overly the circuitry clear the areas reserved for final inter-—
connection, The larger size required a reduction of the array size to
4 x 4 to fit into the 2046 u x 2048 p raster available in the electron
beam pattern generator. The verFical profile specifications for the
final version are the same as for the second version (Table 2.4), but
the alignment tolerance was relaxed to T 5 q.

2.3 1-BIT ADDER LAYOUT

A 3 x 4 array of NAND gates of which 10 gates are connected
to make the one-bit adder are shown in Fig. 2.7. The logic signal
interconnection paths shown here serve as the model for the discretion-—
ary wiring designs for an arbitrary subset of 10 gates from a larger.
array. In making the patterns for these gate arrays by the computer
controlled scanning electron microscope, the number of gates that can
be included in one exposure are limited by the number of points avail-
able in the X and Y directions of the scan, which originally was only
1,024, 71t was hoped at first that an array of 16 or 24 gates might be
made by electronically moving the array of 4 gates into 4 or 6 d;ffe?ent
locations with sufficient accuracy that ?hey might then be fabricated by
proceeding in thi; fashion. ¥Fig. 2.8 shows a 4 x 6 array of gates which
was intended to be used in this way. The gates considered here were of
the earlier type designed for spacing on 410 micron horizontal centers
aﬁd 400 micron vertical centers, and the overall device size, as shown
in Fig. 2.8, was 1875 microns high x 2750 microns wide. The patterns
ghown in Fig. 2.9 are the first metallization pattern for the array of

4 NWAND gates which has been relocated at six different locatioms by

2-13
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electronic reposi;ioning. This was Faien from a display on the face of
a 5-inch cathode ray tube. Although the spacings seemed to be faifly
well defined there was some undesired overlapping of metal at various
places, and the matching of this to Fhe final metal intercomnnect pattern,
which was also designed for a raster using only a 1,024 address points
in each axis, is shown in Fig. 2.10, wherein it will be noted that the
logic interconnections freguently migs the intended connection pads at
the device loecations by an appreciable margin. This is primarily due
to the fact that the two patterns, although produced by the same cathode
ray tube, were produced on different scales. The contact pads shown
were made_usiné 1 micron as the basic poiﬂt—to-poinﬁ distance in the
1024 x 1024 raster, while the iqterconnections‘wefe made at a 4 times
~ larger scale, thétlis, with the basic measure of lengfh being 4 microns
The distortion seen in Figure 2.10 originates iﬁ the cathode ray tube
deflection system; distortiom obtained in tﬁe s&anning electron micro-
scope is very much smaller than this,,although of a2 similar type. In
view of the difficulty in obtaining édequate registration between the
overall final metal interconnection pattern produced at one scale and
the device and dinitial metallizatian patterns produced at another scale,
it was apparent that a larger address raster would be necessary, namely,
a 4024 x 4024 point array, requiring a 12-bit X-address and a 12-bit
Y-address. The fingl patterns included for production by the computer-
controlled scanning electron microscope, now called the Electroﬁ Micro-
pattern Generator, were made using such a 4096-square array of points.

Use of these patterns with the 12-bit address system eliminated the
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Fig. 2.10 10-gate adder interconnection (final metal)
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loss of registration due to changes of scale, which are no longer re-
quired.

The & x 4 gate array of final design is laid out as indicated
in Fig. 2.11. The initial carry input is made available at several
points along the bottom edge of ?he device by means of diffused under-
crossings to get across the ground bus. Also, the leads from the supply
bus bonding pads are brought in to the gate array, and those from the
signal bonding pads are terminated near the gate array so that the ex-
posure for the discretionary, second metal pattern may be kept to a
minimum. The overall device patterns are shown in Figs. 2.12 and 2.13
as written on a Tektronix 611 storage display unit by the digital inter-
face of the FElectron Micropattern Generator.

The compiete device requires successive mask patterns to be

exposed, developed, and processed, according to the following schedule:

Pattern No. Description

1 Alignment marks for EMG and first optical
alignment mark (large square)

2 Subcollector

3 P-Wall (Isolation Diffusion)

4 Base and Resistor Diffusion

5 Emitter, Contact Reinforcement, and Under-
crossing Diffusion

6 Contact Openings

7 First Metal Integconnections

8 Final, Discretionary, Metal Interconnections

The last mask is not shown here, but is described and illustrated in the

next section.

2-19
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Fig. 2.14 and 2.15 show several microphotographs of the same
patterns as holes etched in silicon dioxide, after exposure and develop-
ment of the positive electroresist, plus overlaying subsequent patterns

(No. 7 - 1st metal) in resist or aluminum which are in accurate regis-

tration with them.
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3.0 DISCRETIONARY INTERCONNECTIONS

The present study has had as its goal the demonstration of a
practical method of making, without the use of photomasks, final inter-
connections on an integrated circuit which are of custom design for -that
circuit only.

Two important uses of such custom metallization are:

1) fabrication of a wvariety of custom circui?s starting with a standard
array of circuit components, as in the "masterslice' approach, and

2) the accommodation of defects on a given integrated circuit by wafer
testing (at the subeircuit level) followed by interconnection of good
elements according to a computer-derived metallization geometry matched
to the array of good elements.

. The latter application is an important procedure in defect
accommodation techniques required for the realization of large, high-
religbility systems on a silicon monolithic substrate, and in view of
NASA's interest in reliability aspects of advanced electronic systems, .
it was chosen for a demonstration of the custom interconnection method
to be developed. Two simplifying ground rules were adopted in the
present study: 1) testing of interconnected cells on the wafer was to
be done by mechanical probes, as compared with electron beam probing
methods required for maximum density circuits, and 2) only a single
level of metal was to be used, as compared with the multilevel approach
needed for systems applications. Pre—placed diffused undercrossings
were adopted as the means for accomplishing lead crossings in the final

interconnection paths,



The work performed in this area can be divided roughly into
two parts: 1) developing techniques for putting second, final metal-
lization over and in contact with the first, intracell, metallization
in the desired pattern, and 2) developing suitable computer programs for
laying out the required interconnections of good cells. These parts are
discussed in the following two sections.

3:1 METALLIZATION METHOD

Two basic approaches to providing the final metallization steps
were investigated, namely the use of a positive resist as a rejection
mask, and the use of a negative resist in the‘conventional manner as an
etch resigt. Both methods preserve the initial, intracell metallization
intact, except for the probe test pads, through gse of an intermediate
protective resist step. A third method which involved stripping the
initial metallization completely and then reproducing it plus the custom
interconnections, was discarded because of the lack of confidence which
could be placed on the new and untested intracell ;onnections.

The positive resist method considered involved & steps (seé
Fig. 3.1). After probe test of the unit cells, intracommected and pro-
vided with probe test pads, a negative resist is applied, exposed over
the unit cell areas and developed and etched, thereby removing the test
pads (stebs 1 and 2). {Alternatively, a positive resist, exposed in the
areas of the test pads and developed, could be used.) This resist
is then removed and a positive resist applied. The latter is
exposed along the custom intercomnection routes and developed, thereby
creating a rejection mask (step 4). An aluminum layer is then deposited

(step 5), making contact to the first metallization or attaching to the
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A1(L)

PBR

Al1(L)

PBR

Fig. 3.1

First metal only

Step 1 - Protective resist

Step 2 - Etch off pads

Step 3 - Strip and recoat
with positive resist

Steps 4 & 5 ~ Expose and develop
resist, coat with
Al

Step 6 — Remove underlying resist

Positive resist, rejection mask, 2nd metal method
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oxide, only at the exposed and developed areas. Subsequent stripping
of the remaining, underlying resist or rejection mask (step 6) then
serves to remove the undesired metal, leaving the desired final metal-
lization pattern. Steps 3 through 6 of this process were carried out
on aluminum conductors on SiOz; the resulting conductive paths showed
good adhesion, fair edge definition, but poor electrical contact to
uderlying metal. The second metal showed breaks along the edges of
the first metal pattern, and the conduction path was interrupted at
those areas (see Fig. 3.4-a).

The negative resist method consists of six principal steps
also (see Fig. 3.2). After the probe test, a negative resist is de-
posited, exposed over the unit cell areas, and developed, thereby pro-
viding a protective coat over the intraconnected, tested cells, but
exposing the test pads (step 1). The final aluminum layer is next de-
posited, and then negative regsist (steps 2 and 3). The resist is ex—
posed along the desired interconnection routes, including a small over—
lap into the protected areas, and at the wire bond areaé (step 4). Sub-
sequent development, etching of the aluminum, and removal of the resist
results in the desired circuit (steps 5 and 69). This procedure was also
tried, and yielded very good results. The final metal pattern had good
edge resolution, good adhesion, showed no breaks over oxide or metal
steps, and showed good conduction to the first metal pattern (see Fig.
3.4-b). It has, however, the distinct disadvantage of leaving a bit of
aluminum projecting upward where the final metal overlayed the original

metal, which might give low resistance to agbrasiomn.
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A1(2) -
AL(L) — 3
|
$ |
AL(2) .
Al(1) ] 3
S1i0 r ‘

2.
Si/’t

Fig. 3.2

First metal only

Step 1 - Protective resist

Step 2 - Coat with aluminum

Steps 3 & 4 - Coat, expose and
develop negative
E.B. resist

Steps 5 & 6 - Etch Al, remove
resist

Negative resist, second metal method



AL(1) —
$i0

[
2
First metal only
51— ; .

? 1 Step 1 - Positive resist

1 Step 2 —~ Expose and develop resist

e
OO —

Step 3 - Evaporate aluminum

Al(2)

Al(l)-————é-( 1 — 1

3102 /{
Si

Fig. 3.3 Positive resist, rejection method, without protective resist

Step 4 ~ Strip resist

S S A
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A variation of the positive resist method was permitted by the
patterns finally used which did not require removal of the large tést
pad areas since they did not project into the final metal areas, but
were designed into the gate area. This method, shown in Fig. 3.3, does
not require a protective re;ist step, and only involved coating with
positive electroresist, exposing the interconnection pattern, develop-
ing, evaporating the aluminum conductor, and stripping the resist.
Because of the slight overhang provided by positive electroresist after
development , high quality line resolution and edge smoqthness is pro-
vided by this method, as long as the resist thickness is appreciably
greater than the metal thickness. When this is the case, a clean break
in the conductor edge is possible during the removal of the resist and
unwanted metal.

Other benefits of this technique include the latitude of
time permitted for the rejection process since no desired material is
being attached, the absence of undercutting effects, and the flatness
of the final conductors, with no protruding edges. In this process,
good continuity of connections ;ver the edges of the initial conductors,
where the final metal dlaps them, réquires that the final metal be
appreciably thicker than the -initial metal,

It should be noted that adhesion is a principle problem in
this method, énd it ‘has not been resolved satisfactorily in the present
program, Fig, 3.5 shows the first metal pattern in aluminum aligned
with earlier patterns in SiOz, and with the final metal pattern exposed

in registration with those and develoﬁed. The discretionary
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Fig. 3.5 Metallization Technique, EMG-Exposed Patterns
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interconnection pattern of this figure corresponds with the solution

of test case 401 illustrated in Fig. 3.19 of the following section.

An example of the final metallization provided by this is shown in

Fig. 3.6 (corresponding to test case 201, Fig. 3.17), wherein it may

be seen that not all of the desired leads remained in place through the
rejection process. Solution of this problem will require an improved
surface preparation immediately prior to the metal deposition, possibly

through the use of R.F. sputter etching.
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3.2, SOFTWARE

Two computer programs were developed to provide the custom
interconnection patterns required in this program to connect viable
gates dinto the configuration of a 1-bit adder. The fir;t has bread
generality, and selects an optimum and connectible set of the required
number of units from a given set of operable units. The name of this
program is SELECT/SET, The second program determines lead routings
for the selected set of units according to the model diagram. The
basic algorithm for this second program, which is called CIRCUIT/
SIGNALS, also has general application, but requires a bit of adaptation
to the crossover possibilities provided for iﬁ the redundant array.
The output of the second program is translated into the proper format
and scale for the SEMTAPE/COMPILE software Whiéh generates the digital
control tape for the Electron Micropattern Generator. The two programs,
SELECT/SET and CIRCUIT/SIGNALS, are described below.
3.2.1. SELECT/SET

A program, SELECT/SET, has been written to select a wireable
set of elements out of the given good elements on a chip. It is the first
one of the series of programs developed to write magnetic tapes for
discretionary interconnections., The Electron Micropattern Generator
(EMG) uses these tapes to draw integrated circuits. The elements on
the chip are arranged in the form of an m x n array. The circuit is
described with respeét to an ideal p x q array of good elements. m x n
is taken adequately larger than p x q to é;sure availability of the
required numbet of good elepents. .?he program ‘selects a set of good

elements on the chip, topologically ‘similar to the ideal array.
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ALGORTTHM

The process of selecting a useable set of good elements
consist of four steps. The first step examines the chip for the number
of good elements required by the circuit. The second step finds CS,

a p x q subarray of C with the maximum number of good elements. Step
three assigns one good element from outside Cs to each bad element in
CS to complete a set of p X q good elements. The last step orders the
elements of the set to produce a topological isomorphism between the
set of good elements and the ideal arfay.

In the first step each element is examined and the number of
good elements is counted. Chips having less than p x q good elements
are rejected.

In the second step, a p x q subarraf Cs is obtained from C
by deleting certain rows and certain columns in s = (m-p) + (n-q)
stages (see Figs. 3.7 and 3.8).

is obtained from C

At stage A anm, X 1 array G
stag v A 31

A A
(A=1, 2, x ... S. Co = C) as follows:

Let GRi be the number of good elements in the ith row and

ch be the number of good elements in jth column of Cx-l' And let

GRK = Min { GRi’ i=l’2""'mk—l}
and
Gy = Min { ch, j=1, 2, ... nA—l}
G G
. RK CL _
Now if m,_q > p and 2 < o °F nk-l = g
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Let m= 0 n =
and let C = 1101
0111
1010
1001
0110
1000
Number of good elements = 16
End
S = (6 - 4)
and C = Co = 1L01
0111
1010
1001
0110
1000
N GRK = 2 and GCL = 3
— Cl =1101
0111
1010
1001
0110
0

o O O -

[y
o
o
=

SELECT/S

ET -~ Steps 1 and 2

Fig. 8.7
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here GRK = 2 and GCL = 2

— c, = 1101
0111
1010
1001
0110
10001

o o ~» o K

:

here GRK = 2 and GCL =3

— C_=¢C, = 110
011

101

100
011
100

ool O H -
=

End of Step é

SELECT/SET - Completion of Step 2

Fig. 3.8
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then delete the Kth row else delete the Lth column from the array
Cl—l' Define CA as the remaining part of Cl-l and reindex thé rows and
coiumns of CA'

In CS, the selected p x ¢ portion of €, the rows and columns
may not be consecutive. No complete row of C is in Cs unless g=n and
no complete column of C is in CS unless p=m.

The third step in the alorithm consists of assigning ome good
element from outside CS to each bad element in CS, if any. The indices
of good elements in CS and those of the assigned elements are stored in
ap x g array C* at respective places (see Figs. 3.9 and 3.10). The
assignment is done iteratively, as follows: .

At a given stage, iet B,. be the number of bad elements in

Ri

Ci be the number of bad elements in the jth column

of C within the selected set, Cs'

the ith Tow and let B

Let
Bpg = Min {BRi]BRi # 0, i=1,2,...m}
and
By, = Min {BCj[BCj # 0, j=1,2,....n},
If BRK < BCL then pick the lefimost bad element in the Kth

row else pick the uppermost bad element in the Lth column of C in CS.
Let the element be cij' If available, a good element from outside of
: .th .th . ,
CS but in the i~ row or the j column is assigned to cij' Any such
good element is assigned to only one bad element. If no such good
element is available, an imaginary element Iij is assigned to cij'
This process 1s repeated until an assignment has been made to every
bad element in CS.
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To complete the third step the following part of the algorithm
consigts of replacing each imaginary element, if there are any at the
end of the above process, with a good element.

Let the imaginary element be Iij' We first search for an
unassigned good element in the part of the (i--l)th row of C which is not
in subarray CS. If no such element is available in the (i—l)th TOW a
similar search is made in the (i+1)th row. If one is not found we
search for such an element in the (j—l)th and the (j+1)th column of C,
respectively. The search is continued through the (i—k)th, (i+k)th
row and the (j.;k)th columns, for all the possible k until such an element
is found.

The union of good elements in CS and the assigned elements is
called the selected set.

The fourth step in the algorithm imposes an order on the
selected elements such that the mapping T, which is defined.in the next
sentence,is a topological isomorphism with its domain as the ideal array

and its range as the elements of selected set.

T:a,,=0C*%
ij c ..
1]
where
aij = an arbitrary element of ideal array.
’ %
Cc* = a selected element of C whose indices are given by c i3
13

%
The elements of each'row t of € are arranged from left to
right in ascending order of the column index, j (see Fig. 3.11). The

*
elements in each column k of C are arranged from top to bottom in
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1,1
6,1
3,1
4,1

1,1

1,2
2,2
3,5
5,2

1,2
2,2
3,3
5,2

1,2
2,2
3,3
5,2

1,5 1,4 —>
2,3 2,4
3,3 6,5
5,3 4,4
1,4 1,5 €&—o
2,3 2,4

6,5

1,4 1,5 —>
2,3 2,4
44 6,5
5,3 3,5
T iy = cc*

1,1
6,1
3,1
4,1

1,1
6,1
3,1
byl

1,1
3,1
4,1
6,1

SELECT/SET — Step 4

Fig. 3.11
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ascending order of row index, i. NOte that the individual elements
and not just two indices are exchanged.

The following procedure is used in the case of equality

kS *
between column indices of any two elements, say c ok and ¢
]

r k1 OF

* h
any rowv ¢ in C . The (k+l)t column is searched for an element in

exchange with car K which eliminates the equality. If no such element
H
is available in column k+1, the kth column is searched for a possible

* ’ .
replacement for c Kt1® Similarly in the case of equality in row
»

s * * th th
indices of two elements, c and c s, the r+1™ and v row
r,k r+i,k
% *
r ib i .
are searched for a possible replacement for c £k or c 1,k

This fourth step completes the selection and ordering of the
useable set of elements.

INPUT TO THE PROGRAM

The program reguires the data to be in free-form format and in
the following order :

1l. The first card must contain four integers: m, n, p and q,

where:

m = pumber of rows of elements on the chip,

n = number of columns of elements on the chip,

p = number of rows of elements on ideal chip,

q = number of columns of elements on ideal chip.

2. The folloﬁing m cards must éontain cij;s in the following
order:
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11? ~i2® 1n’
g1 Cgo0 == =~ s Cops
le’ Cm2’ T Cmn’

1 If the corresponding element on the chip is good.
where : Cs
] 0 If the corresponding element on the chip is bad.

QUTPUT OE THE PROGRAM

The program prints out a copy of the input chip representing
each element by an integer, 1 if the element is good cor 0 if the element
is bad.

The indices of the arranged selected elements are printed im
the form of an ideél array. A sample output is given in Fig. 3.12, while
Fig, 3.13 has ad&ed to this so0lid lines connecting the row elements and
dotted lines connecting the column elements so as to highlight the
selected matrix. In this test case m=6, n=5, p=qg=4.

GIRCULT 2/ SIGNALS

This program determines the form of signal paths of a circuit.
The circuit foxms a I-bit adder from a set of ten good NAND-gates. The
NAND-gates connected by this program are those selected and suitably
labeled by SELECT/SET. The circuit is described as various wire con-
nections between different terminals of NAND-gates.

Hereafter the wire comnections are called signals. The out-
put consists of an array containing the end points and the path for

each signal.
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SAMPLE OUTPUT

SELECT/SET Output ~ The Selected Array

Fig. 3.12
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SAMPLE RESULTS

SELECT/SET Output -~ Rows and Columns of Selected Array

Fig. 3.13
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RESULTS

The program solved satisfactorily all the test cases. Some
of the test cases are given below. In each case the nano-gates were
taken to be in the form of an array on the chip. Size of the array
varied from 4 x 4 to 4 x 6. Entries 1 or 0 represent a good or a bad
nano gate respectively. The program connects the circled elements.

Test Case (1) (4 x 6 Array)

0 0 0 1 0 0
0 o @@ ® @© o
o O © ©® O o

@D @ o o @ 1

o @ 1 @© o o
o 1 1 0o 0 o0
® 0O 0 ® 1 o
1 1 1 1 0 0

o @
o O O
O O o
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Test Case (4) (4 x 5 Array)

o @ ® © o
o @ o @O O
1 0o @O O O
1 @ o 0 0

Test Case (5) (4 x 4 Array)

@@ @ o 0
@ ¢« ©® O
o @ o @
o @ @ O

. Test Case (6) (4 x 4 Array)

o ©® ° O
@ o @ O
© ®© o O
1 @ @ o
The results of this program have been successfully used

by .the program TRANSLATE/SIGNALS. An example of results is shown in

Fig. 3.1l4.
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Fig. 3.14 Circuit 2/signals - typical output
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GENERAL DISCUSSION

The circuit as described for an ideal array (see Fig. 3.15)
consists of a subcircuit (inside the dotted line) repeated two times.
The second time the relative position of the originating point of input
signals and the termination point of output signals is different.

The complete circuit is described by individual signals. Each
signal is described by a combination of alternate moves in the horizontal
and vertical directions. The description of a signal s is stored in the
sth row of a two dimensional array., The entries in a row of the array
are selected as follows, The first entry indicates whether the direction
of a move is horizontal or vertical. The following two entries are x
and y coordinaﬁe of the originating point of the signal. Since each
move is normal to the preceding one, it is sufficient to give only one
coordinate for each corner. Therefore the entries following the
coordinates of the origimating point are the x or y coordinate of each
corner in sequence. )

ALGORITHM

The first step in describing a circuit on a chip is to repre-
sent the chip by a two dimensional array R which is called the represen-
tation array. The array R represents each element on the chip with its
terminals, the available space for the wires and the input output ter-—
minals.” For example, in the test cases there was a space for four wires
between any two gates and each gate had three horizontal and a vertical
pass, two input terminals, two output terminals, two bus lines and a
disable terminal, to be connected to the ground bus in case the element

was not used in the circuit. Each gate was represented by
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P E E E E P

P E E E E P

I B E E E P

I E E E E 0

[ E E E E P
B C B P

where 0's are the output terminals, I's are the input terminals, B's are
the power bus terminals, P's are the pass (undercrossing) terminals and
the C is the disable terminal of the gate. This corresponds to the gate
layout represented schematically in Fig. 3.16.

The complete circuit is described by first connecting the input
terminals AT and BT to the points A and B respectively (see Fig. 3.15)
and the output terminals CI and ST to the points C and 5 respectively.
Then the subcircuit is described on the first set of five gates using
the pints A and B as the originating points for the-input signals, After
having described the subcircuit on the first set, the position of the in-
puts for the second set are determined (marked as A' and B' in Fig. 3.15)
and the desired paths are drawn to bring them to suitable points for the
next set. Now the subcircuit is described on the second set of five
gates using these points as the originating points for the input signals.
Finally the outputs of the second set are connected to the points S and
C and all the unused gates are disabled.

The signals are described with respect to the coordinate

-system with its origin. at R[0,0]. Y axis is considered positiﬁe downward,
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i
The X axis is positive to the right., When a description of a signal
is completed, its path in R, the representation array, is shown by
#'s (see Fig. 3.14).

DESCRIPTION OF SUBCIRCULT

Let G, G,, Gy,

A be the line connecting (X0, Y0, and (X0, YM), (note that YO can be the

G4: and G5 be a set of gates. Let the input

same as YM) and the input B be at the point XB, YB. Let LP1, LP2 and
LP3 be the left end and RP1l, RPZ2, RP3 be the right end of the upper,
middle and lower passes of each gate (see 3.16). Let 11 and I2 be the
two input terminals and 01 and 02 be the output terminals. Finally
let BP4, BP4 and TP4 be respectively the bottom, the right and the top
end of the vertical pass in the gate.

The description of the sub~circuit is started at the upper
left corner, taking one signal at a time, and the description continues
towards the lower right corner: Wherever possible; the description of
a signal is sfarted at its left end point.

The subcircuit is described in three mian procedures. In the
first procedure the following signals are drawn.

1 01 of Gl is connected to Il
and to I1 of G4 in two parts. The first part describes signal(s)

Input A is connected to I2 of G
of G3
to connect 01 of Gl to Il of G3 and the second part describes another
gignal(s) to connect this signal with Il of G4.

Next in the series we draw a signal(s) to connect an output

(01 or 02) of G, with EP1 of the last gate in the first row on the chip.

3
Last signal(s) in this procedure connects TP4 of G4 to I2 of G3.
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The second procedure describes the signals comnecting the
gate G2 with the input terminals and the gateseG4 and G5.
The input A and B are connmected respectively to the LPZ and

LP3 of G2. Then ILP3 and 32 of G2 are connected to each other. We

connect the RP3 and BP4 of G2 to each other and then the TP4 is connected

to 12 of GA'
Next in series we commect RP2 and 02 of GZ respectively to
I1 and LP3 of GS' The last signal in this procedure comnects T2 and

LP3 of G5.
The third procedure describes the signals between G4 and G5.
First the TP4 of G5 is connected to the BP4 of G4, and then

02 of G4 is connected to 02 of Gs; Lastly the RP3 and the BP4 of G5

are connected to each other.

In a precisely parallel manner, the second subcircuit is
intraconnected to complete the one-~bit adder configuration. The com~
puter pr;gram TRANSLATE/SIGNALS was developed to interpret the wire
routing results of CIRCUIT/SIGNALS into an input format appropriate to
the SEMTAPE/COMPILE program described in Section 4.2 below which con-—
verts geometry specifications into a control magnetic tape for the EMG.
TRANSIATE/SIGNALS converts the signal path description and coordinates
from the abbreviated path description and reduced coordinate system
used in CIRCUIT/SIGNALS into the five-number rectangle description re-
quired by SEMTAPE/COMPILE and the coordinates corresponding to points
on the actual circuit chip.

Test cases were prepared for exercising these programs to de-

velop the firal circuit configuration for the one-bit adder, using 10
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gates from a 4 x 4 gate array, and assuming 2, 3, 4, 5, and 6 bad gatés
per array. The test case inputs and outputs for these five classes of
problem are shown in Figs. 3.17 through 3.21. CRT presentations of
several of the resulting EMG patterms are shown in Figs. '3.22 and 3.23.
Photographs of the actual metal patterns on a chip are presented in

Section 5.1 below.
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Fig. 3.17
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Test Cases with 2 Bad Gates
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Test Cases with 4 Bad Gates
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Fig. 3.20 Test Cases with 5 Bad Gates
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4.0 ELECTRON BEAM SYSTEMS DEVELOPMENT

Electron beam systems and their application to the fabrication
of solid-state devices have been under study at Westinghouse Research for
about 10 years, and as a result, two apparatuses have been developed for
use i1 defining device geometries, namely, the computer controlled scan-
ning :lectron microscope, now referred to as the Electron Micropattern
Generitor, and the Electron Image Projection System, which uses a high
intensity image tube. In the present program, only the Electron Micro-
pattern Generator was used as a fabrication tool, and much of the effort
was d:voted to developing and perfecting this system and the computer
programs which control it. At the start of the program, the digital
control for the scanning electron microscope had been planned and partly
assemd>led, but it was not until several months after the start of the
program until the first patterns were produced under computer control.
The following paragraphs describe some of the aspects of this develop-
ment including hardware design and improvement, software development,
alignment techniques, and system capabilities.

4.1  ELECTRON MICROPATTERN GENERATOR (EMG)

The Electron Micropattern Generator (EMG) used in this program
is buvilt around a scanning electron microscope designed and constructed
at Westinghouse Research in 1962 by O. C. Wells. As shown in Fig. 4.1,
the epparatus includes the electron beam column with its gun, condensing
and cbjective lenses, scanning coils, sample chamber, and vacuum system.
Both an analog control for using this in the conventional manner as a

micrcscope, shown at center, and a digital control employing magnetic



Figure 4.1 —- Electron Micropattern Generator




tape as an information transfer medium, shown at the right, are used
with the column.

It was decided very early in the design period to use the
Burro 1ghs—5500 digital computer to perform as much of the over-all task
as possible, and to use magnetic tape as a transfer medium for data in-—
puttiig into the digital control hardware. Objectives of high accuracy
and fast operating speeds served as a guide to the system design. A
36 in. per second Ampex Type TM-71DH tape transport was selected for
the data input terminal, and further design considerations were depen-—
dent, in part, on the specifications and characteristics of this drive.
Selection of the operating field-of-view of the microscope was influenced
by factors such as effective beam width, columg and deflection system
stability, pattern complexity, and desirable bf'aam addressing rates. A
4092-address X and 4096-address Y field with a 1/2 micron basic incre-
ment of distance was chosen as a suitabie compromise of these criteria,
givit.g an operating field 2045.5 x 2047.5 microns in size, or approxi~
mately 80 by 80 mils. A further objective of the design was to provide
for rwumerous machine functions so as to lead ultimately to a completely
autonated unit. The presently used machine functions,as well as those
prov.ded for future use, are listed in Table 4.1.

This system permits the exposure of arbitrary desired patterns
on eweptroresist covered targets and eliminates the need for any prepara-
tion of scale drawings, art work, photogrﬁphic masters, or any of the
phot)iithographic steps commonly employed in today's integrated circuit

techiology.
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Present:
1. Beam Position
2. Beam On/Off
3. Program Serial Number
4. TWord Rate
5. End of Program

6. Set MSB and NMSB

1. Subscan Specification
2. Digital Stage Position
3. Electromic Alignment Instructions

4., Electron Beam Testing Instructions

EMG Machine Functions
Table 4.1

DESICN AND OPERATION

The digital control rack, shown at the right of Fig. 4.1
houses at the top the Ampex tape deck, next the ﬁain chassis of the EMG
digital control, and beneath that the magnetic core memory unit which
serves as a buffer between the tape deck and the word register in the .
digital control. The overall flow of data in this system is shown in
Fig. 4.2, Inputs to the Burroughs-5300 computer comsist of the appro-
priace software programs such as the SEMTAPE/COMPILE program stored on

disci, and geometry specifications in digital form inputted in punched
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card :ormat, Using these inputs, the Burroughs computer outputs a 2400
ft. reel of 7-track magnetic tape which has the machine control informa-—
tion on it. The digital control interface then manipulates and inter-
prets the incoming data from ?he tape and executes machine functions as
they occur. Most of the data are beam addresses and serve to control
the scan amplifiers which drive the deflection coils,

The EMG digital control operates with a four—character word
as shown in Fig. 4.3. In each of the four characters, five bits serve
as daia bits, while the sixth bit serves as a word mark location. As
the characters are loaded into the control word register, the first
character carries the first low order digits of the X addfess portion
of the word, thé second character carries the last five digits of the
X addr-ess, and similarly for the third and fourfh characters for the Y
‘ addreﬁs. X?, Xlz, and Y6 are word mark digits in the first three
characters and have the value of 0. le, on the other hand, in the
fourth character serves a word mark and has the value of 1, As written
on the magnetic tape by the Burroughs computer, the data characters
which form the EMG digital control word are listed in records which are
2048 characters in length. This record length was chosen so as to be
compa:ible with the 4096 character capacity of the magnetic core memory
which serves as a buffer. The core memory is of sequential interléce
design, which permits writing characters in it in numerical sequence
and ra:ading characters out of it in a separate numerical sequence,

Read ind write address registers in the core memory count from O to 4095

in a 12-bit binary counter, and electrical flags or signals made
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available on'the eleveth bi? of this counter signal when the éounter
has reached one-half of full capacity count. These flags -or signals
are used by the EMG digital control to monitor the load/unload status
of the core memory. . They also permit refreshing one-half of the
capac.ity of the core memory at a time by reading a new record of 2048
from -he tape and then writing that record into the newly unloaded core.
In oparation, the EMG control is started by manual controls and the
chara=ters that are stored in the core memory are read into the inter-
face in a continuous stream; meanwhile, the tape reader reads in 2048-
character increments until it reaches the end-of-file, The end-of-file
is ‘marked by a special machine function word, and signifies completion
of that part of the pattgrn: .?0 initiate a new or folibwing pattern;
the EMG digital control must be reactivated by the Start pushbutton.

- The over-all organization of the EMG is shown in Fig. 4.4,
The cigital control is exercised primarily by the EMG digital control
main chassis shown in the ‘center of this figure, which handles all
timir g, assembles-the characters into a machine word in ; word register,
detects, interprets and executes’ machine functions, converts address
words. into analog‘currents %hich ultimately control the deflection
coils Bf the colum, and permits manual centreol of the over-all oper-
ation. The Function Control panel shown at the loweéer left Bf the
figure serves to switch the.scanning electron microscope from an analog
mode to an align mode or to a digital mode operation, permits adjust-
ment of the alignment display, which is presented on a Tektronix .Type

561 sscilloscope, and permits manual adjustment of the subscan size.
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The control is an all-solid-state deéign employing both integrated
circu'ts and discrete components to perform the various functions. A
photozraph of this wnit is shown in fig. 4.5 %hile Fig. 4.6 shows the
chassis layout. The 300 active components, roughly equally divided
among logic gates, transistors, flip—flops, and operational amplifiers,
are mounted on 22 plug—in type circuit boards. The front control panel
preseits displays of the X and Y address register contents, the program
serial number obtained from a machine éunction Word; and the word rate,
which may be controlled either manually or automatically as directed by
a machine function word. Aside from the word selector switch and the
display intensity control, all operations are controlled by simple push-
buttcns. The operator steps requi%ed for read%ng a fabrication program
into the EMG are extremely simple and cénsist of only four operations
once the equipment has been turned on and the necessary column align-
ment obtained. These four steps are:

1. Tape deck controls are set to Remote, High Demsity, and Continuous.

2. The EMG Reset button is depressed to prepare for initial load.

3, The Load button is depressed twice to fill the buffer with two
data records or blocks before start of exposure.

4. The Rupn button is depressed. This starts the feeding of in-
formation from the buffer store to the EMG control at the
selected rate, and lights the Run indicator. At the end of
the program, the information flow stops and the Run lamp
goes out. The program serial number is displayed at the
beginning of this program run and held until the beginning

of the succeeding run.
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Figure 4.5 -- EMG digital control
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In aligning successive patterns with the EMG, the function
selector is switched to the align position, and a magnified image of a
pre-selected alignment mark is displayed on an oscilloscope. At the
same time, a digital pattern of a corresponding alignment frame which
has been stored in the core memory and is recirculated there is super-
imposcd on the alignment mark display. Suitable positioning controls
permi: adjusting the pattern positions so that exact alignment is
obtained. A typical alignment mark and frame presentation is shown in
Fig. 4.7

A continuing program to develop and refine the EMG and its
opera:cion has been in effect during this contract, and the more signi-

fican: of the many improvements made are listed in Table 4.2.
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Figure 4.7 -— EMG alignment mark and digital
frame (Scale 1 em. - 2.5u)
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Table 4.2

Steps in Development and Improvement of the
Electron Micropattern Generator

Probl=m

"Basic Inadequacy of
D/A Comverter

Need >f 4096-point
X and Y address

Inadejuate range and
stability of pattern
position control

A.F, and R.F. noise
on deflection signals

SEM column instability
with sample chamber

Excessive Digital
Beam Addresses Per
Pattern

Inade quate Alignment
Proce dure

Poor Alignment Mark
Display

Solution or Modification

Installation of new D/A converter with separate
portable power supply for remote calibration

Change of machine design and software to accom-
modate 12-bit X and Y addresses, using machine
function to set MSB and NMSB digits

Installation of new high resolution positioning
control and stable operational amplifiers;
increase of feedback ratio of scan amplifier 5X,
installation of stable input amplifier and cur-~
rent sampling resistors.

Installation of shielding on scan amplifiers,
revising of grounding system, change of deflec—
tion amplifier from voltage feedback to current
feedback configuration with input summing junction.
Installation of Paraformer line conditioner to
reduce noise from line. Installation of separate
power supplies for the control chassis and analog
system.

Provision of vacuum valves between sample chamber
and colum. Change of operation routine to eli-
minate gas bursts which destroyed filament
through heavy discharges. Changeover to com-
mercial filament for gum.

Provision of manually selected subscan with 1,
2, 3, 4 and 5 micron square patterns.

Provision of alignment system and control with
SEM display of restricted, manually positioned
scanned raster and oscilloscope display of com-
posite registration patterns.

Provision of solid-state surface barrier de-
tectors and new video amplifier system to dis-
play alignment mark topography by back-scattered
electron detection
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Froblem

Coars¢ness. of control

Inadequate Pattern
Scale Adjustment

Non-Perpendicularity
of X md Y Axes

Lack of Adequate
Astigmatism
Control

Severe Tnstability
in El:ctron Beam

Hystezesis iw
Precision: Beam
Positloning

Limita:d Stage Travel

Word-3ate Dependent
Data Srrors

Table 4.2
{Continued)

Solution or Modification

Provision of high-resolution, non-backlash
rotating stage with T 1° travel. Later re- °
placed by rotationally rigid stage and elec-
tronic rotation by X/Y mixing.

Provision for fine trim potentiometers for X
and Y scale

Compensation by electrical cross-coupling of
X and Y axes.

Provision of calibrated potentiometers and
stabilized supplies

Installation of additional electrostatic
shields, design and fabrication of new
stigmator with total electrostatic shields
of insulating parts

Precision installation of high linearity air
core deflection yokes
Modification of stage to give 1.25 x 1.0 inch

travel

Addition of holding register to provide better
read-write data control of core memory.
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4,2 SOFTWARE FOR ELECTRON 'MICROPATTERN GENERATOR

A set of programs for writing and checking magnetic tapes con-
taining EMG control information was developed. They are discussed
individually below.

SEMTAE/COMPILE

SEMTAPE/COMPILE is the name of the program employed for the
major share of the reduction of artwork to EMG commands on magnetic
tape. It also does the final conversion to tape instructions for dis-
cretionary metallization or intercomnection patterns as specified by
the assignment and routing programs discussed above umder Section 3.2
The cutput from this program consists of 1) a magnetic tape for input
to the EMG, and -2) a listing of the input cards followed by a block
count (2048 bytes per block), and a reading of processor and input-
outptt times, in seconds. There are four types of input card read by
the t{rogram, namely parameter, rectangle, end-of-loop, and end-of-pro-
gram:

1) Parameter card-—contains program number, beamwidth, overlap,
wordratecode, subscan code, x-origin, y-origin, x-step, y-step,
x~repeat, y-repeat. These quantities are read with Burroughs
B-5500 free-form format, but are restricted to a single card.
The significance of these quantities is as follows (unless
otherwise stated, quantities are zero if mnot set):

a) program number—~the last three digits (rounded integer)
are emitted on the tape in BCD following a "set number

register" command.
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b)

c) .

D,

e)

£)

g)

h)

beamwidth~-this expresses the effective exposure beam

width in the grid secale unit of the problem. If beam-

~width 2 1 or beamvidth = 1023 an error message is

printed and the program terminates. If not set,
beamridth = 2.
overlap—~fraction of beamwith to be overlapped when

stepping the beam address in order to assure reliable

-exposure. Must be between (not equal to) zero and

one, or the program prints error message and ter-

minates. 1If not set, overlap = .5.

wordratecode—emitted mod 16 as the argument of a "set

word rate''command.

subscan code~-emitted as the argument of a "set

subscan' command (currently not implemented in

this form). -

x-origin, y-origin--provides the basis for trans-
lating the origin from the grid point 0,0.

x-step, y-step——for the step-repeat construct{
specifies the stép size in each direction of- the
dynamic origin. '

x-repeat, y-repeat-—Ffor the step-repeat construct,
specifies the number of replicates in each direction
beyond the original version of the pattern. The
program expects a parameter card (or alternatively a

B-5500 control card which causes "normal" termination

’

4-18



of SEMTAPE/COMPILE) as the first data card, and as
first card following card types 3 or 4 (end of loop,
end of progfam). The present inadequate error check-
ing may permit (invalid) continued processing of the
data, but the results are, in general, useless.
Rectangle card--this is the device used to describe patterns
for exposure. The data contained on it represent the initial x,
initial y, width, final x, final y of a "line". &Each of these
quantities is accepted as\én integer, right justified in a five
column field, starting at columns 9, 14, 19, 24, and 29, re-
spectively. The rest of the card is available for comments
and identification. Addresses are interpreted relative to the
dynamic origin of the step-repeat construct; if operating. The
initial x must be non-negative (see card types 3 and 4). The
program can only draw horizontal or vertical "lines'", so in
principle either the x or y coordinate remains unchanged from
initial to fimal valwe. If this is not true of the wvalues
'read, the average (initial and final) of that coordinate which
changes less is used. If the dynamic absolute grid address
leaves the range 0 to 4091 for x, or 0 to 4095 for y, a warning
message will be printed and the nearest "in-bounds" address will
be uged. The ranges are unsymmetric at present since the
x—address code for 1023 is a com@and flag. Zone changes, i.e.,
setting of new most-significant-bit (MSB) and next-most-signifi-
cant-bit (NMSB) in the x— or y-address, are monitored and

executed automatically.
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3) End of loop card-—-this card délimits the end of a step-repeat
p;%tern. Its format is identical to that of caxd type 2
(rectangle). It is distinguished by a negative initial x
field and a non-—negative initial y field; the remainder of
the card is ignored. The program expects a parameter card
following this card; alternatively, a B-5500 control card
will terminate the program‘normally.

¥) End of program card-—this card marks the end of EMG programs

{(multiple-programs may be written on a single tape in on

run). It is essentially identical to card type 3, the only

difference being the requirement for a negative initial y field

as well as a negative initial x field. It can serve also to

delimit a step-repeat loop, but when ;he loop is exhausted, a

filled-out tape b}0gk will be forced, with an "end-of-program" .

command emitted as the last ditem.. A temporary disk file is

used to allow the step-repeat comstruct to retrieve pattern
information (rectangles) which are repeated.

TEST/PATTERN

TEST/PATTERN is essentially am octal input translator for the
EMG digital control. It has proved useful for generating tapes that
;exercise particular hardware features by supplying a repetiéive octal
pattern. Tapes maintain the standard blocking of 2048 bytes. Also
outputted on the printer, \is a listing of the input cardg, followed by
the size of the output tape in characters (bytes), feet written, and

reading time at a tape unit gspeed of 36 inches per second; then the
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B-5500 processor and I-0 times are printed. There are two input entries.
The s:mpler is just the number of copies of the original pattern to be
written on the tape. This is entered with the B-5500 control card
construct,

7COMMPN = n.
The o‘her item is the card file describing the octal pattern. Columns
1-64 »f the card are used; the remainder may be used for identification.
The data colums are assumed to contain octal digits (0,1,...,7); if
any o:cher character is encountered the low order 3 bits of its internal
code (BCL) will be used as an octal digit. The program detects the last
card, which is treated slightly differemtly: £rom column 65 (or the
first blank column, or any character whose internal code (BCL) has a
first bit of one) on, the data is ignored. Patterns extending up to
1500 cards (96,000 cctal digits) can be accommodated.

SEMTAPE/LISTER

SEMTAPE/LISTER is a program used to check the contents of a
magnetic tape made for the EMG. It lists the block number and relative
record (4 bytes) within a block, thé octal contents of the record, the
interpretation of the contents as a command or beam address imstruction,
and simulation of the contents of the EMG digital control registers and
state of the EMG. Presently, the interpretation and simulation portionsg
correspond to the original version of the EMG which used only a 1024 x
. 1024 position address raster. Adaptation to the present version has
been deferred since the program is still usable in this form for machine

troub le-shooting purposes.
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SIMSEM/ CALC@MP

" SIMSEM/CALC@MP is another checking program which translates -an
EMG tape into a Calcomp tape. The various EMG programs on the tape are
plotted as 10-inch frames with the program number at the side and the
time .md date of generation of the Calcomp tape at the end of the plot,
Printer output consists of a list of the block-addresses on the EMG tape
at which “ené—ofuprogram" commands occur, and the B-3500 processor and
I=0 times. This program has not been adapted to the larger 4092 x 4096
position Address grid because the resolution available on the Calcomp is
only 1/1500 of the 10-inch full scale. Furthermore, the conversion and

plotting process have proven to be rather slow.
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5.0 D..SCUSSION

The work performed under this program has resulted not only
in the tools and methods for interconnecting in a meaningful way a
random arrangement of tested viable circuit elements or modules, but
has also given support to the further development of the high-quality
digitally-controlled electron beam pattern gemerator, the Electron
Micropattern Generator, which can presently expose pattern geometries
in an zlectron sensitive resist with elements as small as one micron
and which can yield + 1/2 micron or better alignment accuracies of a
pattera exposure with pre-existing fiducial marks on the substrate.
The failure of the program to vield operating circuits was due only to
the exhaustion of the support available; the most recent improvements
on the tools and methods, made in the last few months, have brought
these procedures to a level of high utility. The question of adhesion
of the final metallization is a minor problem which almost certainly
can be solved by the use of sputter etching immediately prior to metal
deposition. The trial device patterns, for the & x 4 gate array, were
perfected, and the custom interconnection software was completely
debug:ed so as to yield sclutions which properly matched the gate array
geomeiry. WNothing, therefore, would prevent the realizatrion of working
cireui ts of the present or similar design, uging these techniques, =
given the required small additiomnal effort.

5.1 TUTURE DIRECTIONS

The manufacture of integrated circuits with the helip of elec-
tron Heam lithography for defining device and circuit patterns opens

the door to fabrication of entire electronic systems on a single block
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or chip of silicon, by virtue of the high density of components and
eirecuis which this technique allows. ¥For instance, memory cell

6 n? and gate areas down to 4 x lQ“6 cmz,

areas a8 small as 1.2 x 10
which are achievable with electron beam lithography, will permit
fabricition of an entire electron svstem such as a 20,000-gate
256,009~bit memory computer on a 1 cm2 chip. The problems requiring
solutiosn in order to achieve this goal of ultra-large-scale-inte—
gratioan (ULSI) range beyond electron-beam lithography aspects and -also
includz, as shown in Figure 5.1, high density processing, defect
accommodation, device design, system design and layout, testing, and
packaging. Particularly important are defect accommodation techniques,
because planar technology at present and for the near .future offers no
hope cf obtaining a defect—free complex device or system on a chip as
large as 1 cm2.

The overall concept of defect accommodation technique isg
shown in Figure 5.2. Using present electron beam fabrication methods,
a group of high-density integrated circuit modules are fabricated on a
large chip and intermally connected so as to be operational. Defect
accomiodation technique consists of testing for good or bad modules and
then wiring around the bad modules by a computer—derived lead routing
patte:n applied to the final metallization. Because the electron beam
can be used for the electrical testing of the modules at very high speed,
as well as for drawing the final metal patterns, also at very high speed,

the dafect accommodation may be accomplished in an on-line economic

manner.
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The smallest area of metal that can be contacted satisfactorily
with a mechanical fine Wire probe system is about 75 x 75 microns (which
is larzer than individual logic gates in high density circuits), while an
electron beam can be accurately addressed to an area as sﬁall alxlmni-
cron, The electron beam can be used both as input probe and output
probe. The chief difficulty with its use is that it cap only be used as
a single beam, and some means is required for holding input signals
at desirable levels as set by the beam while the beam=.goes to other
addresses or locations to set other input comnditions or to probe the
circuit output conditions. Therefore it is important to develop effec-
tive techniques 1) for permitting a single electron beam to ser up
test conditions for a civeuit, 2) for accurately measuring circuit par-—
ameters such as output voltages by a single electron beam probe, and
3) for performing the testing and executing the appropriate discretionary
wiring pattern in a single, on-line process. When these techn;ques are
mastered, the defect accommodation technique will be effective, making

possitle the realization of very complex circuitry on a silicon monolith,
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