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DESIGN, PROCESSING, AND TESTING OF LSI ARRAYS
FOR SPACE STATION

By W. R. Lile and R. J. Hollingsworth

RCA Laboratories
Princeton, New Jersey 08540

SUMMARY

The object of this research effort is a low-power, high-performance, metal-oxide-
semiconductor (MOS) 256-bit Random Access Memory (RAM). Technological achieve-
ments comprise computer simulations that accurately predict performance; aluminum-
gate COS/MOS devices including a 256-bit RAM with current sensing; and a silicon-gate
process that is being used in the construction of a 256-bit RAM with voltage sensing.
The Si-gate process increases speed by reducing the overlap capacitance between gate
and source-drain, thus reducing the crossover capacitance and allowing shorter inter-
connections. The design of a Si-gate RAM, which is pin-for-pin compatible with an
RCA bulk silicon COS/MOS memory (type TA 5974), is discussed in full.

The evaluation of the fabricated devices is accomplished by using any of three
test vehicles. The Integrated Circuit Tester (ICT) is limited to dc evaluation, but the
diagnostics and data collecting are under computer control. The Silicon-on-Sapphire
Memory Evaluator (SOS-ME, previously called SOS Memdry Exerciser) measures power
supply drain and performs a minimum number of tests to establish operation of the
memory devices. The Macrodata MD-100 is a microprogrammable tester which has
capabilities of extensive testing at speeds up to 5 MHz.

Beam-lead technology has been successfully integrated with SOS technology to
make a simple device with beam leads. This device and the scribing are discussed.



I. INTRODUCTION

RCA has pionéered in the field of silicon-on-sapphire (SOS) integrated circuits for
several years and has developed considerable background in this area, ranging from
basic material studies and advanced bipolar and MOS device concepts to the realization
of complex MOS ihtegrated-circuit arrays of extremely high-performance capabilities.
This unique approaéh to MOS arrays enables the realization of the full high-speed poten-
tial of the MOS device which is comparable to the npn bipolar transistor commonly

employed in monolithic integrated circuits.

Silicon-on-sapphire is expected to compete with bipolar memory technologies in the
area of static high-;iérformance buffer and cache memories where fast access and cycle
times are required. MOS/SOS memories, because of their inherent self-isolating micro-
power characteristic's, can achieve higher packing densities, and therefore- potentially
lower cost, than. present TTL bipolar memory arrays. The 256-word COS/SOS random-
access memory described here was developed for use as a high-performance, micropower

LSI memory array in space stations.

During this yeér’s effort, the 256-word memory chip was used as the bésic‘ vehi?clé
for applying Si-gate techniques to COS/SOS technology. Our emphasis was on high den-
sity, low power, high speed, and a process adaptable to low-cost mass production. In
addition, we initiated a program to develop a beam-lead system for the basic COS/SOS
technology. Our ultimate goal for this research is a Si-gate, sealed-junction, beam-lead
COS/SOS technology that is compatible with the environmental conditions required for
space and military applications. ‘

_In this report, the design of a Si-gate 256-word X 1-bit RAM is discussed. The par-
ticular memory désign follows along lines of the original concept (ref. lj, with modifi-
cations to the decoder (ref. 2) and design changes from current to voltage sense as
discussed in this report. The original memory design did not meet the requirements of
speed and of proper interfacing using voltage sense. Simulation of the circuitry and. ex-
pected ‘performance of the modified design are described.

Beam-lead technology was applied to SOS circuits, and samples of beams were suc-

—cessfully—fabricated—Attempts-of-laser-scribing-of_the._sapphire_substrate_were_equally
successful.



" II. WAFER TESTING

A. Methods of Testing

The Integrated Circuit Facility here at RCA Laboratories has a dc test machine
that operates under computer control. Since the 256-bit RAM has a dynamic address
decoder, it could not be tested for storage integrity with this machine, but the protec-
tive diodes can be tested before dicing the wafer into chips.

A test device for evaluating the unit under actual operating conditions was built
specifically for this 256-bit RAM. It cannot test the protective diodes, but can provide
functional testing using simple patterns to evaluate the ability of the cell to retain in-
formation and to determine the cell’s resistance to disturbs during both Read and Write.
This test machine is referred to as the SOS Memory-Evaluator (SOS-ME).

A third test machine, the Macrodata MD-100, was placed in operation recently.
This machine, like the SOS-ME, will not evaluate the dc parameters of the memory;
however, it is an extremely flexible machine with an excellent repertoire of test subrou-
tines. The MD-100 has a microprogrammable system that can test any type of memory
device and includes a RAM that lets the operator create special programs for testing new
devices.

B. SOS-ME Testing

The SOS-ME is capable of testing both wafers and packaged units. It can evaluate
the memory by using three basic test patterns consisting of a uniform field and an alter-
nating field, and a field with the diagonal information inverted. The inverse of the data
used in these patterns includes additional test patterns used to ascertain the integrity of
the memory devices.

The SOS-ME only runs at a 200-kHz clock rate; but the width and position of the
sense strobe are variable, thus enabling a limit to be placed on access time.

Access time is measured directly’ with an oscilloscope. It is defined as the time be-
tween the 50% points of the leading edges of Chip Select (CS) and the sense amplifier
output, minus the delay of the sense amplifier. A field of “1’s” is written into the
memory-under-test (MUT), and the memory is then continuously read while the signals
are displayed on the oscilloscope. Access time is the time required for the slowest cell



in the memory to respond. Typical times are 70 to 90 nsec. Access time must be mea-
sured using only packaged devices in order to eliminate reflections on the long cable
used:. for wafer probing. When wafers are probed, access time is unimportant in an ab-
solutel sense, as the established criterion is simply: — Will the memory work? The access
time, however, must be 1ess‘than 500 nsec, or the memory is considered to have some

gross fault and is rejected.

To minimize the possibility of damaging a wafer-and because the technology of
fabricating the protective diodes has been largely perfected, the usual testing on the In-
tegrated Circuit Tester is being omitted. The diodes are tested indirectly, however. When
a leakage current measurement is made on the SOS-ME, excessive power supply drain
can be attributed to the diodes if the current changeé when the address lines are manu-
ally switched from “1” to “0’-

-Power supply drain is measured under static and dynamic operating conditions. In
the static mode a uniform field of “1’s” is written into the memory. All address lines

are reset to “0”. The leakage current (power supply drain) is Read under these uniform

" conditions. The same thing is repeated for a field of “0’s”. Dynamic power supply drain

is measured for the .same conditions except that the addresses cannot now be set to a

given condition. -

Typical dc supply current drains for ‘the static measurements are in the 50-uA range.
This indicates the memory device has a static dissipation of 2 uW per bit. When operat-
ing at 200 kHz, the typical supply current is 200 uA. This indicates a total power
dissipation .of 13 mW/MHz.

C. MD-100 Memory Testing

As previously mentioned, the flexibility afforded by the microprogrammable MD-100
enables testing of any type of memory device. Cycle time is variable externally down
to 200 nsec.

In addition to the test programs furnished with the MD-100, the operator can write
programs and store them in the RAM. Although this storage is temporary, the operator
can incorporate the simple patterns of the SOS-ME into the MD-100 routines. This test-
ing mode further verifies basic testing results with the SOS-ME and makes it unnecessary )
to wafer probe with the SOS-ME.



Since the MD-100 is not equipped to measure the power supply current to a device,
the SOS-ME must still be used to partially evaluate packaged units. However, the' MD-100
is now testing wafers using an automatic index table and extremely rigorous patterns.
Test time for a 60-chip wafer is about 4 minutes. |



III. SILICON-GATE RAM DESIGN

The redesign of the 256-word X 1-bit static RAM utilizing the Si-gate SOS
COS/MOS process has been undertaken. This memory chip is pin-for-pin compatible
with. the RCA COS/MOS (i.e., bulk silicon COS/MOS) 256-word X 1-bit RAM, de-
velopmental type TA 5974. This memory contains the following features:

(1)

(2)
(3)

(4)

)

(O

voltage output used to directly drive COS/MOS circuits. Dout and D_, .
“are-also designed to be OR-tied to other D, ; and D

Eight addresses (AO-A7): All inputs are COS/MOS logic levels;
Le., high logic level = Ve (typically ~ 10 V) and low logic
level = Ground (held at 0 V). All address inputs contain input
protective devices to prevent static electrical discharges from
’daméging input gate oxides.

Ve supply: This is a COS/MOS voltage supply, typically 10 V

~ above ground (Vpp)-

Ground (Vpp) supply: This is referenced at 0 V for the VCC supply and
for all inputs and outputs. .

Data In (Dj,): This input is used to provide the 1-bit word that is to

be written into a particular memory location during the Write operation.
This input accepts a COS/MOS high or low logic level. It is protected
against static electrical discharges by an input protective device.

Data Out (Dgyt) and its logical complement (BCE): These outputs are
voltage level outputs, indicating a high or low COS/MOS 1-bit word at

a particular memory address during the Read condition. It should be
noted that. the data output (and its logical complement) is a COS/MOS

out’
respectively,

out’
of similar memory chips so as to expand a group of memory chips into
a memory system.

Write-Enable Input (WE): This WE input is used to choose between the
Read or the Write operation. This input contains an input pr_otectlve'
device as do all of the inputs. The WE input accepts a COS/MOS high
or low logic level for operation designation.

Chip Select Input (CS): The CS input is used to enable the chip for

the Read or Write operation. This input accepts a COS/MOS high or
low logic level such that a high level disables the memory in an un-
charged static state. The low-level input enables the memory ‘into a

Read or Write operation (discussed later). This input is protected in

the same manner as the others.




The Si-gate SOS/COS/MOS design will mirror the features of the RCA COS/MOS
TA 5974. The memory will be packaged in a 16-pin DIP and will be designated as
TA 6366. ‘

The Si-gate design was chosen over the Al-gate process prevxously used for the follow-
ing reasons: ,

(1) Higher performance because of reduced gate overlap capacitance, reduced
crossover capacitance, and shorter interconnections.-

(2) Self-alignment feature, improved mesa edge coverage and smaller
layout areas producing higher yields. '

(3) A basically simpler device structure and cleaner processmg yields
“lower device leakage currents. .

The Si-gate process that is used on the SOS COS/MOS RAM inéorporates a double epi-
taxial growth of p-type islands and n-type islamis onto whic_h the circuits are fabricated.
The memory chip consists of both p- and n-type enhancement MOS transistors. The
nominal threshold values for the devices are: Ip:type threshold = Vpp = 1.5 volts and
the n-type threshold = VN = 2.0 volts. The polysilicon gates and interconnections are
degenerately doped p+ over ‘the entire chip with a resulting sheet resistance of

~ 70 Q/O. All metal lines are aluminum. The choice of the double epitaxial process
with the particular doping levels and resultapf threshold voltages was arrived at from

a highly successful and reliable process evolution of SOS at RCA Laboratories.

The chip is organized as a 256-word X 1-bit memory which is conveniently re-
duced to a matrix of static memory cells: 16 rows by 16 columns. These rows and
columns, in turn, are addressed by two distinct decoding circuits: one for the rows and
one for the columns. The cells are accessed by two digit lines, which are oriented with
the columns of the memory chip. These digit lines are -used to read from and write
into a particular cell which is chosen by the decoding circuitry. These digit lines are
gated to the Read/Write circuitry by the column decoder. The Read/Write circuitry
performs the particular operation upon the digit lines such that, through' proper ad-
dressing, a memory cell can be written into or read from. The outputs from the
Read/Write circuitry for the Read condition are inputted to a sense amplifier (on the
chip), which produces a high or low COS/MOS logic level output for the word read
from a chosen cell. This can be best observed in the block diagram of Fig. 1.

The basic static memory cell used in the memory chip design is a six-transistor
flip-flop circuit as shown in Fig. 2. The P1 and N1 transistors comprise the flip-flop
memory cell. The N2 transistors are used to access the memory cell to the two digit .
lines. Notice that the N2 devices are gated by the word line which is the output of
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Figure 2. Basic 6-transistor memory cell. -



the row decoding circuitry. The two-digit lines are thus gated to the cell by the appro-
priate high COS/MOS logic level on the word line.

The design considerations placed upon the memory cell require an analysis of each
particular state of the cell‘during the memory-chip operation. The primary design
criterion involves the insurance that the memory cell will statically perform its func-
tions. To this end, the plot of Fig. 3 is referred to. This plot shows the transfer char-
acteristic of the flip-flop memory cell of Fig. 2 at point a. The current is the current

- . D L | S ‘ T T T I T
- —
i LOAD LINE . '
No.| _J
CURRENT \
INTO POINT LOAD LINE
No.5
Ig¢ | FLP-FLOP | | - No.2 4
MEMORY
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— No.4 b
- -
POINT
| No. 3 ) J
PP?INIT
0.
0
POINT
) ) No.2
i FLIP- FLOP |
TRANSFER
| CHARACTERISTIC _
CURRENT AD LI
OUT OF Lo N':';"E
-Ig4¢ [ FUP-FLOP | | POINT
MEMORY No.l
CELL
LOAD LINE
No.6 A
5 | 1 | 1 | 1
LOW LOGIC HIGH LOGIC
LEVEL v LEVEL

Figure 3. Memory cell operational characteristics.

into that node, and the voltage is the voltage at that node with reference to Vpp. It
should be recognized that this transfer function only describes the P1 and N1 devices

of Fig. 2. The various operations can be seen as follows:



(1)

(2)

No operation: No operation requires that through the decoding circuitry
there be no address selection. The net result is that the word line is held

at a low logic level and the N2 devices of Fig. 2 are held -OFF, regardless
of the state of the two digit lines. Thus, point a of Fig. 2 will remain at
either VCC or Vpp- depending upon the state of the flip-flop cell. From
Fig. 3 it can be seen that there is no current flowing, and the cell is either
at point 1 or point 2 of Fig. 3.

Read: The Read state for a selected cell requires that the word line assume

a high logic state. Thus, point a of Fig. 2 is accessed to point b through the
N2 device. The state of the flip-flop can now be sensed by the digit lines.
A requirement of the memory cell follows. The digit lines must be pre-
charged to VCC prior to a Read or Write operation. With this restriction,

the design criteria for read operation are:

(a) A high logic level at point a of Fig. 2 results in the transfer character-
istic of Fig. 3 being at point 2. The load line for the read state is
simply the N2 device of Fig. 2 in series with a device of the column
decode [see Fig. 4(c)] and an equivalent input capacitance associated
with- the Read/Write circuitry and sense amplifier. With the requirément
that fhe" digit lines be precharged to VCC'-before the Read operation,
the resulting load line for reading a high logic level on point a of Fig. 2
is simply the region near point 2 of Fig. 3. Thus, reading a high logic
level at point a of Fig. 2 requires that the digit lines and Read/Write
circuitry input be precharged to VCC‘ :

(b) A low logic level at point a of Fig. 2 will be analyzed by the load line
1 of_Fié. 3. This load line includes the N2 device in series with the
column decoder gate (see Fig. 4) and the input capacitance to the
Read/Write circuitry. This transfer plot of load line 1 is for point a
of Fig. 2. The design criterion thus requires an intersection of the
flip-flop transfer curve with the Read load line 1. A nondestructive
readout (NDRO) requires that load line 1 of Fig. 3 must. intersect the
the flip-flop transfer curve at points 2, 3, and 4. If this requirement is

not reahzed then a destructive Read will occur, as shown by load line

10

2 Which displays the fact that point 1 will proceed along the 1 flip-flop
characteristic to point 5, “jump” to load line 2, and relax to point 2
of Fig. 3. This would yield a flipped cell and thus a destructive Read.
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Figure 4. (a) Aluminum-gate RAM 2N decoder; (b) silicon-gate
RAM 2N row decoder; (c) silicon-gate RAM oN
column decoder.

In conclusion, the Read operatibn design criteria require that the de-
vices and Read/Write and decoder circuitry be such that, with precharging
- of the digit lines, load line 1 be realized for nondestructi\}e Read of a
low logic level at point a of Fig. 2, and that precharging of digit lines and
Read/Write circuitry yield relaxed stability of point a of AF(ig. 2 at a non-
destructive Read of a high logic level. ‘

(3) Write: Writing into a selected memory cell location requires that the word
line assume a high logic state. This would turn the N2 devices of Fig. 2 ON
and enable the digit lines to the two sides of the flip-flop. Therefore, point

" a is accessed to point b in Fig. 2. Writing is performed by proper selection
of digit line states. as follows: _

11



(@) It we* assume that point. aicontains: a: high logic level, then the. Write.

operation: will. be determined! by the level- of point b of Fig, 2.. If
pdi’hti b remains at the'precharged' high' logic state, then the:state of
the selected cell remains- the- same: If @ low logic state: is. placed' upon

- point b (by the Re!ad:"/‘Write'éiifcu-itry)-, then the load line- 6: of Fig. 3:
will determine whether a proper Write operation will occur. This is
thie: case if load line 6 does- not intersect the negative portion of the
flip-flop’ transfer characteristic: The cell (assumed. at point 2). will
flip by relaxing to point 1 by foli”owing the load line 6 of Fig. 3.
If, however,. the load l‘ir_;‘e:'7f' results from the impedances of the de-
¢odeér and R'eaﬂ/Write‘ circuitry, then writing will not occur .due to
the intersection at point 11, which leaves the flip-flop in the high
state: - '

(b) If we assume that point a contains a low logic level, then the write
operation will be determined by the particular level at poinf b of
F‘ig,, 2. If point b'is pulled down from its precharged high level to
a low level, then point 1:0f Fig. 3 will be maintained, and there is
rio switching of cell state. If, however, point b of Fig. 2 remains at
a high logic level, then the load line 1 of Fig. 3 must be analyzed.
This load line was that of the rez;ding of a low state at point a of
Fig;: 2. This is dueé to the fact that the current-limiting properties of
the load line that includes the N2 device of Fig. 2, the decoding
gate, and the Read/Write circuitry are common to the ;reiaading of a
low logic level at point a and to the writing of a high logic level
‘into a previously-low point a of Fig. 2. Thus, it can be seen that the

~ constraints placed upon load line'1 of Fig. 2 during the Read opera-
tion have resulted in insufficient ‘current for flipping the cell from a
low logic level to a high llo”gic level at point a of Fig. 2.

The Write -operation s thus primarily determined by the ability of
point a to: be pulled “down” from a high level to a low level in Fig. 2.
Pué to constraints placed upon ‘the read operation, a pulling “up” of
‘point a from -a low level to a high level is not sufficient for -a proper .

12

Write operation. It should be noted at this point that the Read/Write cir-

‘etiitfy ‘during 'the Write condition will place opposite logic levels.upon the

tWwo -digit. lines such that as ‘the ‘N2 .devices turn ON for cell selection, the



Write operations outlined previously will act simultaneously to flip the cell
of Fig. 2. ‘

The cell layout can be seen in Fig. 5. The six-transistor flip-flop cell is
4.5 mils X 4.6 mils for an area of 20.7 milsZ. This is a significant reduction from the
present Al-gate SOS COS/MOS 256-word X 1-bit RAM (i.e., TA 6266), ‘which contains
a six-transistor memory cell area of 30.5 mils2. This 33% reduction in area is signifi-

2

cant for the layout of 256 cells, namely, from the former 7808 mils® to the present

5299.2 mils2. This decrease in memory cell_area is not at the expense of viable Si-gate

fabrication techniques. The design rules used in the layout have evolved from a reliable
processing of large-scale integrated circuits using the Si-gate technology at RCA Labora-
tories.
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The address decoding used in the Si-gate SOS COS/MOS RAM is that of a 2N
string decoder. This decoder circuitry is the logical complement of -the 2N decoder
string used in the Al-gate 256-word X 1-bit SOS COS/MOS RAM (i.e., TA 6266).

This can be seen in Fig. 4. The decoder circuitry of Fig. 4(a) has been well teéted
under stringent conditions in the Al-gate RAM and was chosen because of its success-
ful implementation. The decoder shown in Fig. 4(b) is being used in the Si-gate RAM
and is simply the logical complement of that shown in Fig. 4(a). The redesign was
initiated primarily because of the elimination of the inverter driver of Fig. 4(a), which
is uséd to drive the word line. This has resulted in a simpler layout with the exclusion
of 32 inverter drivers from the chip. Notice that the row decoder drives the polysilicon
word line directly and is shown in Figure 4(b). The column decoder‘drives the gates of
the N2 devices of Figure 4(c). These gates enable the vertical digit lines to the Read/
Write circuitry. : L I '

The decoder operation for the Si-gate RAM simply involves the simultaneous selec-
tion of the four address inputs to the decoder circuit in a low logic level with the
enabled condition for the CS (Chip Select) input (i.e., CS = low logic level for ON
condition). The output of the decoder string at point a of Figures 4(b) and 4(c) is
pulled up to a high logic level such that the word line charges to tufn on the input
transistors to the flipfflop cells along a row (see Fig. 2), and the N2 transistors of
Fig. 4(c) turn ON to enable the digit lines to the Read/Write circuitry. Particular cell
selection occurs at the intersection of the chosen row and the particulai‘ digit lines
which are enabled. The address inputs to the decoder string involve thé eight address
inputs to the chip and their internally created logical complements. The_ decoder layout
results in a 2N configuration in which N = 8 (8 address inputs). The result is 28 = 256,
and any cell is selected through the proper input address combination to the chip.

The N1 devices of Figs.4(b) and 4(c) are used as discharge devices for the de-
coder during the no operation condition. This ensures that during the OFF state the
word line and the N2 transistors of Figs. 4(b) and 4(c), respectively, will be pulled
down. to the low logic level. This results in turning OFF the N2 transistors of Fig. 2
and the N2 transist,ofs of Fig. 4(c). It Shquld be noted that the N3 transistors of
Fig. 4(c). represent the digit line precharge devices that are necessary fof keeping the
digit lines at a high logic level during the OFF condition. Digit line precharging is

required in the memory chip operation and is the prime reason for the CS input being

a pulse with certain timing criteria and not a level.

14



The inclusion of the Read/Write circuitry in the Si-gate 256-word X 1-bit COS
COS/MOS RAM required the ad;iition of circuitry that perférms multiple operations
such that reading or writing can be successfully implemented. The Read/Write circuitry
is shown ir; Fig. 6. The inputs to this circuitry (i.e., E_S--W'E) (or, CS + VVE), (C_S-WE)

ad'l

r_.‘p3 L,Nl I'—‘-—-i NI | -

POINT o | - ¢— ——o/((CS-WE) - D)
70 COLUMN . | ' SENSE_
DECODER <— | urs : POINT b AMPLIFIER
CIRCUITRY CIRCUITRY

Figure 6. Read/Write circuitry.

are internally created by a simple SOS COS/MOS AND:NOT gate and an inverter.
The operation of the Read/Write circuitry (Fig. 6) is as follows:

(1) No Operation: The N1 devices, which are gated by CS, turn ON and pre-
charge the digit lines to a high logic level. The (CS-WE) input being high
(due to cs being low during OFF condition) turns the P1 deviceé OFF. The
(Eé-WE) input being low (due to cs being low during OFF condition) turns
the N2 devices OFF. The two digit lines are thus isolated from Ve and
Vpp because of the OFF N2 and P1 devices. This is independent of the
state of the inputs to P2, P3, N3, and N4 devices.

(2) Write: A low-level CS requirement .for a Write operation turns the N1 pre-
charge devices OFF. The digit lines are now floating, and writing requires
one digit line be pulled high as the other is pulled to a low logic level. The
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—— a_frequent practice-to—*OR-tie”-the—word-outputs-of-many--memory-chips,-so-as-te

(&-'WE) input is at a high level for -the Write operation, because CS and WE
both must ‘be high for a Write condition and the N2 devices to turn ON. The
(éE'WE) input is”thus at a low level and the P1 devices turn ON. With D;,
at a high input level, for instance, ((C§-WE)-Din) is at a low level. The net
result is that P2 turns ON (with P3 turning OFF) and N4 turns ON (with N3
turning OFF). These simultaneous operationé cause point a to be pulled up to a
high level through the P1 and P2 transistors. The point b on the other digit line is
therefore: pulled down to a low state through N2 and N4 devices. The digit
lines have assumed opposite logic states and coupled with a proper address
selection, a word will be written into a particular cell location. The inverse
condition in which a D;, is a low-level inbut will result in point a being
pulled down to a low level through N2 and N3 and point b being pulled to
a high level through P3 and P1. The digit lines will then be in opposite logic
states and the inverse word is written into the memory.

(3) Read: The Read condition requires that the CS input fall to a low-level
input. This will turn the precharge devices N1 OFF and leave the two digit
lines floating at a high prech_afged level. The (C_S-WE) is high and (CS-WE)
is low due to the fact that WE is held at a low level for the rea;d operation.
The P1 and N2 devices are turned OFF, and the two digit lines are dis-
connected during this period from the Voo and Vpp supplies. With P1 and

- N2 OFF, the possible conditions for N3, N4, P2, and P3 are of no conse-
-quence to-the state of the two digit lines during the Read operation. Reading
is performed by sensing the voltage levels on the two digit lines. This is

accomplished by the sense amplifier circuitry and is discussed in the next

section. . .

The most significant design of the Si-gate RAM has been the inclusion of voltage
sense outputs deécribed as D¢ and D ;. Before discussing the actual design used, -
it is instructive to ‘analyze the requirements placed upon the word outputs (i.e., Dout

and Dout)‘

The implementaﬁon of the memory chip into any sort of merriory system places
some unique conditions upon the word outputs. In memory system organization, it is

realize an expanded memory storage capability. The “OR-tie”” simply refers to the
common wiring of the word outputs from a certain number of chips. Thus, the chip
design must realize certain restrictions that the ‘“OR-tie” condition places upon it.

These requirements can be listed as follows:
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(1)

(2)

(3)

No Operation: During the no operation state, defined by CS being a high
logic level, the D,,t and D ut Must show a high impedance to the circuitry
external to the chip. The result is that in a system of memory. chips, the
word outputs of the chips that are not selected (i.e., no op_eratioh) will not
load the D, or 5;;; of the selected chip. This is a necessary condition
for proper memory system operation as well as low power considerations.

If the high-impedance input looking back into the word outputs for the
nonselected chips is not realized, then possible sneak paths and spurious
output levels- would-result.-- . . e

Write: The Write operation requires that on a particular chip the CS assume
a low level and the WE be a high level. It is desired that the word outputs
assume a high impedance looking back into the outputs from the external

circuitry. Again, the ‘“OR-tie”’ capability placed upon the memory chip out-
puts necessitates the exclusion of low-impedance paths into chips that are
being written into. .
Read: The Read operation requires that the chip be selected (CS be a low

level) and that the WE be a low level. The nature of the word outputs is
such that they must assume a high- or a low-voltage level for a selected chip
and a particular address location that is being read from. In the “OR-tie” of
a memory system, the common word output (i.e., Dy, or Dout) of a group
of memory chips will assume a hlgh or low logic level depending upon the
state of a selected address location. The result is that the Read operation
must sense the state of a selected memory cell location and transfer this as
a high or low logic level to the common word output line (Dg ut °F Dout)

With the requirements placed upon the D i and D, outputs, a variety of

methods for attaining these conditions can be utilized. The most common method is
shown in Fig. 7(a). This figure shows the circuit schematic in which the digit lines are
used as inputs to the sense amplifier circuit. From the analysis of the Réad/Write.cir-
cuitry, it was described that during the Read operation the digit lines are floating at
the precharged high level and will assume the state (after some finite time, 7) of the
selected memory cell. It was also shown that the digit lines are precharged to a high
level in the no operation state, and they are set to high or low levels during.the
Write operation,; depending upo‘n the particular word being written into the selected
cell. The circuit of Fig. 7(a) will realize all of the conditions placed upon the word
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Flgure 7. Standard sense amphfler circuitry.

outputs for Read, Write, and no operation states. It basically consists of a set of
COS/MOS inverters in series which is inputted by one of the digit lines. The choice
of the geometries and number of COS/MOS inverters used in this series “depends upon
" the loading it places upon the internal éell‘and decoding circuitry, the loading of the
P /N COS/MOS transmission gate, and system timing considerations. The P. /N
COS/MOS inverter of Fig. 7(a) represents the sw1tc ” which determlnes the proper
condition for the word outputs. This can be seen by the (CS+WE) and (CS+WE)
signals which gate the NJ and PJ dev,lces, respectlvely, in Fig. 7(a). These signals are
created by a standard COS/MOS OR-NOT gate with an inverter on the chip. During
Read the P; /N transmission gate turns ON and ‘transfers the information at point a

__to_the_ Doutaoutput Dout-
separate transmission gate PJ+1/N]~ +1 which is tapped from point b of Fig. 7(a). An .
alternative method for D_o_l;; output is to use a second separate series of COS/MOS
inverters attached to the other digit line and a correspondmg transmission gate as
shown in Fig. 7(b). In either case [Figs. 7(a) or (b)], the (CS+WE) and (CS+WE)

is_. frequently__pbtalned_frtom__the,addltlo.n_of a_second
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inputs to the transmission gate will turn the transmission gates (Pj/Nj and Pj+1/Nj4'_1)
OFF during Write and no operation conditions, and access points a and b of Fig. 7(a)
or points ¢ and d of Fig. 7(b) to the respective Doyt of ,1—)_(;:1; outputs. The prereq-
uisites for proper memory chip operation in a memory system are therefore fulfilled.
The circuit of Fig. 7(a) or 7(h) will suffice as a sense amplifier circuit.

The sense amplifier of Figs. 7(a) or 7(b) ‘will not be used in the Si-gate RAM for
the basic reason that it responds too slowly for a high-speed, low-power memory chip.
Use of the circuit shown in Flgs 7(a) or 7(b) would defeat the purpose of the Si-gate
“SOS COS/MOS technology. Thls is due to the excessive load requn'ements placed upon
the P, 1/N,.1 and P /N, inverter by the PJ+1/N]+1 and P; /N transmission gates re-
spectively in Fig. 7(a). The ability of the inverter that must drive through the imped-
ance of the transmission gate is limited such that the response at the D, 4 or D
output will be significantly degraded. This is coupled with the inherent delays
associated with the series of N inverters that are used to amplify the digit line level
so as to produce the correct voltage level at the input to the transmission gates. The
same situation exists in Fig. 7(b) in which the P,/N, and P /P inverters must drive
through the Pj/Nj and Pj+1/Nj+1 transmission gates, respectively., The ON impedance

of the transmission gates degrades the D, and D, response.

A sense amplifier circuitry vastly improved over the conventional circuit pre-
viously discussed has been designed and is used in the Si-gate SOS COS/MOS RAM.
This circuit is shown schematically in Fig. 8. Notice that the input to the sense ampli-
fier shows only one of the two dig'it lines. The other digit line contains the same cir-
cuitry, such that D ut @nd D ut are created.

The operation of the sense amplifier must adhere to the imposed constraints
of the word outputs of a memory chip. It should be noted that the only inputs to
the sense amplifier described in Fig. 8 are a digit line (one of the two) and a func-
tion ((m. This function is created internally on the chip using a standard
COS/MOS OR-NOT gate. The various states of the sense amplifier (see Fig. 8) are
described as follows:

(1) No Operation: The situation in which the ch1p is not selected is dictated
by CS bemg at a “high level. Thus, the (CS+WE) mput to the sense amplifier
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Figure 8. Improved sense amplifier.

is in a low logic level. The result is P2 turning on and the source of P3 being

~ being pull‘ed to a low logic level. Coupled with the fact that the digit lines
- (both of them) are precharged to a high level (during no operation), the P2

and N3 transistors are held on with the resulting P4 and N4 transistors being
held OFF. Thus, the Dyt (or (Dout)) “sees” a high 1mpedance lookmg back
into the sense amplifier, a necessary condition. : : :

Write: The Write operation requires that CS be in a low-logic state and WE

_assumes a high logic level. The (CS+WE) input is thus a low level and again
the P2 dev1ce is held OFF and the source of P3 is stnctly held low. The
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Write state of the digit line can be high or low such that the input to the
P3/N3 inverter could assume either state. A high state will turn N3 ON and
thus N4 would be held OFF. A low state will not turn on P3 because its



source is actively discharged and because the input capacitance of N4 must
be discharged; the digit line input having been precharged for some finite
time before a valid Write (i.e., N3 turns on; discharging the N4 gate capaci-
tance during precharge). Thus, N4 must be OFF regardless of the state of
the digit line input. The P4 device is held OFF by the P2 device being held
ON. Thus, the P4 and N4 devices being, held OFF is a necessary and suffi-
cient condition for the memory chip word output during the Write operation.
.. (3) __Read: The Read operation requires that CS and WE be held in a low level.
This results in (CS*WE) being a high logic level and thus P2 is OFF, N1 is
enabled to turn ON, and the source of P3 is actively driven high. The two

states of the digit line will determine the corresponding Dyt (or Dout)' If
the digit line is high, then N2 turns ON as does N3. The result is P4 turning
ONand N4 turning OFF. Thus, D (or D4} is actively driven to a high
level. If the digit line is in a low state, then P1 turns ON, N2 turns OFF,
P3 turns ON, and N3 turns OFF. The result is P4 turning OFF and N4
turning ON. D, + (or B;;) is therefore actively pulled to a low level. The

- Read operation is satisfied for proper word output behavior of a memory
chip.

The analysis of the sense amplifier design has shown that there is a 20% improve-
ment of the performance compared with the standard sense amplifier circuitry. This
performance enhancement is reflected in faster memory chip access times and quicker
rise times of the word outputs assuming equivalent conditions (e.g., temperature, ex-
ternal loading) for the standard and improved sense amplifier designé. The analyses
have been performed using highly reliable in-house INPUT, MOSIM, and RCAP circuit
simulation programs. It is firmly believed that the improved sense amplifier design of
Fig. 8 will yield a performance that best utilizes the high-speed and low-power proper-
ties of Si-gate SOS technology.

All 11 logic inputs to the memory chip are protected against gate oxide damage
from static electrical discharge at each.input. The circuitry used for this purpose is
shown in Fig. 9. It can be seen that the circuit is basically an n-type SOS enhance-
ment type transistor in which the gate and source are tied together and a 100-Q resis-
tor is in series to the input pad. Excessive amounts of static electrical charge on the
input pad will turn the large n-type transistor ON (either forward on characteristic A
or reverse tlfansistor breakdown), providing a 'low~impedance path to the low
level (assumed to be ground). This method of input protection to the
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Figure 9. Input protective device.

11 inputs is used as. opposed to the diode protection utilized in the 256-word X 1-bit
Al-gate SOS COS/MOS RAM. The reason is that the method of the self-gated n-type
transistor does not reQLiire precise control of degenerate p+ and n?t doping levels as was
the case with the diode input protection devices. The input protection ‘that is being
used is a proven Si-gate method that requires a small amount of layout area on the
chip and uses a simpler process than the diode input protection used in the Al-gate
RAM. The 1nputs using the input protection shown.in Fig. 9 are A - A7, D;, CS,
and WE :

A summary of the Si-gate 256-word X 1-bit SOS COS/MOS RAM performance is
shown in a typical timing diagram in Fig. 10. This timing was arrived at through the
use of the circuit simulation programs: INPUT, MOSIM, and RCAP. These simulations
have, in the past, been a highly reliable method of determining circuit performance.

It is firmly believed that the timing diagram given in Fig. 10 is typical of the memory
chip performance.

There are a few points that should be elaborated on. The access time tacs
worst-case definition, chiefly because t,e has been defined as the time from the address

is a

transition to the 50% point of the D (or 50—1;). In memory system operation, this
definition is the most realistic as far as performance evaluation is concerned. Thus, the
choice_of_access_time_was._given._for_a_worst-case-analysis.. The .Chip.-Select_setup--time, .
is deflned for the proper precharging of the internal digit lines prior to memory

su’

chip operation. The Write Enable time, t is delayed such that the selected memory

_ we’
cell is addressed prior to the Write operation. This prevents writing into an incorrect
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Figure 10. Worst case timing diagram for silicon-gate
256-word X 1-bit SOS COS/MOS RAM.

cell location. The Write Delay time, t. , ensures an adequate period for Read/Write
circuitry operation during the Write operation. The Chip Select time, t.g, is used to
guarantee that the address inputs to the decoder have settled to the proper selected
states.
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IV. BEAM-LEAD TECHNOLOGY

As outlined in a previous report (ref. 3) RCA has achieved extensive experience
with beam-lead technology and its application in COS/MOS arrays. The application of
this technology to SOS single-chip and multiple chip packages has been considered as
one means of enhanging the reliability and performance of SOS memory arrays.

A simple SOS structure was selected as the vehicle to use in the initial phases of
the process. Because of the extensive data taken on the RCA CD-4007, a bulk silicon
package of basically three inverters, and because of the test data and process information
available on its SOS counterpart, the TA 5388, this general configuration was chosen as

the circuit for our program.

Beam-lead metal has replaced the aluminum metallization used in Phase I of the
research. Phase II involved new masks with the beams. These masks have been made
and circuits have been fabricated. A photograph of the beams interdigitated between an
adjacent circuit is shown in Fig. 11. The beams appear to overlap other circuitry. This
is not improper, however, as there is an oxide protecting the circuits which are protec-

tive diodes in the illustrated case.

Figure 11. Interdigitated beam leads on a test sample.
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The samples fabricated thus far have a mechanical problem due to an error in the
mask-making. The error caused all transistors to be n-type, which, of course, makes it
impossible to operate the devices as complementary-symmetry transistors.

Laser scribing has been successfully applied, in sepaxating the samples into individ-
ual chips. This scribing is a part of the proposed Phase III program. The other part of
Phase III remaining is the bonding of these chips to a ceramic substrate. '
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V. PERSONNEL AND EXPENDITURES

‘ Durmg fh'isA quarter ‘the following persc')nn‘el_ _contribhted-to the contract:

W. R. Lile Project Scientist
. R. J. Hollingsworth
et i e e J B Kingsbury - e
| o N. K. Kudrajashev -
L. C. Lucas '
d. C. Sarace
‘W. C. Schneider

.Total expenditures through August 31, 1972 have been $137,048. Problem areas

that may create an overrun: none at this time.
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NEW TECHNOLOGY APPENDIX

It was concluded from the review of the work that one reportable item of New
Technology has resulted from the contract effort durmg the period covered by this

report.

A. READ/WRITE CIRCUITRY FOR THE SILICON-GATE RAM

Brief Description

All memories made previously in this contract effort have used current sensing. The
redesign of the memory to use voltage sensing has been completed. Conventional meth-
ods of converting current-sensing devices to voltage-sensing devices are slow and have
been abandoned. The approach described here preserves the speed of the device and
provides for a tri-state output (open circuit, logic “1”, logic “0”).

Detailed Description

A sense amplifier circuitry vastly improved over the conventional circuit pre-
viously discussed has been designed and is used in the Si-gate SOS COS/MOS RAM.
This circuit is shown schematically in Fig. 12. Notice that the input to the sense ampli-
fier shows only one of the two d1g1t lines. The other digit llne contains the same cir-
cuitry, such that D .. and D ut are created.

The operation of the sense amplifier must adhere to the imposed constraints of
the word outputs of a memory chip. It should be noted that the only inputs to the
sense amplifier described in Fig. 12 are a digit line (one of the tWo) and a function
ZC—S—;W_E) This function is created interhally on the chip using a standard COS/MOS
OR-NOT gate. The vanous states of the sense amphfler (see Fig. 12) are descnbed as

follows:

1) No'Operatidn The situation in which the chip is not selected is dictated
by CS being at a hlgh level. Thus, the m input to the sense amplifier
is in a low logic level. The result is P2 turning ON and the source ‘of P3 being
pulled to a low logic level Coupled with the fact that the d1g1t lines (both of
them) are precharged to a high level (during no operatlon), the P2 and N3
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Figure 12. Improved sense amplifier.

transistors are held on with ‘the resultmg P4 and N4 transistors being held

~ OFF. Thus, the Dout or (Dout)) “sees” a high 1mpedance lookmg back into
' the sense amplifier, a necessary condltlon

Write: ' The Write operation requires that CS be in a low logic state and WE .

assumes a high logic level. The (CS+WE) input is thus a low level and again

~the P2 device is held OFF and the source of P3 is strictly held low. The
~ Write state of the digit.line can be high or low such that the’ input to the

-P3/N3_1An‘vert,er could assume either state. A high state will turn N3 ON and
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B t_hus.jN‘4‘vyould“be‘held“OFF.'_A“_IQW‘state‘willfno_t*turn'_'on"P-S*becagse—its

source is actively discharged and because the input capacitance of N4 must

be discha.rged, the digit line input having been precharged for some finite time

before a valid Write (i.e., N3 turns on; discharging the N4 gate capacitance




during precharge). Thus, N4 must be off regardless of the state of the digit
line input. The P4 device is held OFF by the P2 device being held ON. Thus,
the P4 and N4 devices being held OFF is a necessary and sufficient condition
for the memory chip word output during the Write operation. -

(3) Read: The Read operation requires that CS and WE be held in a low level.
This results in (CS+WE) being a high logic level and thus P2 is OFF, Ny is

enabled to turn ON, and the source of P3 is actively driven high. The two = _

states of the dlglt line will determme the corresponding D+ (or D—o;t_)

If the digit line is high then N2 turns ON as does N3. The result is P4

turning ON and N4 turning OFF. Thus, D, (or Dout) is actively driven to
a high level. If the digit line is in a low state, then P1 turns ON, N2 turns
OFF, P3 turns ON, and N3 turns CFF. The result is P4 turning OFF and N 4
turning ON. D, (or Dout) is therefore actively pulled to a low level. The
Read operation is satisfied for proper word output behavior of a memory

chip.

The analysis of the sense amplifier desigh has shown that there is a 20% improve-
ment of the performance compared with the standard sense amplifier circuitry. This
performance enhancement is reflected in faster memory chip access times and quicker
rise times of the word outputs, assuming equivalent conditions (e.g., temperature, ex-
ternal loading) for the standard and improved sense amplifier designs. The analyses have
been performed using highly reliable in-house INPUT, MOSIM, and RCAP circuit simu-
lation programs. It is firmly believed that the improved sense amplifier design of Fig. 12
will yield a performance that best utilizes the high-speed and low-power nature of Si-
gate SOS technology.
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