BIST for Deegp Submicron ASIC Memorieswith High Performance Application

Theo J. Powell, Wu-Tung Cheng’, Joseph Rayhawk’, Omer Samman’, Paul Policke, Sherry Lai

Texas Instruments Inc.
PO Box 660199, M S 8645
Dallas, TX 75266-0199

Abstract

Today's ASIC designs consist of more memory in terms of
both area and number of instances. The shrinking of
geometries has an even greater effect upon memories due to
their tight layouts. These two trends are putting much
greater demands upon memory BIST requirements. At-speed
testing and custom test algorithms are becoming essential
for insuring overall product quality. At-speed testing on
memories that now operate in the 10 to 800 MHz range can
be a challenge. Another demand upon memory BIST is
determining the location of defects so that the cause can be
diagnosed, or repaired with redundant cells. A tool and
methodology that meets these difficult requirements is
discussed.

1 Introduction

In modern design, embedded memories occupy a large
percentage of a chip design [Rajsuman]. Furthermore, the
memory array is usualy the densest physical structure and
made from the smallest geometry process features available.
Consequently the memory arrays are likely to be more
sensitive to defects than the logic portions of the chip. To
ensure high chip quality, the embedded memories must be
extensively tested.

Due to the regular structure of memories, memory BIST
techniques have been successfully used to ensure the quality
of embedded memories [Schanstra). Tools are available to
automatically synthesize and insert BIST logic around
embedded memories. Most have a limited set of fixed
algorithms that can be applied. However, due to the
shrinking of geometry, additional defects appear that are not
screened by conventional test algorithms. These defects can
be structure dependent or foundry dependent. To detect
these defects, memory BIST tools need to allow customized
test algorithms to be included in the applied test. Section 2
describes the Texas Instruments (T1) ASIC memory design
flow. The flow is automated to permit RAM BIST to be
created quickly for a variety of RAMs with sizes that match
design requirements. Section 3 reviews waveforms of a few
defects encountered in RAMs. To assure defects are
screened, a RAM testing cover measure is described in
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Section 4. The BIST algorithm used is composed of severa
sub-algorithms to increase the test screening ability. Since
some defects are timing sensitive, besides running at system
frequency, the test algorithm must be applied with a
memory operation on each clock cycle, similar to normal
system operations. Section 5 explains how some of the
requirements are met with the memory BIST tool.
Additional RAM BIST requirements for meeting test quality
requirements are described in Section 6. Section 7 describes
an application to test embedded RAMs in TMS320C6414T,
a high performance DSP. The application tests 84 embedded
memories ranging from 400 MHz to 800 MHz frequencies
to meet at-speed test requirements. Section 8 provides our
conclusions.

2 Memory BIST ASIC Flow

When adding test for memoriesin an ASIC design, the flow
must be flexible. It must support a variety of RAM types
including single port, dua port, multi-port RAMs and
others. Dual port RAMs have two addresses, one each for a
data input and output pair. Multi-port RAMs have multiple
input ports and/or multiple output ports each with a separate
address. The RAMs can have different address and bit width
sizes and different column/row mux ratios. RAM design
requirements are used to create scripts that are used for
building the physical memory layout code. See Figure 1.
Corresponding RAM BIST models, synthesis models and
simulation models are pulled from the ASIC model libraries
for inputs to the memory BIST tool for RTL creation, for
synthesis and for simulation of memory BIST logic. RAM
design requirementsinclude:

e The number and type of RAMS to be tested with each
BIST controller

e Thefreguency to which thetest isto be applied

e Whether or not pipeline registers will be included
between the RAMs and the BIST controller to reduce
critical timing paths

An RTL testbench is also created which can be used to
simulate the application of the memory BIST controller
being applied to the RAM simulation models. Scripts are

ITC INTERNATIONAL TEST CONFERENCE

0-7803-8106-8/03 $17.00 Copyright 2003 IEEE



also generated to help with the synthesis and to drive the
simulation needed for verification.

The BIST controller can be smulated at the RTL level for
functional verification. After the BIST controller is
synthesized to the gate level description, it is simulated with
timing to verify that the controller can test the RAMs at the
system design speeds. Alternatively, static timing analysis
may be used to verify that the timing is met. Insertion of the
BISTed RAMs into an RTL design description is performed
before synthesis and is followed by the backend physical
design flow and manufacturing. Simulation results are
trandlated into tester languages for testing the RAMs during
manufacturing.

Designs with alarge amount of SRAM may use redundancy
for the purpose of RAM repair. The RAM BIST test is used
for screening defects, and redundant parts of the RAMs are
selected to replace defective rows or columns with laser or
electronic fuses. For this reason the protocol between the
diagnostic module of the BIST controller and the tester must
be efficient so that RAMs can quickly be repaired when
possible after defective rows, columns or solo bit defects are
identified. The same diagnostic module is also used for non-
repairable RAMs to provide diagnostic data that is gathered
for manufacturing and design improvements.

RTL
Simulation

ASIC RAM
Models

Memory BIST Synthesis
. RTL
RAM Design )
Requirements =P MBISTArchitect —[ '

Testbench RTL Gate Level

Simulation

Figure 1: Memory BIST creation flow

3  Submicron RAM Defect Review

As the densities of semiconductor technologies increase,
additional defects become more prevalent and need
screening. The standard defects categorized by Prof. Van De
Gore [van de Gore] must still be screened; however, the
more subtle and difficult to screen defects must aso be
screened. For example, some resistive paths in the array are
shown as defects only when noise or background patterns
exist with the test. The defects can be due to the architecture
or layout of the RAMs. More specific test algorithms are
needed for screening these subtle defects, which at times
may be limited to specific RAM types or sizes. The RAM
BIST tool permits the user to customize test algorithms to
screen the specific defects limited to certain RAM types.

Figure 2 shows waveforms for bit line (solid line) and its bit
line bar (dashed line) for a write immediately followed by a

read. A writing of a 0 into an address cell is assumed. A
clock cycle begins with a pre-charge on both bit line and bit
line bar. After the pre-charge has completed, the bit line
control permits a write or read on the bit lines according to
an address. During the write operation, the difference on the
two bit lines decides what value is written to the cell.
During the read operation the sense amp is enabled to detect
the voltage difference in the cell being addressed via these
two bit lines.

Address . Address i+

Pre_Chrg ==y J—\ 4
BIT_Line __p \_/ ]
En_Sense : ™\

En_Write H

Figure 2: Sense amp failure example; defect-free waveforms
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Figure 3: Sense amp failure example; defect on read
waveforms

Figure 3 shows a failure caused by a slow to rise pre-charge.
The bit line difference on the second clock is not sufficient
to overcome the difference already existing on the bit lines
left over from the previous write. Such afailure could be the
result of a resistive short to the bit lines that drains some of
the charge.
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Figure 4: Waveforms for defect free write operation
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Figure 5: Waveforms of failure on write

Some failures are frequency dependent while others are not.
Most TI SRAMs are clocked and therefore the pre-charge
and sense pulses occur after the leading edge of the RAM
clock and are independent of the clock frequency. . Figure 4
shows the waveforms of writing a O to an address and then
immediately reading the O from the same address. The
operation of the RAM occurs within a period after the edge
of the clock. The defect shown Figure 3 is an example of a
non-frequency dependent failure. As long as the frequency
is within the RAM specification, the failing action occurs
within the period for the RAM to operate. An example of
frequency-dependent failure is shown in Figure 5. A
resistive defect causes the write to have insufficient time to
store enough charge in a cell. When the cell is read there is
insufficient charge to switch the sense amp from its previous
state. These defects can occur at any location of the array
and be dependent on location, neighboring cell or signal line
charges. A comprehensive test insures that these types of
defects are screened so that the memory can be repaired, or
if necessary, the dieis discarded.
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4 Algorithmswhich Screen Sub-micron
Memory Defects

Some sub-micron defects are screened only by tests applied

with column March algorithms. An example of a defect
screened by column March algorithms is a sense amp
defects with resistive short between a cell along a column as
mentioned above. Figure 3 shows a slow to rise sense amps
resulting in a failure. One effective screen using a column
March addressing is to read data followed immediately by
another read of the opposite data. Since column March
addressing is being used, the back-to-back reads are reading

cells along a memory array column. Another effective
screen on acolumn is to write data followed by aread of the
opposite data. During the column March part of the test used

at Tl, a string of O’s is read followed by reading a string of
1's at consecutive column addresses. When a column is read
with a physical checkerboard in the array, the opposite data
will be read at each clock. Another pass is executed with the
array holding a physical checkerboard pattern. It reads a cell
after which the same data is written back into the cell. At the
next address, the opposite data is read because the array
holds a physical checkerboard background. In Table 1, the
first two rows show that the column March A and B
algorithms cover reading the opposite data after a write and
read operations. The Rd R~d label means that a read
operation with a d pattern is followed by a read of the
opposite data pattern. Similarly Wd Rd means that a write of
d pattern is immediately followed by a read at the next
address of the opposite data pattern. Included in the
checkerboard algorithms are passes where each address is
read, and immediately after the read, the same data is
written back to the cell at each address. The next address
includes a read, which will have data opposite the data that
was read and written at the previous address.

Some resistive shorts between neighboring columns are best
screened with a row March addressing. The March 13N
algorithm includes a sequence at each address of a read,
write and second read. At the next address the first read will
read the opposite data read of the second read from the
previous address. To obtain a read of the opposite data after
writing to the RAM, a March 11N algorithm is created by
replacing two march passes of the March 13N algorithm
with read followed by write before going to the next
address. At the next address, the first read will have
opposite data to the data of the last write of the previous
address. Table 1 shows where the column and row
consecutive read-read and write-read operations are
covered.

Resistive leaks between columns are sometimes only
manifested when the neighboring columns have the opposite
data to what is being read. To screen for this, a March 13N
with background patterns of 0/F, 3/C, OF/FO and 69/96 and
5/A with March 11N are used. The probability of detecting

resistive leaks is increased. The boundary conditions of
neighboring cells having different values of a cell being



tested for at least one test increases the probability for
screening the defects. Table 1 shows the background
patterns that are employed during the March algorithms.
The need for the selected algorithms was obtained through
the application of CPU memory BIST over high volume
products. CPU memory BIST uses an on-board CPU to test
RAMs. CPU BIST permits different agorithms to be
applied to test their effectiveness toward lowering DPPM.
Designs do not always alow CPU BIST to be an available
option since some RAMs are not easily accessible by the
CPU for testing. It is necessary, therefore, to make sure that
the dedicated memory BIST test includes the agorithms
necessary to screen the defects.

Algorithms Column Column Row Row Background
g RdR~d | WdR~d | RdR~d | WdR~d pattern
column X X Checkerboard
March A
Column X X ~Checkerboard
March B
0/F, 3/C, OF/FO,
March 13N X 69/96
March 11N X X 5/A

Table 1: RAM testing covering measure

5 Creating Algorithmswith Memory BIST
Tool

To support test algorithm variation for different memory
structure, the MBIST Flexd  feature of the
MBISTArchitecttd memory BIST tool is used. This alows
the creation of customized RAM test March algorithms. It
allows any linear address sequence to be used. A linear
sequence is a sequence where the next address is

suspended test. When multiple memories are tested
sequentially, it is still desirable to group all retention tests in

parallel to a common background pattern. The tool allows
aligning all retention tests even during sequential test by
using interleaving the RAMs test steps. Figure 7 (a) shows a
normal serial test and (b) an interleaving serial test to allow
for retention tests with all RAMs in a common background

pattern.
(] &

VAR

addr min, max, up, 1 addr 1, 5, down, 2 addr 5, 1, up, 2

Figure 6: Three examples of linear address squences for
memory test march algorithms
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deterministically derived from the current address. Linear Agorithm 2 [Agorittm | | | [Aigorithm 2
sequence covers al kinds of physically column based or row sg /] P | N i
based address sequence. Three different sequences are et | retenion || | | |[eteion
shown in Figure 6. Furthermore, it allows users to define the —

operation and data backgrounds within each address. All (@)

operations and data backgrounds used in Table 1 are

SuppOl’ted Memory 1 Memory 2 Memory 3
The RAM test includes |ddq measurements with the RAMs \A'g;::lmlwl : 'g:l::lmlw‘ }f'g:l::mlwl
in background patterns of checkerboard, inverse- | T
checkerboard, all 0's and all 1's. The retention tests and i | Ny ey
Iddq tests are combined together since their total test time is i i |
relatively long. To reduce overall test time, it is desirable to Algorithm 2 anz Algorithm 2
perform Iddq tests for all RAMs simultaneously. The — ‘1 ————
MBIST Flex feature allows the retention points to be Reeon ||| setenon H R
synchronized. All RAMs can reach a common point in the

test and be used for retention and Iddq testing. The (b)

controller idles when the retention points are encountered in
the tests so that the common backgrounds can be reached.

When all memories are in a retention point, the BIST

controller can send a signal to inform the tester of thérigure 7: Serial Test.(a) Normal and (b) interleaving

beginning of retention time. After the retention time, the

tester sends a signal to the BIST controller to resume the
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6 RAM BIST Controller Requirements

Some defects can only be detected when a RAM operation
changes the full word on each clock. Defects that slowly
leak charge or neighborhood coupling leakage can bleed the
charge within a window of time. If a slower frequency is
used, some defects have enough time to recover and not be
screened. The range of design frequencies varies from 10
MHz to 800 MHz. Above a frequency level of 300 to 400
MHz, pipeline registers are freguently required both
functionally and with BIST operation, especially when the
controller is not physically located next to the RAMs. To
operate at-speed, MBISTArchitect includes a command in
which the user can specify the number of necessary pipeline
stages before and after the memories. Besides creating and
connecting these pipeline registers, the BIST controller
adjusts its behavior to accommodate the extra cycles used
by these pipeline stages.

CLOCK CLOCK CLOCK CLOCK CLOCK
CYCLE 1 CYCLE 2 CYCLE 3 CYCLE 4 CYCLE 5
CLOCK | | | | | | |
ADDR/CNTRL SETUP SETUP SETUP SETUP SETUP
DATA READ 1 WRITE 1 READ 2 WRITE 2 READ 3
AN \\sN\:;vﬂ_ \\\‘\ir—_\

MEMORY

% READ 1 WRITE 1 READ 2 WRITE 2 eoe

COMPARE COMPARE
READ 1 READ 2

PASSIFAIL \};
A\ READ1 )
7

COMPARE
CIRCUITRY

4

PASS/FAIL

ouTPUT READ 2

Figure 8: A read/write operation with MBIST Full-Speed

To screen for these timing defects, each operation of read or
write must occur on each clock; otherwise, the RAMs are
actually tested at alower frequency.
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Figure 9: A controller using MBIST Full-Speed

Paper 14.2
390

Typically, the BIST controller is implemented with single
clock. In single clock environment, the BIST controller
normally takes more than one clock cycle to activate,
execute and measure each read or write operation. During
system operations, a string of reads and/or writes can
execute one for each clock cycle. Memories should not have
idle cycles unless the cycles are required for the memory
operation itself. To achieve a read or write on each clock
cycle, the read and write operations are condensed as shown
in Figure 8 for a synchronous memory with typical
read/write behavior. To accommodate all kinds of timing
behavior of read and write of one memory, the MBIST Full-
Speed(] feature creates appropriate pipeline structure within
the BIST controller itself such that it can launch read or
write operation every cycle and predict the correct output
from the memory precisely. Figure 9 isthe block diagram of
the controller for the behavior of Figure 8. There is one
pipeline register to delay the reference data and two pipeline
registers to delay the capture signal. The numbers of
pipeline registers depends on the cycle time of read/write
behavior. This feature not only achieves the test quality
needed for timing defects, but also reduces test time
significantly.

Another requirement for TI ASIC RAM BIST controllersis
to gather failed data for repairing the repairable RAMSs. For
non-repairable RAMs, failed data is also collected and used
to provide information for manufacturing and RAM design
improvements. Although MBISTArchitect has an option to
provide a repair module to analyze and propose repair
solutions, it was not used. The repair information for the
different RAM types and options to repair are contained in
the tester software at TI. A dedicated diagnostic module in
a BIST controller is used instead to collect failure data and
send it out to the tester, as shown in Figure 10. The
diagnostic module permits the user to specify what data
should be scanned out when a failure occurs.

The data which can be selected to be scanned out for each
failure includes the RAM data output, the comparison
between the Qs and the expected data, the RAM address the
nth read or write operation at the address, the state of the
controller state and the memory number if RAMs are being
tested in series. The scan out clock can either be the BIST
clock or a separate slower tester clock. When a separate
slower clock is used, proper clock synchronization is needed
to ensure the tester can collect the diagnostic data properly
when failure occurs.

When a separate dower clock is used a tester controller
protocol is necessary for the transfer of data. The interface
ports to the tester include a FAIL signal to communicate
when failures occur and when the tester needs to scan out
failed data. After the FAIL signal is observed at the tester,
the diagnostic module can start the process to scan out failed
data. After the failed data is completely scanned out, the
FAIL signal will go off. To ensure proper handshaking, the
off state of the FAIL signal cannot be too short. If the off



state is too short, the tester might not recognize that the
Diagnostic
Module

controller is processing a second failure.
F SCAN_OUT

Failed Data From
BIST Clock mj RAM BIST Test F FAIL

Figure 10: Diagnostic Module

Diagnostic Clock |

The failed data arrives to the diagnostic module in parallel
and is scanned out in serial, one-bit at atime. Therefore, itis
possible that more failures can be screened before the
previous failure data is scanned out. If more defects are
detected before failed data is scanned out, the memory BIST
controller must halt and wait until the failed data has been
scanned out and then resume to avoid losing failure
information.

Further complicating the protocol occurs when pipeline
registers are used. Pipeline registers are often unable to halt
which means that some results of the test will be lost as the
registers are flushed. An approach was developed that
avoids losing failure data. The controller restarts from the
beginning of the test. The read comparisons are masked
until the test has just passed the last defect scanned out. The
screening starts again just past the point of the previous
screened defect. This process continues repeatedly as
needed until all defects are reported. With this approach,
failed datais not lost when using pipeline registers.

If pipeline registers are not used, an option of halting the
controller can be used. The controller will halt when another
defect is screened and the previous failure has not yet
completely been scanned out. The controller resumes after
the failed data is moved to the scan registers after the
completion of the scan. The process is repeated until the test
is completed. The non-restart is preferred if it can be used
since the additional tester time to restart and the additiona
logic to perform the restart are avoided. Both the ability to
restart or just halt and resume are used depending on the
RAM BIST design constraints.

To implement BIST, MUX logic is needed to alow BIST
controller to operate the memory. Also, to simplify ATPG
effort for logic around memories, it is desirable to add
bypass scan to control memory outputs and observe memory
inputs. Some TI memories have built-in embedded MUXes
and bypass scan already. The tool can recognize the existing
MUXes and bypass scan logic and hook the BIST controller
to the RAM properly without duplicating BIST collar logic.

7 TMS320C6414T Application Example

The TMS320C6414T is a high performance DSP chip
designed for 90 nanometer technology. Memory testing has
aways been a huge chalenge for complex, high
performance designs. This memory BIST solution was able
to meet this challenge without impacting functional timing
paths and without undue area overhead cost. There are three
memory BIST controllers implemented on
TMS320C6414T. The number of controllers selected was
based on the memory types and the operating frequency of
the memories. All controllers have been configured for
pipelining and diagnostic monitoring. The diagnostic block
captures the read/write states, algorithm state or controller
states, memory numbers, addresses and fail data. All
controllers are running individually with each memory
tested in series per controller. To increase the detection of
performance related defects; there will be a ten percent
frequency increase over the normal functional freguency.
The first memory BIST controller tests 22 single port
memories, ranging from 80 to 1024 words and 32 to 64 data
width, with a 400 MHz clock frequency. These memories
are not reparable, though, the controller does have
diagnostic capability for memory characterization and
failure analysis. The second memory BIST controller tests
31 single port repairable memories, ranging from 128 to
1024 words and 6 to 42 data width, with an 800 MHz clock
frequency. The last controller tests 32 single port repairable
memories, with the same 8192 words and 32 data width, and
an 800 MHz clock frequency. The size of the controllers
range approximately from 7k to 8.5k gate. The size is
dependent on the number of RAMs tested, whether they are
tested in series or parallel and the level of pipeline necessary
to support.

Conventiona memory testing with a BIST controller tests
either one RAM at a time or the same type of memory
concurrently. In actual designs, the memories are operating
simultaneously and the interaction can produce noise that
can trigger defects that would not otherwise be screened
with the BIST. In order to match the application through
memory BIST testing, multiple RAMs can be operating on
BIST controller instructions while one RAM is being tested
and output data compared. The accessing of multiple
memories will have an impact on the memory being testing
since the noise disturbance of other memories being
addressed can affect the memory being tested. By using the
memory BIST controller, the read and write sequence on the
memory being tested will also be applied to other memories
that can possibly influence the memory under test. Only one
memory being tested will return data to the controller for
comparison. This practice tests not only the RAMs but also
the functional interference among different memories.

Not only is the generation of the memory BIST controller a
concern, a more thorough and timely effort is required for
the connectivity and controller functionality in respect to the
integration of the memory BIST controller into the design.
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Depending on the controller configuration, a verification
simulation may or may not be capable of running on a
conventional simulator. Due to design requirements a
custom testbench was created and synthesized to be able to
run verification on a hardware emulator. This created
testbench was used to verify first and second fail reads,
capture failure signatures and also scan out the correct fail
signature captured in the diagnostic module. The testbench
also was used to verify the restart function when a second
fail was detected before the first fail had been completely
shifted out. The restart function is necessary due to
pipelining inserted in the paths between the controller and
memories. The method of verification aso ensured that
there is no normal functional interaction when the memory
BIST isactive.

8 Conclusion

To ensure chip quality, today’s ASIC designs require
flexible tools to quickly create memory BIST RTL
controllers, which can detect and diagnose deep sub-micron
defects for a variety of embedded RAMS, while operating at
functional speeds. The memory BIST tool permits RAM
BIST controllers to be quickly created with customized
algorithms needed to screen deep sub-micron RAM defects.
The BIST allows application of pipeline structures
necessary for high-speed applications. The diagnostic
module allows defect data to be scanned-out and used for
RAM repair and failure analysis. Tl was able to successfully
use the tool to create three BIST controllers for the
TMS320C6414T chip with 400 to 800MHz clock
frequencies.
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