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Introduction

The high scale integration of integrated circuits (IC) would not be possi-
ble without the evolution of technologies, where the dimensions of components
are pushed often to minimum, even reaching material physical limitations. Un-
fortunately, advanced technologies are introducing significant drawbacks. One
important drawback is the presence of new defects and failure mechanisms, which
have a negative impact on both the process yield and IC reliability. Therefore,

the importance of IC testing is rapidly rising.

The increasing complexity of ICs requires new, sophisticated test methods. For
logic circuits, a functional test was sufficient. However, the conventional functional
test may fail in covering some catastrophic faults, which do not necessarily cause
faulty outputs of digital circuits [1]. Catastrophic defects such as resistive opens,
bridging defects and gate-oxide shorts mostly cause reliability issues, where open
defects with open resistance lower than 10 M() (considered as hard-detectable
defects) cannot be effectively unveiled by any functional test. Therefore, other

effective test alternatives like parametric test methods are developed.

Parametric test does not represent the main test approach; it is rather an
augmenting test method, which is meant to help to increase the reliability of a
tested IC. One of these parametric test approaches is the Transient supply current
measurement — Ippr test represents an interesting and challenging test method
that can be very efficient in detecting open defects. However, due the difficulties
associated with the practical realization of this method, it still seeks for its wider

acceptance.

Generally, Ippr test is well suited for repeating, regular structures because of
the homogeneity of the current consumption of identical parts in a tested system.
A good example of such a system are static random access memory (SRAM) ar-
rays, as it was also proved in [2]. Since SRAMs are the most often used embedded
memories, and in many cases, they may occupy more than 90% of the total silicon
area in a system-on-chip (SoC) [1, 3], they also represent the greatest reliability

fail factor in such systems.



1 Background

Current-based tests are already well known since the late 1980’s. In gen-
eral, these tests are divided in two major groups, Ippg — the static or quiescent
current test [4] and Ippr — the dynamic or transient supply current test [5]. By
their nature, current-based test methods are referred to as parametric tests, and
are mostly used in CMOS technology, predominantly for logic circuits, although
application in analog circuits was also reported in [6, 7]. Current-based testing
has a great potential in detecting a device with catastrophic defects like opens,
floating gates, gate-oxide shorts and bridging defects. The supply current testing
is often used at the very beginning of a test process to rule out quickly defective
devices [8].

Ippq testing has already found a practical usage, while Ippr test is still under
investigation, since it represents a rather great challenge to designers and test
engineers, mainly from the implementation point of view. In general, current-
based test approaches are well suited for ICs with uniform and repeating structures
[9].

Dynamic supply current testing is the subject of many researches and studies,
even though much less was published about Ippt testing then about Ippq test.
The main idea of this approach is that during the process of switching, a CMOS
digital circuit draws a significant amount of supply current compared to the static
state of the same circuit. This part of the supply current is called the dynamic
(transient) or also switching current. In Ippr test approach, a circuit under test is
tested in its active state. Thus, by dynamic supply current test, the measurement
of the switching current of a tested digital circuit is meant [10]. The principle
of Ippr is presented in Fig. 1.1, where an open defect is present in a switching
CMOS inverter between the NMOS transistor and the ground (Fig. 1.1a) and the
dynamic current deviation (red waveform) is depicted in Fig. 1.1b. In this case,
the open defect causes reduction of the transient current pikes if compared to the

fault-free circuit, which is depicted with the dashed waveform.

The test decision criterion is based on one or more parameters of the observed
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Figure 1.1: The principle of Ippt test

dynamic current waveform. A typical Ippt waveform is depicted in Fig. 1.2a.
This current waveform can be characterized using several parameters, which may
change depending on the particular defect. These parameters include: current
waveform width (at a current value denoted Ij;,, which is chosen carefully to
enable the reliable evaluation of the monitored parameter taking into account the
process variation), the charge provided by the waveform (integral of the waveform
with limits at [j;,), the peak value of the waveform, the peak time (time when
waveform reaches its peak value) and the average value of the waveform (for the

period of time, when the waveform crosses the current value Ij;,,).
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Figure 1.2: Ippt waveform characteristics

As already mentioned, there is no doubt that the dynamic supply current event



(Fig. 1.2a) is a very fast action. For example, the dynamic current of an SRAM
cell in a 90 nm technology might take less than 200 ps. In this case, the majority
of waveforms’ main harmonics are in the region of several GHz, as shown in

Fig. 1.2b. Thus, processing of such a signal is extremely difficult.

In general, current-based test approaches are well suited for ICs with uniform
and repeating structures [9], like SRAM arrays. The biggest advantage of Ippr
test is its ability to detect open defects, which are generally considered as hard-
detectable (if at all) types of physical defects. Additionally, the generation of test
vectors is relatively simple [11]. Though, for more complex logic circuits, inducing

IppT current might get more complicated.



2 Research objectives

With the consideration of the actual needs and problems of SRAM testing,

the research objectives for this PhD thesis were stated as follows:

e Investigation of Ippr test as an augmenting method to extensive voltage-
based tests in SRAMs, based on the efficiency analysis of Ippr waveform
parameters in covering open defects. Definition of the most efficient param-

eter of Ippt waveform to be sensed.

e Definition and analysis of open faults in an SRAM cell, and their precise

fault models.

e Evaluation of feasibility of standard March tests for Ippr test of SRAMs, and

the definition of the minimum test sequence length of Ippt test.

e Proposal of Ippr test approach suited for SRAM arrays and its implementa-

tion in a deep-submicron technology.

e Investigation of on-chip versus off-chip measurement and processing, and
deriving of general “Design-for-Ippp-Testability” rules based upon test hard-

ware realization.



3 Ippr test implementation

3.1 Test patterns for Ipprt test

The issue of generating test vectors for Ippr testing is investigated in [12].
Generating proper test vectors for a 6 transistor (6T) SRAM cell is not a difficult
task. The dynamic supply current appears when the SRAM changes its state.
There are two kinds of operations distinguished, the write process and the read
process. For us, important operations are transition write operations (the stored

value is overwritten) [13], which induce the Ippr current.

Since the SRAM cell is symmetric, two transition write operations of opposite
directions would activate the same defects in both inverters. This in practice
would mean that if the number of cells in an SRAM array is n, then the length of
the test would be 2n, since two transition write operations are required. Though,
before these write operations are performed it would be useful to know what
value is stored in the particular cell being written to. Hence, it would require an
additional read or write operation that increases the length of the test to 3n. Let
us assume that the first write operation which sets the first known value is the

write of a logic one (Log1).

In bit-oriented SRAMs, only one cell is investigated each time. Hence, theoret-
ically, where there is no need to check whether a given value was really stored in
the cell, the test length would be 3n. Obviously, with value check (read operation
after each write) the test length would grow to 6n. In a word-oriented SRAM
array, where the length of the word is m and no read operation is performed to
check for stored values, the address does not change for 2m + 1 operations. In
this case, the first write of Logl can be carried out for the whole word and than,
only two operations are required to be performed on each bit in the word. In the
case of a read check, the length of the test of one word would become 4m + 2
long. This feature actually makes the Ippr test of word-oriented SRAMs shorter
in terms of March test length if both arrays have the same bit capacity.



Table 3.1: Example of March tests for a bit-oriented and a word-oriented SRAM

SRAM type March test solution Test length
1 2
Bit-oriented J(w0, wl) n
(n bits) P(wl, w0, wl) 3n
$(wl, r1, w0, r0, wl, r1) 6n

T(W(01...1)m, w(11...1)p, W(10...1)m,

[(2m)
Wordeoriented W(11... 1), W(11..0)m, W(11...1),)
( words & (w1 1), W01 1)y, (1L 1), om 4 1)
- w(10...1)m, W(11...1)m, W(11...0)p, w(11...1),)
m bits/word)
(w1l D), (11,1}, W(OL...1)pm, am +2)

r(01... 1), .., w(11...1)p, T(11...1),)

3.2 Design for Ippt testability

The topology of Ippt test hardware mostly depends on monitored parameters
of the Ippr current, which are explained in section 1. The realization of current-

based test hardware can be divided into three major groups:

e On-chip test hardware
e Hybrid test hardware
e Off-chip test hardware

In the case of Ippr test, a special kind of design for testability is used, which
is called Design for Ippr testability (DfIT). Some aspects of design for current
testability are dealt in [14]. The general approach to DfIT is depicted in Fig. 3.1a,
where there always should be a sensing element between the power terminal and
the circuit under test, and also some processing and evaluating units. The output

of the evaluating unit is a current signature (a logic value for instance).

3.2.1 CUT partitioning for Ippr test

On-chip implementation of Ippr test is a huge challenge because digital circuits
mostly have one or more common power supply rails, which distribute the power
to all the subsystems. Since Ippr test is based on the monitoring of the current
through power supply rails, it presents a problem to detect changes in the dynamic
current waveform for complex and large circuits, which result in a quite complex

design for Ippr testability.
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Figure 3.1: Concept of DfIT
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Figure 3.2: DfIT for a SRAM based on power distribution

In Fig. 3.2, the layout of an SRAM circuit is depicted, which is organized based
upon the power distribution, where it is vital to separate the power rails of the
memory array and supporting circuits (address decoders, timing block, 1/0). It
can be observed that the best solution is to divide the power rails (red lines)
outside the chip. From Fig. 3.2, one can also observe that Vpp; is the power
supply of supporting circuits, while Vppo is the power supply pin of the SRAM
array. For test purposes, the two power supplies connected to the chip should be
completely separated, while for normal function the two inputs could be shorted.
Such partitioning of the tested circuit brings benefits for all three possibilities

of test hardware realizations. Nevertheless, in the case of completely off-chip



realization, the sensing element from Fig. 3.2 is placed between pin Vppo and the
power supply, and the rest of the sensor is also placed outside the chip, which shall
be powered by Vppi or a power supply different from Vppo. All three approaches

would need also extra output pins.

3.2.2 Partitioning of the SRAM array

The first aspect of partitioning of the SRAM array is the test hardware type,
whether it is on-chip, off-chip, or which part of the sensor is on-chip in the case of
hybrid test hardware. The second aspect is the type of sensing element, which is
connected between the power supply and the memory array (Fig. 3.1b). In most
cases, this element has a resistive character and can be realized with a resistor
or a MOS transistor. However, it should be chosen so that it has a resistance
big enough for the dynamic supply current to create a voltage drop across it,
which can be then processed. On the other hand, in more advanced technologies
due to leakage currents, a significant voltage drop is created across the resistive
element, which may degrade the power supply value for the memory array. The
array should be split into smaller parts, where the memory capacity of the smaller
arrays is a function of leakage current, sensing element dimensions and sensing
element resistance. The three basic parts are dealt here separately. The principle

schematic of the SRAM array partitioning for on-chip Ippr test is depicted in

Fig. 3.3.
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Figure 3.3: SRAM array layout for the on-chip sensor
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The first important thing is that for each sub-array (denoted as Array; to
Array, in Fig. 3.3), it is necessary to have an own sensing element, where it is
vital to have identical layouts of sub-arrays and their respective sensing elements

including connecting wires, etc.

In the second step, an amplifier is required to amplify the signal from the
sensing element. For the cost of additional area, some basic processing could be
attached to the amplifying circuit, which would create a well defined voltage stable
in time. Then, this voltage could be multiplexed to a processing and evaluation
unit by T-gates. There is a possibility of using global or quasi-global decision
criteria in the evaluating circuitry, when identical layouts are used. T-gates are
driven by a logic block that opens them based upon the applied March test, to

which the Ippr test is augmented to.

The same layout is used for hybrid test hardware, only there the evaluation
circuit is off-chip and hence, the sensor has an analog output instead of the digital

one as mentioned earlier.

In the case of the off-chip sensor, the SRAM array partitioning is not that
straightforward. There are basically two main possibilities. The first possibility
is that the array remains untouched and only the principles drawn in Fig. 3.2
are adopted, where two power supply rails are used. Here, the drawback is that
all sub-arrays are connected together and hence, there is a bigger possibility of
masking of the induced dynamic supply current. Moreover, it would require a
global decision making that would decrease the test efficiency. On the other
hand, the resistance of the sensing element is not critical because Vppo voltage is

a variable.

The second possibility depicted in Fig. 3.4 is the application of an off-chip Ippr
sensor. The drawback of this approach is that by inserting T-gates, the respective
current path is broken. Hence, if one of the arrays is disconnected, the stored
values are going to be lost. Therefore, in the functional mode, all T-gates shall
be open. Moreover, the parasitic components of a T-gate are going to have an
undesired impact on the Ippr current (just like the open resistance, which will

reduce the power supply voltage in the case of a higher static supply current).

11
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Figure 3.4: Layout of the SRAM array for an off-chip Ippr test hardware

3.3 Open defects in an SRAM cell

According to [15], it is important to distinguish between possible locations
of resistive open defects in a 6T SRAM cell. In our work, the possible locations
of the resistive opens are derived from the ”"wide” SRAM cell layout [3], where
opens were only considered in the metalization, vias, contacts and the polysilicon

layer.

In Fig. 3.5a, the transistor level schematic of a 6T SRAM cell is shown, where
possible locations of open defects are depicted. Since the 6T SRAM cell (Fig. 3.5a)
has a symmetrical topology and layout, there are altogether 21 (two times 9 plus
3 other) possible locations for opens. These opens were sorted into three groups,

based on their location.

Group I represents resistive opens, where both sides of the defect are con-
nected either to ground or the positive supply rail, and either directly or indirectly
through an open transistor. From Fig. 3.5a, Oy, Oy, Os;, Og, and Oq; belong to
this group. This type of resistive opens is illustrated by the open location denoted
as Oy in Fig. 3.5b, where the SRAM cell with the used open fault model in the

respective location is shown.

Group II represents open defects that have only one side connected to a well

defined potential. This happens when there is a gate of a transistor connected

12
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Figure 3.5: The 6T SRAM cell

to the other side of an open defect. In this case, the potential on the transistor
gate is not well defined, and it is mainly given by the charge accumulated on the
parasitic capacitances between the gate side of the broken line and the surrounding
structures. The other electrodes of the parasitic capacitors are connected to a well
defined potential, which is either the positive or the negative supply rail. Hence,
all the parasitic capacitances are summed up, and are modeled by two capacitors.
From Fig. 3.5a, Oy, O4, Oy, and Oy belong to this group. In Fig. 3.5b, open

location denoted as Oy is an example of Group II defect.

Group III represents those open defects that have always well defined potential
on one side of the defect, while the potential of the other side is case dependent.
Opens denoted as O3, Og and O7 belong to this group. The undefined side of open
defect O3 is connected to the drain of a pull-up transistor. Therefore, after start-up
condition, if the pull-up transistor is closed the potential of that side is unknown.
However, these open defects are investigated under no start-up condition and

hence, the same fault model defined for opens from Group I is used.
3.4 Conceptual approach to Ippt

3.4.1 An obvious approach

In a real case, decision is based on a fault-free tolerance band (TB), which is

based on two threshold values, which are gained from Monte Carlo (MC) analysis

13



of a fault-free circuit. Such a TB was also used in our earlier research works
[A5, A8]. Then, open defects are inserted in the locations illustrated in Fig. 3.5a,
and if the simulated parameter falls out of the TB it would mean the tested cell
is faulty and the presence of a defect is detected. In other case, a defect remains
hidden. Also the assumption that a defective cell in different process corners will
cause an even bigger deviation from the typical case has to be made. It is obvious
that the TB has to be very wide if considering also the parasitic components of
supply rails, which in a larger circuit, may cause a significant voltage drop from

the dynamic supply current point of view.
3.4.2 The proposed delta approach

The delta approach to Ippt test, proposed in this thesis and also presented
in [A11], is based on the assumption that if the same parameter is measured on
two identical fault-free SRAM cells, then the difference shall be close to zero. In
the same manner, if one of the cells is faulty, then the difference shall be different

from zero.

There are two possible realizations of this approach:

o Symmetric delta approach

e Neighboring delta approach

In a real situation, the difference between two fault-free circuits is probably
not going to be zero, since there are different parasitic components and mismatch
present. With special layout techniques, the effect of mismatch can be suppressed.
A solution may be the symmetric layout of the array, as depicted in Fig. 3.6a. In
this case, only parameters of two counterpart cells that are on the same horizontal
line and at the same distance from the center line are compared. Thus, the same
parasitic components are expected. This is possible only if the process variation
would move from the typical process corner in the same direction and the same
level of deviation. However, if the two compared cells are too far from each other
(the cell is far from the center line in Fig. 3.6a), this condition cannot be assured.

Hence, process variation and mismatch needs to be considered.

Another possibility is to compare the dynamic supply current parameter of two

or more cells that are next to each other, as illustrated in Fig. 3.6b. There is a

14
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Figure 3.6: Two possibilities of the delta approach

high probability that neighboring cells will have the same or very close process

variation.

One can never assure that at least one of the investigated cells will be fault-free.
Thus, this approach relies on probability calculation [16], which is based on the
fact that open defects are spot defects with random appearance. If only the delta
of two cells was considered in case of 2000 cells per array, it would mean that 23
dies out of a million samples will have at least one pair of counterparts with two
identical defects. This is true for the neighboring and symmetric delta as well. In
case of the neighboring delta approach if three cells were used, only in 90 cases

out of a billion would have identical defects.
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4 Experimental results

4.1 The most efficient Ippt parameter

The most common SRAM cell is the 6T CMOS implementation, which
consists of two cross-coupled inverters formed by complementary transistor pairs
M1-M3 and M2-M4, and by two access transistors M5 and M6 that are usually
NMOS transistors, which ensure read and write access to the cell (Fig. 3.5b).
To ensure non-destructive read operation and reasonable noise margin, the Cell
Ratio (CR) (4.1) should be within the range from 1 to 2.5, where W denotes the
transistor channel width and L represents the transistor channel length. Larger
CR provides improved stability while on the other hand, smaller CR ensures
higher speed [3]. To ensure the reliable write operation, the dimensions (W /L)
of the pull-up transistor M4 should be less than 3-4 times the dimensions of the
access transistor M6. This ratio is characterized by the so-called Pull-up Ratio (
PR) (4.2) [3].

_Wi/Ly
Ws/Ls

 Wi/Ly

CR =
W/ Lg

(4.1) PR (4.2)

An open fault can be characterized by a value of its resistance and in special
cases, together with additional parasitic capacitance, which is modeled by a resis-
tor and a capacitor (Fig. 3.5a) connected in parallel between the nodes where the
open defect is considered. The locations of the investigated open faults are de-
picted in Fig. 3.5a. There are altogether 21 open faults located in the mentioned
schematic, where opens Oy, Oy, O3, Oy, Os, Og, O7, Og, O11 are symmetrical, and

open defects Oy, Og and 010 are asymmetrical.

The efficiency of any test is measured by the fact whether a defect /fault present
in the investigated circuit is detected and how much of these defects are covered
altogether. In order to evaluate the efficiency of Ippr parameters in covering
open defects and find the most efficient one, an experimental fault analysis has
been performed. In this experiment, for each simulation set, only one defect

was inserted in the SRAM cell according to Fig. 3.5a. In each simulation set,

16



where the resistance value of open faults was swept from 10 k2 to 1 MS2, two
Ippr current waveforms were generated with two transition write processes, one
in each direction. Several parameters of the Ippr waveform (presented in 1 and
depicted in Fig. 1.2a) were calculated and evaluated, where the evaluation was
based on a tolerance band (TB) generated by Monte Carlo (MC) analysis of 200
runs, where device mismatch and process variation were considered. The MC
analysis was performed on a defect-free circuit. The efficiency was calculated
using the expression (4.3).

Ef ficiency Number of detected opens

100 [%)] (4.3)

Total number of possible opens

For this analysis, a CMOS technology of 90 nm was used. The dimensions of
the cell were kept on minimum, where the PR was equal to 1 and the CR was
varied as follows: 1, 1.5, 2 and 2.5. The efficiency results achieved for different

open resistance values and CRs is showed in Tab. 4.1 and Tab. 4.2.

Table 4.1: Efficiency analysis of Ippr test for cell ratios 1 and 1.5

Efficiency of Ippr test for CR=1 /1.5 [%)]
Open resistance value [§2]
Ippt Parameter
10 k 50 k 100 k 500 k 1M
Charge 48/48 42.9/52.4 T1.4/714 95.2/95.2 95.2/95.2
Peak value 4.8/4.8 33.3/33.3 33.3/42.9 52.4/52.4 52.4/52.4
Width 0.0/9.5 52.4/52.4 57.1/57.1 66.7/66.7 85.7/85.7
Average value 48/48 42.9/42.9 61.9/61.9 81.0/81.0 71.4/71.4

Table 4.2: Efficiency analysis of Ippr test parameters for cell ratios 2 and 2.5

Efficiency of Ippt test for CR=2 /2.5 [%)]
Open resistance value [€2]
Ippt Parameter
10 k 50 k 100 k 500 k 1M
Charge 4.8/4.8 52.4/61.9 76.2/76.2 95.2/95.2 95.2/95.2
Peak value 48/4.8 33.3/33.3 42.9/42.9 52.4/524 52.4/52.4
Width 9.5/9.5 52.4/52.4 57.1/66.7 66.7/66.7 85.7/85.7
Average value 48/4.8 429/429 61.9/61.9 81.0/81.0 71.4/71.4

Based on achieved partial results, the overall efficiency can be calculated, where

the efficiency obtained for respective parameters can be used to gain the overall

17



best efficiency. These results are presented in Tab. 4.3.

Table 4.3: Overall efficiency of Ippr test for different CR

Efficiency of Ippr test [%)]
Cell Ratio Open resistance value [
10k [ 50k | 100k | 500 k [ 1 M
1 4.8 | 524 | 714 95.2 | 95.2
1.5 14.3 | 61.9 | 714 95.2 | 95.2
2 14.3 | 61.9 | 76.2 95.2 | 95.2
2.5 14.3 | 61.9 | 76.2 95.2 | 95.2

It should be noted that in the above described analysis, only the minimum
dimension cells were investigated. For the case when the CR is set to 2.5, the PR
is set to 1, and W/L of transistors was tripled from its minimum, the results are
reported in Tab. 4.4.

Table 4.4: Efficiency analysis of Ippr test for a robust cell (CR=2.5)

Efficiency of Ippt test for a robust cell [%]
Open resistance value [€2]

IppT parameter

10 k 50 k 10k | 50k | 1M
Charge 57.1 85.7 90.5 100 100
Peak value 23.8 38.1 47.6 61.9 71.4
Width 47.6 71.4 76.2 85.7 95.2
Average value 38.1 66.7 66.7 85.7 90.5

4.2 Efficiency analysis in two different technologies

It is assumed that the efficiency of Ippr test might be affected by several
factors associated with a technology, in which the tested circuit is implemented.
Therefore, in this section, the efficiency of Ippt test investigated for CMOS 0.35
um and 90 nm technologies analyzed and compared. Achieved results and findings
gained through this analysis were published in [A3]. Open defects were derived
from a wide layout SRAM cell. Thus, defect location O; (only one side) and Og
were not considered, while defect Os (counterpart too) (Fig. 3.5a) was omitted
due to the slightly different layout of the cell. Open Og is not present in the
"wide” cell since it is a possible open fault on global ground rail that connects the

sources of transistors M1 and M2, and is realized with the second metalization

18



layer. Another power rail related open fault is O;. In this way, 17 open faults
altogether were considered in this analysis. The designed circuit under test was a
synchronous 64-bit SRAM with parallel 8-bit input/output. The cell dimensions
were not kept on minimum, where the width of all transistors was nearly three

times greater than in 4.1 and the length was set to minimum.

In this analysis, five parameters of the Ippt waveform were evaluated. Except
for the peak time (the time moment when the Ippr waveform reaches its maxi-
mum), four other parameters are the same as in 4.1. The peak width was stated
in two ways. In the first case, it was stated in a relative way, where the width
value depends on the highest value of the waveform. Thus, the relative width was
measured on the current waveform at 10% of the peak value (I, in Fig. 1.2a).

In the second case, the width was measured at a constant value of Ij;,,.

As opposed to the analysis presented in section 4.1, here open faults were
modeled only using a resistor, and thus, for open faults from Group II (section
3.3) the parasitic capacitances were omitted. Then, MC analysis consisting of 100
runs on the fault-free circuit was performed and TBs for monitored parameters

were specified.

In Tab. 4.5, the overall efficiency of all Ippr parameters (in covering all 17
possible locations of open defects) is presented for 0.35 um and 90 nm CMOS
technology, respectively. Check marks denote detected open faults, while X marks
denote undetected opens for each write direction and three different values of
open resistance. Open faults marked with apostrophe denote the counterparts of

symmetrical open faults.
4.3 The effect of sensor hardware on Ippt

In experiments presented in [A5] and [A6] a MOS transistor was used as a
sensing element in the test hardware. A PMOS transistor was connected between
the CUT and the power supply, while its gate was grounded. In this experiment,
the efficiency dependence of Ippr test and the CR and PR (where CR was set
as in section 4.1 and PR was in all cases set to 1) on the dimensions of the
sensing element was investigated. In the simulation setup, the CUT had the

same structure as the one designed in a 90 nm CMOS technology (presented in
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Table 4.5: Overall Ippr test efficiency in 0.35 pm and 90 nm process

Open Efficiency for 0.35 pum process Efficiency for 90 nm process
resistance 10 kQ 100 kQ 1 MQ 10 kQ 100 k2 1 MQ

Writing Log0 Logl Log0 Logl Log0 Logl | Log0 Logl Log0 Logl Log0 Logl
011 v X v v v v X v v v v v
Oy X X X X v v X X X X v X
Op v v v v v v v v v v v v
O19 X X v v v v X X X X v v
0] X X v v v v X v X v X v
O3 X v X v v v X v X v v v
05 X v v v v v X v v v v v
O} X v v v v v X X X v v v
04 X X v X v v X X v X v v
O, X v v v v v X v v v v v
0} X v v v v X X v v v v X
Oy X X X X X X X X X X X X
0} X X X X X X X X X X X X
O}, X v v v v v X v v v v v
0} X X X X v v X X X X v v
Os X X X X X v X X X X X v
O X X X X v X X X X X v X

Efficiency 41.2% 64.7% 88.2% 41.2% 70.6% 100%

section 4.2), where dimensions of the cells were kept as small as possible. For
a faulty cell, there were 23 locations considered (compared to section 4.1, opens
were considered in every possible node and were modeled with resistors). The
value of open resistance was set to 10 k€2, 100 k{2 and 1 Mf2. The channel length
of the PMOS sensing transistor was set to minimum, while the width was set to 4
pm and 8 um. The TB was gained by MC analysis of 100 runs. The test efficiency
was calculated from the dynamic current drawn by the sensing transistor. Test
efficiency is shown in Tab. 4.6 and Tab. 4.7.

Choosing a sensing element, however, is by far the smaller problem. On the
other hand, designing proper test hardware is a real challenge. In section 1, it
was already discussed that the processing of signals such as the Ippt current is
very difficult. Considering the analog characteristics of MOS transistors in deep
sub-micron technologies (e.g. 90 nm), the task seems very difficult. Though, the
presented results show that it is not always necessary to amplify the signal as it
is, since the peak value does not have the highest efficiency. The most efficient

parameter appears to be the charge carried by the Ippt waveform. However, this
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Table 4.6: Efficiency of Ippr test for cell ratios 1 and 1.5 (a PMOS sensing element)

Efficiency of Ippr test for CR=1/1.5 [%]
Open resistance value [(2] )
IppT parameter PMOS width
10 k 100 k 1M
Charge 8.7/21.7  8T/8T  100/100
Peak value 8.7/13  56.5/52.2 69.6/73.9 .
Width 8.7/8.7 56.5/69.6 82.6/100 pm
Average value 4.3/4.3 47.8/78.3 95.7/100
Charge 8.7/21.7  87/8T  100/100
Peak value 4.3/13  39.1/52.2 65.2/73.9 3
Width 8.7/8.7 47.8/60.9 82.6/91.3 pm
Average value 4.3/4.3 43.5/52.2  87/100

Table 4.7: Efficiency of Ippr test for cell ratios 2 and 2.5 (a PMOS sensing element)

Efficiency of Ippr test for CR=2/2.5 [%]
Open resistance value [(2] )
IppT parameter PMOS width
10 k 100 k 1M
Charge 30.1/39.1 73.9/87  100/100
Peak value 13/13  52.2/56.5  87/82.6 4
Width 34.8/26.1 65.2/73.9 100/100 pm
Average value 8.7/8.7 69.6/82.6 100/100
Charge 30.4/39.1  87/87  100/100
Peak value 13/13  43.5/52.2 69.6/65.2 3
Width 8.7/17.4  69.6/78.3 95.7/100 pm
Average value 8.7/8.7 60.9/73.9 91.3/95.7

charge is really low compared to technologies, where higher power supply voltages
and greater dimensions of transistors are used. Hence, a simple integration of
the current waveform could not be successful. Experimental design of sensor for

dynamic supply current monitoring was presented in [A5, A6, AS].

The proposed sensor circuit is depicted in Fig. 4.1. Firstly, the sensing element
(denoted as M1) is chosen, where several factors have to be taken into account.
One important factor is the increased leakage current in deep sub-micron tech-
nologies, which in the form of static current might create a significant voltage
drop across the sensing element. The consequence of the voltage drop is the re-
duced supply voltage level for the CUT (SRAM array presented at the beginning

of section 4.3. Therefore, the dimensions of the sensing element (representing a
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resistance) should be chosen so that it does not exceed a certain voltage drop,

which for instance, in the case of a 1.2 V power supply with 10% tolerance is 120

mV.
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Figure 4.1: Current monitor block schematic

Two experiments were made on the test setup with the current monitor from
Fig. 4.1. In the first experiment, the leakage current consumption of the SRAM
array was neglected, thus, creating no voltage drop on the sensing element. In the
second experiment, the leakage current was set to 200 uA. The leakage current was
modeled using an ideal current source, which was connected between the drain
of the sensing transistor and ground creating a voltage drop of approximately
100 mV. In both cases, the sensing element with the channel width of 4 ym and
the minimum length was used and the CR was set 2.5 and PR to 1. In each
case different threshold values were used. This was done due to the fact that the
additional voltage drop across the sensing element decreases the supply voltage of
SRAM cells, which causes lower Ippr current levels and hence, a lower dynamic
voltage drop. The achieved efficiency and its comparison to the efficiency of the
most efficient parameter of I textsubscriptDDT current (the charge carried by the

waveform or the integral of the waveform) are shown in Tab. 4.8.

The presented current monitor is just an experimental circuit, which demon-
strates that even in a deep sub-micron technology it is possible to deal with the

IppT current.
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Table 4.8: Efficiency of the Ippt current monitor

Efficiency in [%]
Open resistance value [{2]

Parameter

10 k 100 k 1M
Ippr charge 39 87 100
Vour peak (no leakage) 8 60 100
Vhair2 peak (no leakage) 17 78 100
Vour peak (with leakage) 0 60 100
Vhap2 peak (with leakage) 21 87 100

4.4 The effect of parasitics and leakage current on Ippt

In the above discussed experiments, parasitic components of the power dis-
tributing and control circuitry metalization were neglected. In reality, each wire
represents a resistance and a parasitic capacitance, where they can be modeled
using an RC component. The Ippt current flows through these wires and due to
the parasitics it changes its shape. The cell that is the closest to the power supply
will have a different shape as the one that is the farthest. Also the current drawn
by the last cell will be different when measured at a given cell and the power sup-
ply source. The change of the Ippr current of the last cell is measured in several
nodes along the current path, as depicted in Fig. 4.2a. A different charge drawn
from the first cell and from the last cell is expected due to the degraded supply
voltage level caused by the parasitic resistance of the supply rail especially, if an

increased value of quiescent current is considered due to leakage currents.

A SRAM block of 4096 bits (512 one byte words) designed in a 90 nm CMOS
technology was used as the CUT in this experiment. CR and PR were set to 2.5
and 1, respectively. The faulty cells were modeled as discussed in section 3.3 and
hence, the number of opens was also identical. All parameters were calculated
at I, = 2 pA (4 leakage current value). The schematic used is depicted in
Fig. 4.2b. It consists of 4096 SRAM cells and "AND” logic gates, which were
used on the input of BLs(nBLs) and WLs in order to clock the input signals.

Simulations were carried out with taking into account the effect of leakage
current mechanisms on Ippr. The value of leakage current in active state (read or
write) was set to 0.3 pA, and in idle state the value was set to 0.32 pA [17]. The
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(a) Ippr current of the last cell measured at different (b) SRAM array used as the CUT

positions

Figure 4.2: Current and CUT

leakage current is modeled with a DC current source connected between the source
of pull-up transistors and ground. In Tab. 4.9, Tab. 4.10 and Tab. 4.11, parameters
without the leakage current considered and parameters of Ippt current affected

by the leakage current are presented before and after the slash, respectively.

The “obvious” Ippt test approach

In the efficiency analysis of Ippt test, two cells of the SRAM array from Fig. 4.2b
were investigated: Cell; (the first bit in the first byte) that is the closest to the
supply rail and Cellyos (the last bit in the last byte) that is the farthest from
the supply rail, since these two cells have the greatest difference in their parasitic
components. On these cells five operations were performed altogether: a common
write of Logl to both investigated cells, then the sequential write of Log0 and
Log1 to Celly, and finally, the sequential write of Log0 and Logl to Cellyggs.

TBs are set based upon MC analysis, where both the process variation and
mismatch are considered. However, the TB for the first cell is different from that
of the last cell. For this purpose, the smallest of the lower limit and the greatest
of the higher limit of these two TBs were used, creating a union of the above
mentioned two TBs. In practice, this is the fastest way to distinguish between
a faulty circuit and the fault-free one by this approach. The overall efficiency of

the obvious Ippr approach (performed by two transition write processes in every
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Table 4.9: Efficiency of the obvious Ippr test approach

Efficiency without/with leakage current [%]
Open resistance value [}
Ippt Parameter
10 k 50 k 100 k 500 k 1M

Charge 0/0 9.5/19 19/28.6 42.9/42.9  42.9/61.9
Peak value 0/0 0/0 0/0 33.3/19  33.3/28.6
Width 0/0 0.5/19  19/28.6  33.3/42.9  52.4/61.9
Average value 0/0 0/0 0/0 14.3/9.5 23.8/9.5
Overall 0/0 05/19  19/28.6  57.1/42.9 71.4/714

test) is described in Tab. 4.9, where the last row describes the efficiency of the

global test, where all the parameters are evaluated.

Symmetric delta Ippt approach

The first step is the performance of MC analysis with mismatch and process
variation considered. From this analysis, the minimum and maximum values are
gained for each parameter and for each transition write process. Then, a delta
is created from the maximum and minimum values of the considered parameter.
In this way, two TBs are created for each transition write direction, one for each
cell. Finally, the greatest of the two is chosen as the global TB that assures that

no fault-free circuit will be ruled out as faulty. Results are presented in Tab. 4.10.

Table 4.10: Efficiency of the symmetric delta Ippr test approach

Efficiency without/with leakage current [%]

Inpr Parameter Open resistance value [2]

10 k 50 k 100 k 500 k 1M
Charge 0/0 9.5/0 19/19  33.3/23.8  33.3/33.3
Peak value 0/0 0/0 0/0 0/0 0/0
Width 0/0 9.5/0 19/19  23.8/238  23.8/33.3
Average value 0/0 0/0 0/0 0/0 0/0
Overall 0/0 9.5/0 19/19  47.6/23.8  47.6/33.3

Neighboring delta Ippt approach

To verify the feasibility and the efficiency of neighboring delta approach, cells
Clelly, Celly (second bit in the first byte), Cellygs (seventh bit in the last byte)
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and Cellyggs were investigated. The following operations were performed on these
cells: a common write of Logl to all four cells, then the sequential write of Log0

and Logl to Cell;, and then the same sequence to all the remaining cells.

Firstly, MC analysis with mismatch but with no process variation considered
is performed. This is possible due to the fact that neighboring cells will have
the same process variation with high probability. In this way, the maximum
and the minimum values are obtained for each Ippr parameter for cells Celly,
Celly, Cellyygs and Cellyggs. This approach relies on the subtraction of given Ippr
parameter values of two neighboring cells. The TB used in testing Cell; is set
by subtracting the smallest value of the monitored parameter from the greatest
value of the same parameter of C'ell; and Cells, gained by MC analysis. Then, a
TB for the last two cells (Cellygs and Cellyggs) is gained in the same way. Thus,
there are two TBs for each write direction and the greatest one is chosen for each
write direction. In Tab. 4.11, the efficiency of the neighboring delta approach is
presented, with the last row representing the overall efficiency (all parameters of

Ippr are evaluated).

Table 4.11: Neighboring delta approach efficiency (for one global TB used)

Efficiency without/with leakage current [%]
Open resistance value [2]
Ippr Parameter
10 k 50 k 100 k 500 k 1M

Charge 48/0  61.9/28.6 66.7/38.1 85.7/524  85.7/57.1
Peak value 0/0 9.5/9.5 33.3/19 52.4/47.6  52.4/47.6
Width 0/0 38.1/28.6  47.6/38.1  57.1/524  57.1/57.1
Average value 0/0 14.3/19 42.9/38.1  52.4/38.1  52.4/38.1
Overall 48/0  61.9/286 66.7/38.1 85.7/57.1  85.7/38.1

The progressive TB is a tolerance band, where on a theoretical level each cell
has its own TB. Of course, to create such TBs for high capacity memory with MC
analysis is very time consuming. Instead, some assumptions have to be made.
In a fault-free circuit, dynamic current parameter values can be assigned to each
cell, and based on their distance from the power supply they can be put in order,
where some parameters are going to rise with distance (the peak width) and some

are going to decrease (for instance the peak value). Either way, the distance of
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a cell from the power supply (the cell number) is the parameter of the function.
In the same MC analysis, it is then expected that the TBs are going to follow a
similar manner as the given parameter. For example, the charge value is going
to decrease with the distance from the power supply, while the TB for the same
parameter is going to rise with distance. In Tab. 4.12, results achieved for such a
theoretical case are presented. It can be seen that the efficiency of the charge of
the Ippr waveform has increased, which would mean that the delta approach is

the most efficient approach.

Table 4.12: Neighboring delta approach efficiency vs. obvious approach (progressive TB)

Efficiency without/with leakage current [%]
Open resistance value [€2]

Ippr Parameter

10 k 50 k 100k 500k 1M |
Charge 18/0  28.6/333 38.1/429 619/619 762/81 |
Peak value 18/4.8 238/143 42.9/42.9 524/52.4 42.9/524 | 3
Width 0/0 33.3/33.3 42.9/42.9 42.9/61.9 71.4/81 g
Average value 0/4.8 0/23.8 19/42.9  52.4/81  52.4/81
Charge 48/48 61.9/61.9 66.7/66.7 85.7/76.2 95.2/95.2 | %
Peak value 48/48  95/619 61.9/524 TL4/T14 TL4/T14 | §
Width 48/4.8 61.9/61.9 66.7/66.7 76.2/76.2 95.2/95.2 Eo
Average value 48/14.3 61.9/61.9 61.9/61.9 85.7/85.7 85.7/85.7 | 2

Some opens might remain hidden also for the resistance value of 1 Mf). For
instance, O; and Og remained hidden for all tests in our experiment. For the
obvious approach, typically O;, Og and Og remained hidden in the leakage-free
and leakage-affected circuits. In the case of the symmetric delta approach, the
hidden defects were Oq, O3, Og, O7, Og and Og, and for the neighboring delta
approach, opens O; and Og remained uncovered. These results in comparison to
results presented earlier in sections 4.1 and 4.2, where no parasitic components and
the same/similar open defects were considered, show that leakage and parasitics

have a huge impact on the efficiency of Ippt test.

Fig. 4.3 shows the minimum value of the open resistance, from which an open
defect was detected for each Ippr test approach, when all parameters of the Ippr
current were considered. In Fig. 4.3a and Fig. 4.3b, the minimum open resistance

value detectability achieved in the leakage-free SRAM array and the leakage-
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(a) No-leakage circuit (b) Leakage-affected circuit

Figure 4.3: Minimum open resistance value detectability

affected circuit is presented, respectively. Missing bars represent hidden open

locations.

5 Achieved results and their asset

Current-based parametric tests represent a promising test approach to digi-
tal IC test. Ippg test is already widely used as the augmenting technique that is
very effective in older and lower pitch technologies. On the other hand, Ippr test
is under investigation and there are still some obstacles to be overcome yet to-
wards a widespread application of this method in real production test. However,
the potential of Ipprt test is very significant, since it can cover hard-detectable

defects like opens, which is a unique feature of this test method.

This PhD thesis is dedicated to the detailed analysis and investigation of Ippr
test approach, where it was aimed at detection of hard-detectable defects in SRAM
memory arrays. Therefore, the Ippt test efficiency in covering open faults in
SRAMs was carried out, where the influence of cell dimensions, array dimensions,
parasitic components of the array structure and experimental test hardware was
investigated. Analysis of test vectors was performed, and general rules for design
for testability were proposed. Then, new conceptual approaches were proposed
and analyzed in order to eliminate the effect of process variation and mismatch

caused difficulties in test decision.
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The main contributions of this thesis to the related field of science are the

following:

e The important contribution of this work is the extensive analysis of Ippr test
efficiency in covering weak open faults in SRAM arrays, where its depen-
dence on the cell ratio, cell dimensions, test hardware, leakage current and
finally, the parasitic components of a realistic SRAM array was investigated.
The test efficiency was based on the monitoring of four main parameters of
the dynamic supply current waveform, which were the integral of the wave-
form (charge), the highest value of the waveform (peak value), the width
of the waveform (a time interval), and the average value of the waveform.

As an essential outcome of this analysis, the most efficient parameters were
identified.

e From the fault modeling point of view, the performed extraction of open
defects from the SRAM cell layout is another very relevant asset. The open
defects were classified in three groups, based on their location in the cell.
The proposed open fault classification brings more realistic fault model of

opens.

e In order to reduce the test length, an investigation of tests towards the min-
imum test length setting was performed. Moreover, the possibility of attach-
ing an extra Ippr test to well known march memory tests was investigated,
where the march test patterns important for Ippt test were highlighted. Such
an attachment would greatly benefit the test time and test complexity, since

no change to applied tests is required.

e A set of general rules to design for Ippr testability was proposed that is
beneficial for future research and application of Ippr test based on monitoring

of the most efficient Ippr parameters.

e The major contribution that is important mainly from the future research
point of view, is a new conceptual delta Ippr test approach (especially, the
neighboring delta approach), which was developed in order to eliminate the
undesired effect of process variation and parasitic components of routing

wires, representing a great problem in deep sub-micron technologies. This

29



conceptual approach to Ippt test might significantly increase the Ippt test

efficiency.

e An important practical contribution of this thesis is design of an experi-
mental Ippt measurement hardware in a deep sub-micron technology, which
proves that despite the described difficulties, it is still possible to derive an
analog output proportional to the Ippt current and achieve satisfactory high

efficiency in covering open faults.

6 Conclusion

The high scale of integration, increasing complexity and incessant technol-
ogy scaling introduce new challenges for IC test engineers in terms of new failure
mechanisms and IC reliability. A very actual problem of such advanced technolo-
gies is the high density of open defects, which are considered to be hard-detectable
defects. Since functional test and other digital tests are not very efficient in cov-
ering open defects, new augmenting test methods are required. Theoretically, the
only known method being very effective here is Ippr test, however, the physical

implementation of this approach in real IC testing represents a great challenge.

That was also the major motivation for our research and the main reason why
the investigation of Ippr test approach was chosen as the subject of this PhD
thesis. In this work, a comprehensive investigation of the Ippr test efficiency in
covering weak open defects was done. The efficiency was investigated on simple
structures as one SRAM cell, a more complex 64-bit SRAM array and a 512-byte
SRAM array with parasitic components of interconnecting wires considered. The
achieved efficiency is based on several parameters of the Ippr waveform, where
the charge carried by the waveform appeared to be the most efficient parame-
ter. Moreover, in this work, possible march test solutions were investigated, and
considerations about the design for testability were made. A new conceptual
approach to Ippr test implementation — the delta Ippr approach was proposed,
which by choosing the right decision criteria could further enhance the the overall

efficiency of this current-based test.
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From the experiments performed on SRAM arrays, it could be derived that
the Ippr test efficiency depends on several factors such as the cell dimensions and
SRAM array complexity. Another important outcome is that the real efficiency
(compared to the ideal, theoretical results) is reduced when parasitic components
like leakage current and RC components of wires are considered. Despite the
reduced efficiency, the results show that Ippr test is a potential solution for de-
tecting weak open defects with the value of the open resistance around 1 M.
Though, the realization of test hardware is still a challenge, especially in deep

sub-micron technologies.

Our future research will be focused on the development of scalable hybrid mea-
surement hardware for Ippt test based on the monitoring of the charge carried by
the Ippt current. Also another conceptual approach is targeted, where the deci-
sion criteria is based on the particular CUT, in which only the effect of mismatch
is considered to be critical. The whole concept shall be tested on an experimental

integrated circuit.
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