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Abstract Pre-bond TSV testing and defect identification
is important for yield assurance of 3D stacked devices.
Building on a recently proposed pre-bond TSV probing
procedure, this paper develops a three-stage optimization
method named “SOS3” to greatly reduce TSV test time
without losing the capability of identifying given number of
faulty TSVs. The optimization stages are as follows. First,
an integer linear programming (ILP) model generates a
near-optimal set of test sessions for pre-bond defective TSV
diagnosis. Second, an iterative greedy procedure sequences
the application of those test sessions for quicker diagno-
sis. Third, a TSV defect identification algorithm terminates
testing as quickly as possible, often before all sessions are
applied. Extensive simulation experiments are done for var-
ious TSV networks and the results show that the SOS3
framework greatly speeds up the pre-bond TSV test.
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1 Introduction

Through-silicon vias (TSVs) act as media for transport-
ing power supply or signals among layers of a three-
dimensional (3D) stacked integrated circuit (IC). TSV yield
is typically high (> 99%), but when there are thousands
of TSVs in a die, the probability of all TSVs being defect-
free could be low. TSV testing, diagnosis and repair are very
important as a single irreparable TSV can cause an entire
stack to fail. TSVs can be tested before die bonding (pre-
bond) or after die bonding (post-bond). Pre-bond TSV test
targets defects arising in wafer manufacturing, such as a
void within a TSV, a complete break in a TSV, a pinhole
creating a leakage path between TSV and substrate, etc. Pre-
bond TSV testing is important as it helps identify defective
dies early in the process and avoid situations where one sin-
gle bad die causes entire 3D stack to be discarded. It is also
necessary in providing known good die (KGD) information
for the die-to-die or die-to-wafer fabrication process. Even
for wafer-on-wafer stacking, pre-bond TSV test helps in bet-
ter wafer matching and thus improves the yield [20, 24, 25,
30, 34].

A post-bond TSV test targets defects that arise during
the assembly process, and is also necessary and impor-
tant. These defects may be caused by TSV misalignment,
mechanical stress, thermal issues, etc. Recent work [2] iden-
tifies 11 kinds of TSV defects, of which six occur before
bonding. The post-bond TSV test has been extensively stud-
ied [7, 11, 12, 19]. After bonding TSVs are basically treated
as wires. Post-bond TSV testing can also be conducted
by employing the developing IEEE P1838 standard [11–
13, 16]. Post-bond TSV testing serves as the final defense
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line to guarantee the quality of TSVs and hence is equally
important. However, if any defective TSV can be pinpointed
before bonding, then we may be able to avoid some post-
bond TSV testing or die-internal circuitry testing by early
elimination of unrepairable dies.

The pre-bond TSV testing is challenging mainly because
before-bonding a TSV is single ended, i.e., one of its ends
is not connected to any circuitry. For pre-bond TSV test,
we can test on a still thick wafer. In that case, the TSVs
are deeply buried in the wafer substrate without any test
access. This requires special per-TSV test logic, such as,
e.g., built-in self-test (BIST), to test TSVs with only single-
sided access. Several BIST techniques have been proposed
for buried TSVs [3], including a voltage division circuit
to measure the leakage resistance of TSVs to detect pin-
hole defects, a DRAM and ROM-like test to determine
the RC time constant, and measurement of resistance of
blind TSVs or open-sleeve TSVs. Ring Oscillators have
been widely used to characterize the propagation delay of
TSVs and thereby diagnose possible resistive open or leak-
age defects [5, 28]. All BIST approaches require dedicated
circuit to be added for each individual TSV, and the area
overhead is huge since there can be tens of thousands of
TSVs on a chip [10, 26]. Moreover, the BIST circuits them-
selves suffer from process variation, which may render them
totally useless. An alternative is to test thinned wafers where
TSV tips are exposed. This requires special facilities to
probe thinned wafers (about 50 μm thick) without damaging
them. However, the relatively large pitch (40 μm) of cur-
rent probing technology [22, 27] prohibits individual TSV
probing with a realistic pitch of 10 μm [10, 17].

A pre-bond TSV probing method has been recently pro-
posed [15] where a group of TSVs, defined as a TSV
network, is simultaneously contacted by a single probe nee-
dle. The number T of TSVs within a network is typically
less than 20 and depends on the relative diameter of the
probe needle and the pitch of TSVs [10, 16, 17, 22, 27].
TSV parametric test can be conducted by adding an active
driver in the probe needle and forming a charge sharing
circuit between single (or multiple) TSV(s) and the probe
needle. This probing method offers robustness to process
variation, requires less hardware overhead, provides accu-
rate measurement of TSV resistance, and has many more
benefits as explained in its original proposal [14–16].

For the TSV network probing procedure [15], a heuris-
tic method [14] generates a series of test sessions that can
uniquely locate a given number of faulty TSVs within a net-
work. This heuristic method has been shown to reduce the
test time compared to that of testing each TSV individually.
However, the improvement is far from being optimal.

In this work, based on a number of publications and a
doctoral dissertation [29], we address test session genera-
tion and application of pre-bond TSV probing, with focus

on minimizing the identification time of faulty TSVs. This
work has four parts:

1) An integer linear programming (ILP) model is devised
for diagnostic test session generation for pre-bond
TSV defects [33]. Compared to previous heuristic
method [14], this ILP model always produces fewer
sessions and a much reduced total test time.

2) A fast TSV identification algorithm is developed to
identify defective TSVs based on given test ses-
sions [31].

3) An iterative greedy procedure for session sorting [32]
terminates pre-bond TSV test quicker when the number
of faulty TSVs within a TSV network is small (< 2).

4) Finally, we combine the three preceding items into a
three-stage optimization simulator (“SOS3”) for test
time minimization. Thus, the three stages are: ILP-
based session generation [33], iterative greedy proce-
dure for session sorting [32], and fast TSV identifi-
cation algorithm for early test termination [31]. Each
stage provides input to the next stage. Experimental
results demonstrate that SOS3 guarantees the expected
time for TSV identification to be much lower than the
total time of applying all sessions.

This paper is organized as follows. Section 2 summa-
rizes the previous knowledge on pre-bond TSV probing and
the motivations for this work. Section 3 defines the termi-
nologies used in this paper. An ILP model for generating
near-optimal set of test sessions is proposed in Section 4.
Section 5 proposes an efficient TSV fault identification
algorithm, which terminates as soon as the identification
goal is achieved. A probabilistic analysis for a random num-
ber of faulty TSVs within a TSV network is described in
Section 6. This serves as the motivation for the work pre-
sented in Section 7 that gives an ILP-based iterative greedy
procedure to sort test sessions for further test time reduction.
The framework named three-stage test time optimization
simulator (“SOS3”) is presented in Section 8. Experiments
are conducted in Section 9. Section 10 outlines some lim-
itations of this work suggesting future research directions.
Finally, Section 11 concludes the paper.

2 Preliminaries and Motivations

Since most pre-bond TSV defects are resistive in nature [2],
pinpointing resistive defects is important. Considering the
relative sizes of typical test probes and TSVs, an earlier pro-
posal [15] uses a large probe needle with an active driver
to make simultaneous contact with multiple TSVs at a time.
Figure 1 shows a probe needle connected to two TSVs on
the backside of a thinned die. When conducting die bonding
in 3D IC, micro-bumps or landing pads are typically applied
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Fig. 1 Illustration of pre-bond
TSV probing

to the TSV tip for bonding purpose. The proposed approach
is about testing the TSV before any micro-bump or landing
pad is attached to it. In Fig. 1, gated scan flip-flops (GSF)
are inserted between system logic (shown as AND and OR
gates) and TSVs in accordance with the developing IEEE
P1838 standard [12, 16]. Here, the left TSV is a receiving
TSV that would receive a signal from the other die and drive
the on-chip logic while the right TSV is a sending TSV that
is driven by the on-chip logic and sends a signal to the other
die. In the normal mode, all GSFs are bypassed by open-
ing B2 switches and closing B1 switches using a common
“bypass” signal. Now the receiving TSV in Fig. 1 feeds sig-
nal from the other die (probe in this case) to the input of the
OR gate, and the sending TSV is driven by the output of the
AND gate.

Figure 2 shows a circuit model of the probing test
setup [15, 16] for a 4-TSV network example. TSV i is rep-
resented by its resistance Ri and capacitance Ci . Rc is the
contact resistance between TSV and the probe. Rp is the
probe needle resistance. A gated scan flip-flop (GSF) is
inserted between TSV i and the system logic. All GSFs can
be loaded up or read out through a boundary scan mecha-
nism. In the normal mode, all GSFs are made transparent.
In the pre-bond TSV test mode, all GSFs drive respective
TSVs. In Fig. 2, TSVs 1 and 2 are of the receiving type
and TSVs 3 and 4 are of the sending type. A GSF in scan
mode drives a receiving TSV during pre-bond TSV probing
when both B1 and B2 switches are closed. A GSF drives
a sending TSV when B1 is opened and B2 is closed. Note
that there will be no drive conflict as all TSVs irrespective
of whether they are sending or receiving will be driven by

the GSF during pre-bond TSV testing. The configuration of
switches differs for sending and receiving TSVs.

Power, ground, clock and special test signals controlling
B1 and B2 switches are supplied to on-chip circuitry by
making contact to dedicated TSVs with large probe pads
already attached to them. Those signals are pre-requisite to
any further TSV testing, and they will be supplied by TSVs
with large probe pads contacted by special probe needles in
the probe card. Please refer to the original proposal [15] for
more implementation details.

Pre-bond TSV resistance measurement begins by scan-
ning “1” in all GSFs. Capacitance Ccharge and all TSVs
are then discharged through the probe needle. By config-
uring the switches of a GSF, a charge sharing circuit is
constructed between that GSF and Ccharge through a TSV
(either sending or receiving type). The charging rate of
Ccharge is compared to a calibrated curve of a good TSV to
determine the resistance of the TSV under test.

A parallel TSV test is conducted by configuring multi-
ple GSFs at a time. Now, Ccharge is charged faster and the
measurement terminates quicker. However, the number of
TSVs tested in parallel cannot exceed a constant “r” due to a
minimum measurement resolution constraint [15, 16]. This
resolution of measurement refers to the minimum change in
TSV resistance that can be detected by the technique and
it is adversely affected by the number of TSVs tested in
parallel. We call the TSVs tested in parallel within a TSV
network a test session. Based on this probing technique, any
faulty TSV within a session will cause the session test to fail
but we cannot tell which TSV(s) is (are) faulty. On the other
hand, a passing parallel test implies that all TSVs within
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Fig. 2 Circuit model for
pre-bond TSV probing

the session are fault-free. Because testing is based on cali-
bration of RC constant of TSV, all TSV defects that cause
abnormal resistance or capacitance changes can be detected.

The probe needle remains in contact with a TSV network
throughout its test, and the charging and discharging pro-
cess continues until either all TSVs within the network are
identified as fault-free or a certain number of TSVs with
resistive defects are pinpointed within the network. All TSV
networks are tested in two groups. Networks in a group are
tested simultaneously by a probe head containing a large
number of needles, each making contact with a single net-
work. Once all contacted networks are tested, the probe
head is lifted and repositioned to test the remaining group
[15, 16].

SPICE simulation of a TSV probe setup was done using
the PTM (predictive technology model [18]) 45nm technol-
ogy [14–16, 21], and the capacitance charging time as a
function of session size q, i.e., the number of TSVs tested
in parallel, is recorded in Table 1. Note that this number q

cannot exceed the measurement resolution r . Also, test time
of a session in this work only refers to the time to charge the
capacitor Ccharge, same as in [14]. It is related to the session
size as shown in Column 2 of Table 1.

The goal of TSV probing is to identify up to a certain
number, m, of faulty TSVs in a T TSV network under test
when m is the number of redundant TSVs available to repair
that TSV network. If the number of identified faulty TSVs
exceeds m, then not all faulty TSVs in the network can be
repaired and the chip would be discarded. Otherwise, the on-
chip redundant TSVs are sufficient to replace all identified
faulty ones. This goal of TSV probing can be achieved by
testing one TSV at a time with highest resolution. However

such high resolution may be unnecessary. Besides, a single-
TSV session takes longer test time as shown in Table 1.
Moreover, instead of identifying all faulty TSVs, only up to
m faulty TSVs need to be pinpointed in a network. Signifi-
cant test time saving is possible if we test TSVs in parallel
without losing the capability of identifying up to m faulty
TSVs, and also guarantee that the size of each test session
does not exceed the resolution constraint r .

Reference [14] proposes a heuristic to generate test ses-
sions. However, the results are far from being optimal due to
the greedy nature of the heuristic. For example, to pinpoint 1
faulty TSV in a 6-TSV network with resolution constraint
of r = 4, the heuristic based sessions [14] are {1,2,3,4},
{1,5,6}, {2,5}, {3,6}, {4}, where TSVs are numbered 1
through 6. A careful examination shows the last session {4}
is unnecessary as the first four sessions uniquely identify
any single faulty TSV. For example, if TSV1 is defective
then the first two sessions would fail the test, and the third
and fourth sessions would pass the test. The passing of third
and fourth sessions means TSV2, TSV3, TSV5, and TSV6
are good TSVs. The failing of the second session means

Table 1 Capacitor charging time of parallel TSV test [21]

Number of TSVs tested Charging time

in parallel (q) t (q) in μs

1 8.0

2 5.3

3 4.2

4 3.8
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there is at least one defective TSV among TSV1, TSV5
and TSV6. Thus we reach the conclusion of TSV1 being
defective by only testing the first four sessions. After remov-
ing {4}, the remaining sessions are still non-optimal as an
optimal result is {1,2,3}, {1,4,5}, {2,4,6}, {3,5,6}, which
further reduces test time by 9.7%, according to Table 1.
The above example motivates us to find a way to gene-
rate an optimal set of test sessions with minimum test time.

In the above example if TSV 1 is faulty, then all four ses-
sions, {1,2,3}, {1,4,5}, {2,4,6}, {3,5,6}, need to be applied to
identify it. But if TSV 6 is faulty, then only the first three
sessions need to be applied to pinpoint it. This observation
further motivates us to develop an algorithm that can termi-
nate the test as soon as our goal of identification is reached.
This concept of abort-on-failure is similar to the concept
in [8] which falls in the context of SoC test.

In a matured manufacturing process, TSV yield is
expected to be more than 99% [1, 6]. We calculated the
probability of φ TSVs being defective within a TSV net-
work. The results suggest that this probability decreases
dramatically as φ increases, by considering different TSV
defect distributions. This observation allows us to choose
the application order for sessions so that pre-bond TSV test
can be terminated as early as possible.

3 Terminology

We define the following terms:

1) TSV network. A TSV network consists of all TSVs that
are simultaneously connected to a single probe needle
during test.

2) Test session. During pre-bond test of a TSV network,
a test session refers to charging a subset of TSVs (in
parallel) within the network under test.

3) Session size. Session size q is the number of TSVs in
the subset within the TSV network that is being charged
in the test session.

4) Resolution constraint. Resolution constraint r is an
upper bound on the session size.

5) Maximum number of faulty TSVs to be identified within a
network. This numberm equals the number of redundant
TSVs available to repair the TSV network being tested.

6) Test time of a session. Test time of a session refers to
the charging time of Ccharge. It is related to the session
size (refer to Table 1).

7) Fault map. Fault map ρ represents positions of all
defective TSVs within the network.

8) Worst fault map. Worst fault map for a given TSV net-
work refers to a fault map that takes most sessions to
identify.

4 ILP Model for Test Session Generation
with Specified Identification Capability

We propose an ILP model (named ILP-1) to find a near-
optimal set of test sessions. The problem is formulated as
follows:

Problem 1 Given the test time t (q) for test session size q,
1 ≤ q ≤ r , and the maximum number m of faulty TSVs
within a T -TSV network, determine a series of test sessions
(none exceeding size r) so that up to m faulty TSVs can be
uniquely identified and the total test time is minimized.

A sufficient condition to solve Problem 1 is as follows.

Condition 1 If each TSV (T SVi) is put in m + 1 test ses-
sions, S1, S2, · · · , Sm+1, and an intersection of any pair of
these sessions contain only T SVi , i.e., Sj

⋂
Sk = T SVi for

j �= k ∈ [1, m + 1], then up to m faulty TSVs within the
network can be uniquely identified.

We refer to those m+1 sessions satisfying condition 1 as
m + 1 unique test sessions for T SVi . A unique test session
for T SVi is defined as a session whose intersection with
any other session containing T SVi consists only of T SVi .
We prove the sufficiency of Condition 1 by first stating the
following theorem.

Theorem 1 Given that there are no more than m faulty
TSVs within a network. If a good TSV, T SVi , belongs to
m+ 1 unique test sessions, then we can find at least one out
of these m + 1 sessions which consists of only good TSVs.

We prove Theorem 1 by contraposition.

Proof of Theorem 1 Given there are up to m faulty TSVs
within a network. Suppose each unique test session for
T SVi contains at least one faulty TSV. Because of the
“unique” identity of these m + 1 sessions, the faulty TSVs
within each session should be different. We conclude that
there will be at least m + 1 faulty TSVs within the network,
which is obviously a contradiction to the given condition
that says there are at most m faulty TSVs. In other words, at
least one unique session for T SVi would contain only good
TSVs.

Next, we prove that Condition 1 is sufficient for solving
Problem 1.

Proof of Sufficiency According to Theorem 1, Condition 1
guarantees that for any good TSV (say, T SVi) there will be
at least one unique session Sj consisting only of good TSVs.
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The test result of Sj would then suggest that all TSVs within
Sj are fault-free. Thus, we uniquely identify T SVi as a good
TSV. If all good TSVs are identified, then all defective TSVs
are too.

Proof of Non-necessity The non-necessity of Condition 1
is proven by an example. Suppose, all TSVs are tested one
at a time and so each is uniquely identified. In other words,
each TSV is contained in only one session.

The model ILP-1 proposed in this section is based on
Condition 1. We first summarize all general constraints for
this model as follows:

1) C1. Each TSV should reside in at least m + 1 sessions.
2) C2. The size of a test session ranges anywhere from 0

(empty session) to r .
3) C3. We suppose any non-empty session is a unique

session for any TSV within it.

An upper bound Nup on total number of sessions can be
calculated as,

Nup =
⌈

t (1)

t (r)
· T

⌉

(1)

where r is resolution constraint, t (1) and t (r) are test times
for sessions with sizes 1 and r , respectively. If the total
number of sessions N is larger than Nup, then even if all
sessions have size r the total test time is still larger than that
of sequential testing with a single TSV per session. This
upper bound constrains the maximum number of sessions
produced by the ILP model presented next.

A binary variable xij (1 ≤ i ≤ T , 1 ≤ j ≤ Nup) is
defined as follows:

xij =
{
1 if T SVi is assigned to session Sj

0 otherwise
(2)

From C1, we have

Nup∑

j=1

xij ≥ m + 1 (3)

We define an integer variable Lj , which denotes the size of
session Sj ,

Lj =
T∑

i=1

xij (4)

From C2, we have

0 ≤ Lj ≤ r (5)

From C3, if ∃ xij · xik = 1 for any i and any j, k ∈
[1, Nup], j �= k, then

T∑

i=1
xij · xik = 1. C3 also implies that

the intersection of any two distinctly different sessions Sj

and Sk should contain no more than a single TSV, thus,

∣
∣
∣Sj

⋂
Sk

∣
∣
∣ =

T∑

i=1

xij · xik ≤ 1 (6)

Constraint (6) is obviously nonlinear. To linearize it, we
further introduce a binary variable zijk = xij · xik and two
more linear constraints:

xij + xik − zijk ≤ 1 (7)

xij + xik − 2 · zijk ≥ 0 (8)

According to these constraints if xij = 0, then zijk ≤ xik

2 .
Since both xik and zijk are binary variables, zijk must be 0.
If xij = 1, xik ≤ zijk ≤ 0.5 + 0.5xik , then we conclude,
zijk = xik . Thus, constraints (7) and (8) guarantee zijk =
xij · xik . With zijk , constraint (6) becomes

T∑

i=1

zijk ≤ 1 (9)

The objective of the ILP model is to minimize the total
test time of all sessions:

Minimize

Nup∑

j=1

t (Lj ) (10)

Both Lj and t (Lj ) are variables, we need to linearize the
objective function so that any commercial ILP solver can be
used. We introduce a new binary variable δjq (1 ≤ j ≤ Nup,
0 ≤ q ≤ r),

δjq =
{
1 if session Sj contains q TSVs
0 otherwise

(11)

With Eq. 11, t (Lj ) =
r∑

q=0
δjq · t (q). In addition, two new

constraints should be included in the model. First,

Lj =
r∑

q=0

q · δjq (12)

indicates that a session can have 0 to r TSVs. Then,

r∑

q=0

δjq = 1 (13)

indicates that the size of a session should be unique. For
every session Sj , there will be exactly one value of q for
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which δjq = 1. Therefore, δjq determines the size of Sj . We
can rewrite the objective function (10) as,

Minimize

Nup∑

j=1

r∑

q=0

δjq · t (q) (14)

The test time for any session size t (q) is a constant
obtained from SPICE simulation as shown in Table 1. Thus,
the objective function is linearized.

The complete ILP model is summarized in Fig. 3. Both
the number of variables and number of constraints (a mea-
sure of complexity of the model) of the ILP model are
O(N2

upT ). For the example of Section 2, ILP-1 produces
four test sessions with minimum test time. Note, however,
that a globally optimal set of sessions is not guaranteed by
ILP-1 since the model is based on Condition 1 which is a
non-necessary condition for solving Problem 1.

The sessions generated by ILP-1 guarantee that all TSVs
can be identified if the total number of faulty TSVs in a
network does not exceed m. If there are more than m faulty
TSVs within a network, then the sessions produced by ILP-
1 can result in two possible situations. Either, not all TSVs
are uniquely identified as either being good or faulty, or, the
set of identified faulty TSVs is larger than m but contains
all really faulty TSVs. In both situations, we conclude that
there are more than m faulty TSVs within the network and
the chip can be discarded. Therefore, the sessions provided
by ILP-1 can always help make the right decision to either

Fig. 3 ILP-1 for finding near-optimal test sessions with specified
identification capability

replace the identified bad TSVs or discard the chip as having
too many faulty TSVs within a local silicon area.

5 A Fast TSV Identification Algorithm

The test sessions generated based on Condition 1 guarantee
to handle any possible fault map. But for some fault maps,
only part of the sessions need to be applied. Let us recon-
sider the example of Section 2. For T = 6, m = 1, r = 4,
only 3 out of 4 test sessions were needed to identify the
faulty T SV6, which would further save 25% from test time.
In this section, we now propose a faster TSV identification
algorithm to further speed up the pre-bond TSV test in two
aspects. First, during the identification process, any “cur-
rently unnecessary” session is skipped. Second, TSV test is
terminated as soon as either all TSVs have been identified
or the number of identified faulty TSVs exceeds m because
the chip can be discarded due to lack of redundant TSVs and
further test is deemed useless.

Pseudo-code of the algorithm is shown in Fig. 4 where
parameter t represents the test time of a session. The algo-
rithm starts by initializing three empty lists named “Good”,
“Bad”, and “F C”, respectively. The “Good” and “Bad”
lists contain the identified good and faulty TSVs, respec-
tively. The faulty candidate list “F C” is used to contain any

Fig. 4 A dynamically optimized TSV identification algorithm
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failing session. The algorithm enumerates all given test
sessions generated by either ILP-1 [33] or a heuristic
method [14] and skips any “currently unnecessary” session
where either all TSVs in the session have been identified
so far or there is at least one identified bad TSV in the ses-
sion. A “currently unnecessary” session does not provide
any information on TSV identification. We define a fault
map ρ as a set of positions of defective TSVs within a TSV
network. Although a session may be “currently unneces-
sary” for identifying some fault maps of a TSV network,
it could be essential for identifying other fault maps of the
same TSV network. So, none of the “currently unnecessary”
sessions can be deleted. If a session is not skipped, it will be
applied. If tests in the session pass, then all TSVs covered by
the session are added to “Good”, which is then used to refine
“F C” by removing all identified good TSVs (see Line 10 of
Fig. 4). Now, if any failing session in “F C” contains only
one TSV, then that TSV is identified as defective and added
to “Bad.” If a session fails the test, “Good” is again utilized
to refine this failing session (line 15 of Fig. 4). If the session
after refinement contains only one TSV, that TSV is added
to “Bad.” Otherwise, the refined failing session is appended
to “F C.” The above procedure terminates as soon as any
condition shown on line 20 in Fig. 4 is satisfied.

Table 2 shows the results of the proposed algorithm
applied to various TSV networks. Column 1 shows parame-
ters T (network size),m (redundant TSVs available to repair
the network) and r (resolution). Column 2 gives the number
of faulty TSVs (φ) within the network. Column 3 shows the
total number of sessions and total test time (in 10−5s) for
exhaustive application of sessions optimized by ILP-1. For
given φ, we enumerate all possible fault maps and obtain
the test time and number of tested sessions using the algo-
rithm of Fig. 4. Column 4 shows the average number of
tested sessions and average test time for identifying all fault
maps containing φ faulty TSVs. Column 5 shows the rela-
tive reduction in Column 4 over Column 3. Column 6 shows
the maximum number of sessions tested and the correspond-
ing test time for identifying a fault map. Column 7 shows
the relative reduction in Column 6 over Column 3.

We make four observations from Table 2. First, the aver-
age number of tested sessions and average test time are
much lower than the total number of sessions and total test
time for any φ ≤ m (reparable TSV network) or any φ > m

(irreparable TSV network). For example, the average per-
centage reduction reaches 68.0% for parameters T = 15,
m = 4, r = 3, and φ = 0. On average, the proposed
algorithm greatly speeds up the pre-bond TSV identifica-
tion process. Note that the average percentage reduction in
number of sessions is sometimes slightly different from the
average percentage reduction in test time. This is because
the test time of sessions can vary depending on the number
of TSVs being tested in those sessions, as shown in Table 1.

Second, as φ increases the average percentage reduction
decreases. This is expected as pinpointing a larger number
of faulty TSVs within a TSV network generally requires
more sessions to be applied at the cost of more time. Third,
in most cases even the maximum number of tested sessions
is less than the total number of sessions. Fourth, as expected,
the maximum number of applied sessions increases as φ

increases for a given TSV network. From Column 7, reduc-
tion in the worst-case can be small for large φ, requiring
all sessions to identify a fault map. This scenario occurs
when fault map contains m or more faulty TSVs. The prob-
ability of such large number of faulty TSVs within a small
localized silicon area may be negligible for a mature manu-
facturing process. Thus, the worst-case percentage test time
reduction could be quite significant.

To sum up the preceding discussion, the proposed TSV
identification algorithm has two main advantages. First, the
average number of tested sessions and test time are guar-
anteed to be small factions of total sessions and test time.
Second, even for the worst fault map, for which most ses-
sions are needed, not all sessions may be used, mainly due
to the non-necessity nature of Condition 1.

6 Probabilistic Analysis of Different Number
of Faulty TSVs within a TSV Network

In this section, we analyze the effects of varying the number
of faulty TSVs within a network. TSV defect distributions
can be broadly classified as two types, namely independent
defect distribution [35] and clustered defect distribution [23,
35]. For independent TSV defect distribution, the failing
probabilities of TSVs are independent from each other and
the probability of φ faulty TSVs within a T -TSV network
can be expressed as:

P(φ) =
(

T

φ

)

pφ(1 − p)T −φ (15)

where p is average TSV failing probability.
Defects clustering models a scenario where the pres-

ence of a defective TSV increases the probability of more
defects in close vicinity [23, 35]. Reference [35] assumes,
1) a defect cluster center [23, 35] consists of only a single
defective TSV, and 2) the failure rate of T SVi is inversely
proportional to the distance from the defect cluster center.
Thus,

p(T SVi) = p · (1 + (
1

dic

)α) (16)

where p(T SVi) is the failing probability of T SVi , dic is the
distance of T SVi from the defect cluster center and α is a
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Table 2 Exhaustive [33] and dynamically optimized (Fig. 4) application of TSV test sessions constructed by ILP-1

Number Optimum exhaustive Dynamically optimized test

T , m, r of faulty test [33] Average test sessions Average reduction Worst-case sessions Worst-case reduction

TSVs (φ) (# sessions, time×10−5s) (# used, time×10−5s) (sessions, time) (# used, time×10−5s) (sessions, time)

0 (5.0, 2.10) (37.5%, 37.5%) (5, 2.10) (37.5%, 37.5%)

8, 2, 3 1 (8, 3.36) (5.3, 2.25) (32.8%, 32.8%) (6, 2.52) (25.0%, 25.0%)

2 (6.4, 2.71) (19.1%, 19.1%) (8, 3.36) (0.0%, 0.0%)

3 (7.5, 3.17) (5.3%, 5.3%) (8, 3.36) (0.0%, 0.0%)

0 (7.0, 2.94) (56.2%, 56.2%) (7, 2.94) (56.2%, 56.2%)

1 (7.5, 3.14) (53.1%, 53.1%) (9, 3.78) (43.7%, 43.7%)

12, 3, 3 2 (16, 6.72) (8.7, 3.65) (45.5%, 45.5%) (12, 5.04) (25.0%, 25.0%)

3 (10.3, 4.32) (35.5%, 35.5%) (14, 5.88) (12.5%, 12.4%)

4 (11.8, 4.97) (25.9%, 25.9%) (16, 6.72) (0.0%, 0.0%)

0 (8.0, 3.36) (68.0%, 68.0%) (8, 3.36) (68.0%, 68.0%)

1 (9.6, 4.03) (61.6%, 61.6%) (14, 5.88) (44.0%, 44.0%)

15, 4, 3 2 (25, 10.50) (11.1, 4.68) (55.3%, 55.3%) (17, 7.14) (32.0%, 32.0%)

3 (12.6, 5.33) (49.2%, 49.2%) (20, 8.40) (20.0%, 20.0%)

4 (14.3, 6.03) (42.5%, 42.5%) (23, 9.66) (8.0%, 8.0%)

5 (15.8, 6.66) (36.5%, 36.5%) (25, 10.50) (0.0%, 0.0%)

0 (9.0, 3.42) (64.0%, 63.9%) (9, 3.42) (64.0%, 63.9%)

1 (10.8, 4.10) (56.8%, 56.7%) (15, 5.69) (40.0%, 39.9%)

20, 4, 4 2 (25, 9.50) (12.3, 4.68) (50.6%, 50.6%) (18, 6.83) (28.0%, 27.9%)

3 (13.9, 5.31) (44.0%, 44.0%) (21, 7.97) (16.0%, 15.9%)

4 (15.1, 5.76) (39.3%, 39.3%) (24, 9.11) (4.0%, 3.9%)

5 (18.0, 6.85) (27.8%, 27.8%) (25, 9.49) (0.0%, 0.0%)

clustering coefficient. Larger values of α imply less cluster-
ing. As α → ∞, the defect distribution tends to become an
independent distribution.

The clustered model requires the TSV location informa-
tion. Since the number of TSVs within a network is typically
less than 20, we consider a TSV network as a 5 × 5 matrix
of 25 possible locations separated by the TSV pitch (mini-
mum separation between a TSV pair). The value 5 is chosen
based on the ratio of the size of a probe needle and realis-
tic TSV pitch [17, 22]. We randomly choose T locations of
the matrix to construct a T TSV network. We then employ
Eq. 16 to analyze the probability of φ TSVs being defective
within a network. Because exactly modeling the TSV defect
clustering effect across different TSV networks is difficult,
following Zhao et al. [35] we assume that each TSV network
has only one defect cluster center and defect clusters within
different networks do not interfere with each other. This
yield modeling approach tries to mimic the defect clustering
effects of silicon while maintaining simplicity.

Table 3 shows probabilities for different values of φ for
a 15-TSV network. We vary the TSV yield from 98% to
99.5% to accommodate different levels of maturity of the
manufacturing processes. The clustering coefficient α is set
as 1 and 2, similar to [35] and [9]. Note the values under

clustered defect distribution are averaged over 100 Monte
Carlo runs, with each run randomly placing 15 TSVs on a
5-by-5 matrix. By doing this, we try to simulate all possible
TSV placements in real silicon.

Three observations are summarized from Table 3. First,
irrespective of the defect distribution, the probability of
φ = 0 is largest and is even much larger than the sum for

Table 3 Probability of different number φ of failing TSVs within a
15-TSV network

Defect TSV Number of faulty TSVs, φ

distribution yield 0 1 2 ≥3

99.5% 92.76% 6.99% 0.25% 0.00%

Independent 99.0% 86.01% 13.03% 0.92% 0.04%

98.0% 73.86% 22.60% 3.23% 0.31%

Clustered 99.5% 92.76% 6.70% 0.35% 0.19%

α=1 99.0% 86.01% 12.07% 1.26% 0.66%

98.0% 73.86% 19.55% 4.16% 2.43%

Clustered 99.5% 92.76% 6.78% 0.31% 0.15%

α=2 99.0% 86.01% 12.39% 1.13% 0.47%

98.0% 73.86% 20.60% 3.81% 1.73%
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the rest of the cases with φ > 0. Second, the sum of proba-
bilities for φ = 0 and φ = 1 is almost 1 in all situations, and
the probability of φ ≥ 3 is very low. Third, as TSV yield
decreases, probability of φ = 0 decreases. Motivated by
above observations, we propose to sort the order of test ses-
sions to reduce the expectation of pre-bond TSV test time,
as explained in the next section.

7 An Iterative Greedy Procedure for Test Session
Scheduling

We express the expectation E(�) of test time (�) of a TSV
network as follows:

E(�) =
∑

∀ρ

γ (ρ)P (ρ) (17)

where ρ is any specific fault map in the TSV network
as defined in Section 3, γ (ρ) is the identification time to
determine ρ using the fast TSV identification algorithm of
Section 5 [31], and P(ρ) is the occurrence probability of ρ.
Note that ρ = ∅ or |ρ| = φ = 0 means that all TSVs within
the network are fault-free. Going forward from Problem 1
of Section 4, we formulate the next two problems.

Problem 2 Given a series of N test sessions that can
uniquely identify up to m faulty TSVs within a TSV net-
work of T TSVs, find an optimal order to apply those
sessions so that the expectation of pre-bond TSV test time
is minimized for this TSV network.

To solve Problem 2, a straightforward method is to find
all permutations of test sessions, and for each permutation
calculate the test time expectation using Eq. 17. The permu-
tation which yields minimum E(�) would be the selected
choice. However, there can be N ! permutations and 2T − 1
fault maps. So the identification algorithm [31] must be
run N ! · (2T − 1) times, which is highly time-consuming
even for a small network. Fortunately, we notice that the
probability of different number of faulty TSVs is inversely
proportional to φ. Specifically,

∑

|ρ|=i

P (ρ) �
∑

|ρ|=j

P (ρ) for any i < j (18)

where
∑

|ρ|=i

P (ρ) = P(φ = i) and
∑

|ρ|=j

P (ρ) = P(φ = j).

Motivated by the fact that P(ρ) is large for small |ρ| and
decreases dramatically as |ρ| increases, if we can reduce
γ (ρ) for small |ρ| the test time expectation should be greatly
reduced. For example, the probability of P(ρ = ∅), i.e., all

TSVs in network are good, dominates. In case of ρ = ∅,
all TSVs are identified as good TSVs as long as the already
tested sessions covered all TSVs. Based on this observation,
Problem 3 is formulated as follows.

Problem 3 Given N test sessions that can uniquely identify
up to m faulty TSVs within a network of T TSVs, select
M out of N sessions such that these M sessions cover each
TSV at least once and the total test time of the selected M

sessions is minimum.

Problem 3 can be solved by constructing an ILP model,
named “ILP-2” to differentiate it from ILP-1 of Section 4.
We introduce a variable Pj , j ∈ [1, N ], where

Pj =
{
1 if session Sj is selected
0 otherwise

(19)

Then, ILP-2 is described as follows:

Objective: Minimize
N∑

j=1

t (Lj ) · Pj

Subject to constraints: each T SVi, i ∈ [1, T ], is tested at
least once by the selected sessions.

Lj represents the size of session Sj , and t (Lj ) the test
time of Sj , which is a constant for a given Lj . Consider-
ing the complexity of ILP-2, its numbers for variables and
constraints are O(NT ) and O(T ), respectively. In all our
experiments, ILP-2 was solved in 1 second or less. The ses-
sions covering all TSVs with minimal test time are sorted
according to Problem 3 and applied before the rest of the
sessions. This would reduce γ (ρ = ∅) and thus reduce the
test time expectation.

As can be seen from Table 3, P(φ = 1) is not negligi-
ble. If we can further reduce γ (ρ) with |ρ| = 1, the test
time expectation should be further reduced. The N test ses-
sions in Problems 2 and 3 can be produced by either the
ILP-1 [33] of Section 4 or the heuristic method [14]. Ses-
sions produced by both methods have characteristics such
that if each TSV is covered (or tested) by at least two ses-
sions, any single faulty TSV can be uniquely identified. To
reduce γ (ρ) with |ρ| = 1, we can retain the M sessions pro-
duced by ILP-2, and find M1 additional sessions from the
remaining N − M sessions such that the M + M1 sessions
will cover each TSV at least twice and the test time of the
M1 sessions is minimum.

Next we explain how ILP-2 can be again utilized to find
the M1 sessions mentioned above. We first count the times
each TSV is covered by first M sessions, and place the
TSVs that have been covered only once in a list named
“T SV set”. ILP-2 is now utilized to find M1 sessions out
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of the N − M sessions such that each T SVi, i ∈ T SV set

is covered (or tested) at least once by these M1 sessions and
the total test time of these M1 sessions is minimum. The
resulting M1 sessions will be sorted and applied directly
after the M sessions. These M + M1 sessions first guar-
antee γ (ρ = ∅) is minimized and based on this premise
further minimize γ (ρ) with |ρ| = 1 (simply represented as
γ (|ρ| = 1)). Similar procedure can be repeated for further
reduction of γ (|ρ| = 2), γ (|ρ| = 3), · · · , until γ (|ρ| = m).

We summarize the overall procedure for session sorting
in Fig. 5. ILP-2 is iteratively utilized in Test session sorting
procedure with each execution trying to find a subset of ses-
sions from “Original sessions” so as to cover all TSVs
within “T SV set” at least once with minimum time. The
greedy nature of our procedure is obvious since it puts
higher priority on reducing γ (ρ) with smaller |ρ|. The run
time of the procedure is (almost) equal to the run time of
ILP-2 multiplied by the number of times ILP-2 is executed,
which is determined by “Stop index” in Fig. 5. Note that
“Stop index” can be set to any value from 1 to m + 1.
When “Stop index” is 1, Test session sorting will only
reduce γ (ρ = ∅) by finding M sessions that cover all TSVs
at least once with minimum time. When “Stop index” is
m+1, the procedure will first reduce γ (ρ = ∅), then reduce
γ (|ρ| = 1), and then reduce γ (|ρ| = 2), · · · , all the way up
to reducing γ (|ρ| = m).

Fig. 5 Iterative session sorting through the use of ILP-2

8 A Three-Stage Test Time Optimization
Simulator

In this section we propose a 3-Stage test time Optimization
Simulator (SOS3). Stage 1 of SOS3 is ILP-1 of Section 4 for
test session generation. Note that we choose ILP-1 instead
of the heuristic method [14] because test sessions generated
by both methods have exactly the same TSV identification
capability, however, ILP-1 generates fewer sessions and is
more test time-efficient as will be illustrated in the next
section.

Stage 2 of SOS3 is the iterative greedy procedure for ses-
sion sorting that implicitly uses ILP-2 of Section 7 (Fig. 5).
This procedure accepts N sessions from Stage 1 as input
and sorts the sessions to reduce test time expectation.

Stage 3 is a fast TSV identification algorithm. This algo-
rithm takes the sorted list of sessions as input and finishes
the identification process as soon as any termination condi-
tion becomes true. By integrating session sorting procedure
and fast TSV identification algorithm in SOS3, the pre-bond
TSV probing can be terminated as soon as possible with
largely reduced test time expectation.

Figure 6 illustrates the overall flow of SOS3. The input to
SOS3 contains three pieces of information: 1) TSV and TSV
network information, 2) probing technology information,
and 3) on-chip TSV redundancy information. The outputs of
SOS3 are: 1) the sorted list of sessions, 2) identified TSVs,
3) test time expectation and 4) expectation of number of
sessions to be applied.

9 Experimental Results

9.1 Test Time Comparison Between ILP-1
and Heuristic Method

In this subsection, we compare the total test time and total
number of sessions for three methods: ILP-1, a heuristic
method [14], and sequentially testing all TSVs one at a time.
For comparison, similar to [14], we simply assume that all
generated sessions are applied. The relative test time ratio
in this section refers to the ratio of total test time to the
total time of sequential TSV testing. Note again the test time
in this work considers only the time to charge the capac-
itor and does not account for the time to physically move
the probe [14]. Our charts only show cases where rela-
tive test time ratio is smaller than 100%. For the cases not
shown, sequentially testing all TSVs one at a time was more
time-efficient than the other two methods. The ILP-1 solu-
tion was obtained from a commercial solver named CPLEX
from IBM [4]. In all situations, the run time of the solver
was under 40 seconds.
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Fig. 6 Three-stage test time
optimization simulator (SOS3)

Figure 7 shows the relative test time ratio for both ILP-1
and heuristic method considering different resolution con-
straint r ∈ [2, 4] and different value of m ∈ [1, 4] in
a 20-TSV network. Note that the test time from ILP-1 is
mostly lower and never higher than the result of heuristics.
The number corresponding to each pair of bars represents
the relative test time improvement of ILP-1 over heuristic.

In Fig. 7, for any given r , the relative test time ratio for
both methods increases as m increases since pinpointing a
larger number of defective TSVs requires more sessions and
longer test time. For the same m, larger r offers smaller test

Fig. 7 Ratios of test time for a 20-TSV network obtained by ILP-
1 (ILP model 1) and heuristics [14], with respect to test time for
sequentially testing all TSVs one at a time

time ratio because now a session can hold more TSVs with
less test time. Moreover, the total number of sessions gen-
erally decreases for larger r . Also, note that ILP-1 always
helps reduce test time further compared to the heuristic
method, and the improvement generally increases as m

increases. This demonstrates that for small m, the heuristic
may behave well but as m increases, result of the heuristic
method deviates farther away from the optimal result. The
largest improvement of ILP-1 over heuristic method reaches
25.8% which happens when T = 20, m = 3 and r = 4.

Figure 8 examines the impact of number T of TSVs
within a network on relative test time ratio. We simulated
four networks of different sizes with m ∈ [1, 4] and r

fixed at 3. We observe that ILP-1 reduces test time com-
pared to heuristics regardless of the value of T . This relative
improvement can be as large as 38.2% as shown on top of
the pair of bars corresponding to T = 11, m = 2. It is
also interesting to observe that the relative test time ratio of
ILP-1 remains consistent across different values of T for a
given m. While for the heuristics, the test time ratio varies
for different network sizes. For example, when m = 2, the
relative test time ratio of heuristics for an 11-TSV network
is much larger than those for other networks. The unsta-
ble performance of the heuristic method is mainly due to
its greedy nature of generating test sessions. These observa-
tions suggest that the proposed ILP-1 model is more robust
across variations of TSV network parameters and thus could
eliminate the need for redesign and optimization of each



J Electron Test (2017) 33:573–589 585

Fig. 8 Test time comparison
between ILP-1 (ILP model 1)
and heuristic [14] for resolution
constraint r = 3

individual TSV network on chip as required in the heuristic
method [14].

We show the total number of test sessions generated by
the two methods for four different networks in Fig. 9 where
r is fixed at 4 and m ∈ [1, 4]. The number on top of each
pair of bars represents the relative reduction in the number
of sessions for ILP-1 over heuristics. As expected, generally
a smaller number of sessions is produced for smaller m. For
a larger TSV network, it is possible to reduce test time with
number of test sessions larger than the total number of TSVs
(i.e., T ). As can be seen, the ILP-1 sometimes produces
the same number of sessions as the heuristic. However, our
experimental results demonstrate that though the number of
sessions produced by both methods may be the same, the
sessions themselves are different. The ILP-1 sessions are
guaranteed to be more time-efficient. For example, for T =
8, m = 1, r = 4 and T = 8, m = 2, r = 4, ILP-1 produces
same number of sessions as the heuristic but with test time
reduced by 5.8% and 12.5%, respectively. In most cases,
ILP-1 helps reduce total number of sessions compared to
the heuristic. For example, for T = 16, m = 4, r = 4, 4 out
of 24 sessions can be further eliminated representing 16.7%
relative reduction.

9.2 Impact of Session Sorting on Test Time and Test
Time Evaluation of SOS3

We now compare the expectations of test time and the
number of tested sessions for two simulators: SOS2
(2-Stage test time Optimization Simulator) and SOS3. The
only difference between SOS2 and SOS3 is that the ILP-2
based iterative session sorting procedure is not used in the
former. By comparing these two simulators, we illustrate the
importance of session sorting in test time reduction. Note
that we do not compare the test time expectation of SOS3
with that of the heuristic method [14], the reasons being,
first, ILP-1 returns smaller number of sessions and less test
time and, second, the ILP-2 based session sorting procedure
in combination with the fault identification algorithm helps
reduce test time expectation further.

The expectation of test timeE(�) is estimated as follows:

E(�)=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

∑

|ρ|<2

γ (ρ)P (ρ) + T T
∑

|ρ|≥2

P(ρ) if m = 1

∑

|ρ|≤2

γ (ρ)P (ρ) + T T
∑

|ρ|≥3

P(ρ) if m ≥ 2
(20)

Fig. 9 Comparison of number
of sessions between ILP-1 (ILP
model 1) and heuristic [14] for
resolution constraint r = 4
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where T T represents the total time of testing all the ses-
sions produced by ILP-1 [33]. Similarly, the expectation of
number of tested sessions E(S) is estimated as,

E(S) =

⎧
⎪⎨

⎪⎩

∑

|ρ|<2
η(ρ)P (ρ) + N

∑

|ρ|≥2
P(ρ) if m = 1

∑

|ρ|≤2
η(ρ)P (ρ) + N

∑

|ρ|≥3
P(ρ) if m ≥ 2

(21)

where η(ρ) represents the number of tested sessions for
identification of fault map ρ using TSV identification algo-
rithm [31]. N is the total number of sessions produced by
ILP-1 [33].

Let us examine equations (20) and (21). For TSV net-
work with m = 1, we simply assume any fault map with
|ρ| ≥ 2 will cause the entire sessions to be tested. This is
because sessions generated for m = 1 are not intended to
identify more than one faulty TSV. According to Table 3,
P(φ ≥ 2) = ∑

|ρ|≥2
P(ρ) is small. Such a low probability

has negligible impact on expectation calculation. For TSV
networks with m ≥ 2, we assume that all sessions need
to be applied to identify fault maps with |ρ| ≥ 3. This is
because it generally takes most of the sessions to identify
large number of defective TSVs (like |ρ| ≥ 3). Moreover,
P(φ ≥ 3) = ∑

|ρ|≥3
P(ρ) is quite small according to Table 3.

Such a low probability has little impact on the expected
value.

Using Eqs. 20 and 21, we compare SOS2 and SOS3 for
various values of T , m and r . The commercial ILP solver
CPLEX [4] is again used in these experiments. For all sim-
ulations, SOS2 and SOS3 provide the outputs in less than
one minute. The expectations of number of test sessions and

Table 4 Expectation of number of tested sessions, defect clustering
coefficient α = 1, data shows (sessions for SOS2, sessions for SOS3,
percentage reduction by SOS3)

Parameters Total number Expected number of tested sessions, E(S)

T , m, r of sessions, N TSV yield = 99.5% TSV yield = 98.0%

8, 1, 2 8 (5.0, 4.0, 19.3%) (5.2, 4.3, 17.4%)

8, 2, 3 8 (5.0, 4.0, 19.4%) (5.1, 4.2, 17.6%)

11, 1, 2 11 (8.0, 6.0, 24.2%) (8.2, 6.4, 21.8%)

11, 2, 3 11 (6.0, 4.1, 31.6%) (6.3, 4.6, 26.8%)

15, 2, 2 23 (10.0, 8.1, 19.3%) (10.6, 8.7, 17.0%)

15, 3, 3 20 (7.1, 6.1, 13.5%) (7.8, 6.9, 11.2%)

16, 3, 4 16 (6.1, 5.2, 15.3%) (6.9, 6.1, 11.6%)

16, 4, 4 20 (5.2, 4.3, 17.9%) (6.2, 5.4, 12.8%)

20, 3, 4 20 (9.1, 6.3, 31.1%) (9.9, 7.5, 24.2%)

20, 4, 4 25 (9.2, 6.3, 31.3%) (10.3, 7.8, 24.5%)

test time for both SOS2 and SOS3 are shown in Tables 4
and 5, respectively. We provide an insightful evaluation of
SOS3 by varying TSV yield from a low of 98.0% to a prac-
tically expected high of 99.5%. Due to space limitation, we
have not included simulation result for 99.0% TSV yield.
Nonetheless, those results always lie somewhere between
those for 98.0% and 99.5% TSV yields. Note we only show
the results under clustered defect distribution with α = 1,
since the results are very similar for the other two defect
distributions in Table 3.

Table 4 shows expected number of sessions and Table 5
shows expected test time. The first columns in both tables
give TSV network parameters T , m and r . The second
columns show the total number of sessions and total test
time of all sessions, respectively, produced by ILP-1 [33].
Columns 3 and 4 contain triplets of values, namely, SOS2
result, SOS3 result, and percent improvement of SOS3
result over SOS2 result. Note that each value is the averaged
result from 100 Monte Carlo runs, where a run corre-
sponds to a different random TSV placement over a 5 × 5
matrix. By doing this we try to consider all TSV placement
possibilities.

We make several observations from Tables 4 and 5. First,
both expectation of number of test sessions and expectation
of test time are only small fractions of total number of ses-
sions and total test time, respectively. This demonstrates that
SOS2 and SOS3 greatly speed up the pre-bond TSV iden-
tification process and thus reduce pre-bond TSV test cost.
From Table 4, the total number of sessions can reach as high
as 25, but the expectation of number of tested sessions is no
more than 8.7 for SOS3. For TSV network with T = 20,
m = 4 and r = 4, the test time expectation of SOS3 result
is only 31.3% of the total test time for 98.0% TSV yield.

Table 5 Expectation of test time (μs), defect clustering coefficient
α = 1, data shows (test time for SOS2, test time for SOS3, reduction
by SOS3)

Parameters Test time of all Expectation of test time, E(�)

T , m, r sessions, T T TSV yield = 99.5% TSV yield = 98.0%

8, 1, 2 42.4 (26.6, 21.5, 19.3%) (27.6, 22.8, 17.4%)

8, 2, 3 33.6 (21.0, 16.9, 19.4%) (21.5, 17.7, 17.6%)

11, 1, 2 58.3 (42.5, 32.1, 24.2%) (43.6, 34.1, 21.8%)

11, 2, 3 46.2 (25.4, 17.3, 31.6%) (26.4, 19.3, 26.8%)

15, 2, 2 121.9 (53.3, 43.0, 19.3%) (56.1, 46.5, 17.0%)

15, 3, 3 84.0 (29.9, 25.8, 13.5%) (32.7, 29.0, 11.2%)

16, 3, 4 60.8 (23.4, 19.8, 15.3%) (26.3, 23.2, 11.6%)

16, 4, 4 76.0 (19.9, 16.3, 17.9%) (23.8, 20.8, 12.8%)

20, 3, 4 76.0 (34.7, 23.9, 31.1%) (37.9, 28.7, 24.2%)

20, 4, 4 95.0 (35.0, 24.0, 31.3%) (39.3, 29.7, 24.5%)
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Our second observation is that both expectation of test
time and number of tested sessions increase for lower TSV
yield. This is because the probability of having a larger
number of defective TSVs within a network increases as
TSV yield drops. Identifying a larger number of faulty TSVs
typically takes more sessions and longer test time from both
SOS2 and SOS3.

A third observation is that SOS3 further reduces the
expectation values compared to SOS2. For example, for
T = 11, m = 2 and r = 3, SOS3 reduces test time
expectation by 31.6% compared to SOS2 for 99.5% TSV
yield.

The fourth and final observation is that the improve-
ment of SOS3 over SOS2 decreases as TSV yield decreases.
This is because the ILP-2 based session sorting procedure
within SOS3 puts higher priority on reducing the identifi-
cation time for smaller value of |ρ|. To identify fault map
with large |ρ| (e.g, |ρ| ≥ 2), SOS3 does not have much
advantage over SOS2. As TSV yield decreases, P(φ ≥
2) = ∑

|ρ|≥2
P(ρ) increases and the advantage of SOS3 also

slightly decreases. However, even the smallest improvement
of SOS3 over SOS2 is 11.2% in both tables. Neverthe-
less, this comparison between SOS2 and SOS3 illustrate
the significance of session sorting in reducing test time
expectation.

10 Limitations and Future Work

The TSV probing technique originally proposed in [14–
16] has several potential advantages. However, one possible
concern in practical utilization of this technique is that the
planarity of TSV tips may not be consistent and could
prevent a large probe needle from making good electrical
contact with all TSVs of the network, simultaneously. Still,
the great benefit offered by the probing method serves as
a strong motivation for both wafer fab and test equipment
manufacturers to work toward finding a solution.

There are other limitations. This TSV probing technique
requires special probe needles to be added to the probe
card to supply power and clock. This will add to the total
cost. Also, the additional test logic including the B1 and B2
switches shown in Fig. 1 will occupy extra die area increas-
ing the cost. On-going work is now trying to quantify the
cost of the proposed method. However, analyzing the cost of
the proposed TSV testing and diagnosis method alone does
not present the full picture of 3D IC testing cost. Eventually,
to analyze the economic factors of 3D IC testing, we must
consider the entire 3D IC manufacturing and test flow. The
3D IC cost depends on many factors like the total number of
layers in a 3D IC, the layer bonding scheme (die on die or

wafer-on-wafer), the specific test flow (are all layers tested,
or only some layers are selectively tested), etc.

The TSV probing approach [14–16] enables testing of
many TSVs in parallel, and thus raises the concerns on the
thermal issues. Compared to the on chip circuitry, TSV test-
ing occupies very small amount of logic. The power of TSV
testing is expected to be small. Further research is needed to
quantify the power issues in parallel TSV testing.

After identification of faulty TSVs using SOS3, TSV
redundancy repairing scheme can come into play to replace
the faulty TSVs with redundant good ones. Due to the clus-
tering nature of TSV defects, replacing a faulty TSV with a
neighboring TSV may not be practical, since the probabil-
ity of that TSV being defective can be relatively high. On
the other hand, if the spare TSV is placed far away from
the faulty TSV it would cause long routing associated with
the repair. Research in this direction is needed to resolve the
routing congestions during TSV replacement and repair.

11 Conclusion

The three-stage optimization method named SOS3 [29]
reduces pre-bond TSV test and identification time. SOS3
includes two integer linear program (ILP) models. The first
ILP model (ILP-1) generates near-optimal set of test ses-
sions for pre-bond TSV probing. Extensive experiments
demonstrate that in all cases considered ILP-1 reduced the
pre-bond TSV identification time compared to that of a
previous heuristic method. We define two termination con-
ditions for TSV probing and show how these conditions help
speed up faulty TSV identification in a network. Finally, a
session sorting procedure is proposed to sequence test ses-
sions in such a way that the pre-bond TSV test can terminate
as soon as possible for a small number of faulty TSVs within
a network. This session sorting procedure, although greedy
in nature, is based on iterative execution of the second ILP
model (ILP-2). Extensive experimental results for various
TSV networks demonstrate the benefit of session sorting on
reducing test time expectation. We show that SOS3 guaran-
tees that the test time expectation is always a small fraction
of the total time of applying all sessions. As a framework,
SOS3 is expected to greatly reduce pre-bond TSV test cost
in real applications.

Note that the ILP-1 model is based on a sufficient but
non-necessary condition for test session generation, which
still leaves room for future explorations, such as, possibly
finding a necessary and sufficient condition to generate a
globally optimal set of sessions.
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