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Abstract—In this paper, we present a methodology for charac-
terization and repair of signal degradation in through-silicon-vias
(TSVs) in 3-D integrated circuits (ICs). The proposed structure
can detect the signal degradation through TSVs due to resistive
shorts in liner oxide and variations in resistance of TSV due to
weak open and/or bonding resistance. For TSVs with moderate
signal degradations, the proposed structure reconfigures itself as
signal recovery circuit to maintain signal fidelity. This allows
electrical repair of TSVs with moderate defects leading to better
design yield and system functionality. This paper presents the
design of the test and recovery structure and demonstrates their
effectiveness through stand alone simulations as well as in a full-
chip physical design of a 3-D IC.

Index Terms—3-D integrated circuit, signal integrity, test,
through-silicon-via.

I. INTRODUCTION

HE functionality of a 3-D integrated circuit (IC) strongly

depends on the fidelity of signals through through-silicon-
vias (TSVs) [1]-[2]. As the TSV process is not a perfect
one, defects can be created while forming the TSVs before
bonding (assuming a via-first process) or while bonding
different dies together [3]-[12]. The defect can be created
by short through the oxide surrounding the TSVs resulting
in finite resistance between TSV and substrate. The open
defects or ruptures can also be created during TSV growth
[3]-[12]. The non-conformal growth of the insulator also
creates defects or variation in TSV properties [3]-[12]. At the
post-bond stage, the defects can be created due to variation
in the resistance of the bonding material or misalignment. A
short through the oxide creates a resistive path through the
oxide to the surrounding substrate and hence ground (assuming
the substrate is grounded, Fig. 1). Likewise the open defect,
variation in bonding resistance, and TSV misalignment impact
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the resistance through a TSV. When the TSV is driven by
a driver, the signal swing and/or slew at the receiver end
can vary significantly due to short/open defects resulting in
either complete or partial signal degradation. The complete
degradation results in no signal propagation through TSVs and
is caused by strong short/open. The weak short/open results
in partial degradation i.e., signal can propagate through the
TSV but with degraded amplitude/slew. Since maintaining the
signal fidelity through TSVs is a primary requirement for 3-D
system integration, it is imperative that characterization of the
electrical impact of the TSV defects/variations is critical.

Testing and characterization of the TSVs have signifi-
cant challenge, particularly before bonding (pre-bond-test)
[3]-[12]. The TSVs are too small for test probe and one cannot
afford to include a large number of probe pads for testing.
The pre-bond test structures also need to satisfy additional
requirements. First, the structures should be designed to be
able to characterize TSV defects after bonding. Second, the
test structures should be able to function as signal recovery
circuits to recover the degraded signal at the receiver end of
the TSV. This will allow electrical repair of the TSVs with
weak defects to maintain system level signal fidelity and help
to improve design yield. Third, distinguishing between weak
and strong defects requires testing for the analog properties
of TSVs. It is important that test structures should be able to
create digital signatures of the analog nature of the defects.
The digital signatures need to be stored on-chip and later
read-out for test, characterization, and recovery. Finally, the
power, performance, and area overhead associated with the
built-in test structures need to be analyzed considering full-
chip analysis of a 3-D IC.

The pre-bond test-structures for detecting resistive shorts
and opens have received limited attention in recent literatures
[9]-[12]. Tsai et al. has discussed detection of pin-holes
defects in TSVs by using circuits to measure TSV resistance
[9]. Chen et al. has proposed to measure the RC time constant
of TSVs and compare that with the known values to determine
the existence of faults [10]-[11]. However, to the best of our
knowledge, there is no prior work that presents on-chip circuit
that can simultaneously detect weak/strong defects in TSVs
during pre-bond and post-bond test and if required, performs
signal recovery under non-catastrophic failures in TSVs.

In this paper, we present an integrated on-line test and
signal recovery structure and associated design/test methods to

2156-3950/$26.00 © 2011 IEEE



CHO et al.: PRE-BOND AND POST-BOND TEST AND SIGNAL RECOVERY STRUCTURE TO CHARACTERIZE AND REPAIR TSV DEFECT

Functional TSV TSV w/ short

MOSFET

- _h;ﬁ e
MOSFET 4,::;,3]

Fig. 1. Schematic illustration of TSV shorts at the pre-bond stage (top) and
variation in the resistance at the post-bond stage (bottom).
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simultaneously characterize TSV defects and maintain signal
fidelity through TSVs. We present a low-overhead digital
test structure based on scan flip-flops (FFs) that detects the
resistive defects in TSVs and characterizes them as in one
of the following groups: 1) bad TSVs with complete sig-
nal degradation; 2) repairable TSVs with moderate signal
degradation and can be recovered with additional circuit; and
3) good TSVs with high signal quality. The test structure is
designed to be able to characterize resistive shorts through
oxide before bonding and resistance variation in the TSV path
after bonding. The proposed test circuit reconfigures itself as
a signal recovery circuit to repair TSVs with moderate pre-
bond or post-bond defects and improve the fidelity of the
signals passing through them. The efficiency and overhead of
the proposed test structure is studied considering full-chip 3-D
physical design of an example circuit.

The rest of this paper is as follows. Section II discusses
the electrical effects of TSV defects, Section III presents
the proposed test and signal-recovery structure, Section IV
presents the simulation results, Section V presents the full-chip
analysis of an example 3-D system, and Section VI concludes
this paper.

II. ELECTRICAL EFFECTS OF TSV DEFECTS

In this section we present the electrical impact of the TSV
defects on the signal quality. Fig. 2(a) shows a typical scenario
where a TSV with a short defect is driven by an inverter in
one die and the signal is received by another inverter on the
second die. Consider variation in the resistance of the short
due to variation in the diameter of the short. The voltage
at the receiver end can vary resulting in either complete or
partial signal degradation. Based on the extent of the signal
degradation, we partition the TSVs in three categories. If a
low resistance short exists, Vtsy will be very low. We refer to
this as un-repairable or bad TSVs. The TSVs for which Vtsy
is very high (>90% Vpp) are considered to good or defect-
free TSVs. We also define a third category of TSVs, referred
to as repairable TSVs. The repairable TSVs correspond to
the TSVs that have shorts with moderately high resistance
such that signal degradation is within an acceptable limit (e.g.,
within 50% of Vpp). The receiver end of such TSVs makes
logical transitions between ‘0’ and ‘1’ but with a reduced
voltage swing. A lower voltage swing leads to higher noise
susceptibility, short-circuit power, and delay at the receiving
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gate as illustrated in Fig. 2. It can be observed that for very
high resistance of the shorts (i.e., good TSVs), the signal swing
is close to ideal [Fig. 2(b)]. As the resistance reduces the signal
swing also gradually reduces [Fig. 2(b)] resulting in corre-
sponding increase in delay through the TSV [Fig. 2(c)] and
average power of the driver/receiver combination [Fig. 2(d)].
The TSVs with such intermediate resistances of the short
belong to the repairable TSVs category. We refer to them as
repairable because if the signal swing can be recovered at the
receiver end, these TSVs will function correctly (although,
possibly with a higher delay than the good ones). If the
resistance is very low, the signal fails to make transition.
Fig. 3(a) shows a scenario where resistance variation can
occur between TSV and receiver/driver due to weak open,
misalignment, and bonding resistance. We collectively model
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the combined effect as variation in net TSV resistance. For
small variation in this TSV resistance, the signal swing is close
to ideal. As the variation increases, the signal swing through
the TSV starts to reduce and eventually the TSV fails to func-
tion properly. Hence, variation in the TSV resistance degrades
signal swing [Fig. 3(b)], impacts signal slew [Fig. 3(c)], and
increases the delay of signal through TSV [Fig. 3(d)].

III. TEST AND SIGNAL-RECOVERY STRUCTURE FOR TSV

In this section we discuss the proposed test and signal-
recovery structure and its operating principle. The driver and
the receiver across a TSV reside at two different tiers after
bonding. Hence, during pre-bond test, our aim is to design a
test circuit that can mimic the voltage degradation through the
TSVs. But the test structure needs to perform this by using
all devices in the same tier. The objective of the proposed
test structure is to first place individual TSVs in one of
three categories during the pre-bond test: bad, repairable, or
good. If a bad TSV exists (assuming non redundant TSVs),
the die is detected as a faulty one and not used during
bonding thereby adding to yield degradation. However, for
the repairable TSVs, the test structure reconfigures itself as
a signal recovery circuit during post-bond normal operation.
This reduces the overall yield degradation at the expense of
marginal delay and/or power overhead. For the good TSVs,
the test structure allows direct signal transfer from the driver
to the receiver without signal recovery. After bonding, the
test structure re-tests individual TSVs to capture the effect
of variations in resistance of TSV. Note the test structure for
repairable TSVs continues to operate in the recovery mode
even after bonding. But even if a TSV is detected as defect-free
during pre-bond test, if the variation in the resistance of that
TSV is very high after bonding and causes signal degradation,
the test structure for that TSV reconfigures itself to a signal
recovery circuit.

A. Basic Structure and Operating Principle

1) Pre-Bond Test Mode for Input TSV: A TSV-test-inverter
(TTI) is connected to each TSV (Fig. 4). During testing the
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input of the TTI is held low. This forms a resistor divider
structure between the p-channel metal-oxide-semiconductor
(PMOS) resistance of the TTI-inverter and the resistance of
the TSV short. The resistances of the short (Rghort) and the
TTI determine the voltage at the TSV-TTI junction (Vrsy).
Depending on the value of the Rghor, the Vrsy will vary.
This Vtsy is next compared against a reference voltage
and sampled into a scan FF connected to the comparator.
The reference voltage is selected such that it represents an
“acceptable” signal quality (e.g., >50% of Vpp). The TSVs
with low resistive shorts have Vpsy values less than the
reference voltage while the defect-free TSVs have very high
Vrsy. The output of the comparator connected to the TSV
captures the extent of the short in that TSV in a digital ‘1/0’
form. The values stored in the scan FFs are scanned out to
locate the faulty TSVs at the end of the test. If such TSVs
exist the die is categorized as a faulty one. The above test is
performed again but with a higher reference voltage (~90%
of Vpp). The scan FFs which indicate faults with this high
reference voltage corresponds to repairable TSVs.

2) Signal Recovery During Normal Operation (Input TSV):
For the repairable TSVs, the test circuit reconfigures itself
to connect the output of the comparator to the input of the
logic gates (instead of directly using the TSVs) during normal
operation. The comparator is designed such that during normal
operation it functions as a level converter circuit and recovers
the signal degradation. As for the input TSVs, the test circuit
resides between TSV and the input logic gate.

3) Pre-Bond Testing and Signal Recovery for the Output
TSV: The test structure for pre-bond testing of an output
TSV is similar to that of an input TSV and uses the same
test/reconfiguration circuit. The TTI is connected to the TSV
and the Vrgy is sampled by the test circuit. The basic
operating principle is also similar. The only difference is that
instead of an output multiplexor (MUX), here we need to
extend the input MUX to multiplex Vtsy, scan in (SI), and
the logic output. The primary difference in this case is that
the signal recovery needs to be performed in the second die
[Fig. 5(a)]. This requires re-running the TSV test after bonding
where the TTI drives the bonded TSV. The Vtsy developed
at the receiver end in the second die is compared against the
threshold to activate or deactivate the signal recovery.

4) Post-Bond Testing and Signal Recovery: Along with the
short defects in the TSVs, the effective resistance of the TSV
can also vary due to weak open, resistance of the bonding
material, or misalignment during die-bonding. The proposed
test structure is also used to characterize variations in the
resistance of TSV and if required perform signal recovery
[Fig. 5(b)]. Note if a TSV is detected as a repairable one in
the pre-bond stage, it is automatically configured in the signal-
recovery mode. Further, as such TSVs have moderate short, the
voltage developed at the TSV end varies with a change in the
resistance of the TSV. Hence, our test approach is to activate
the TSVs from the driver layers and sample the TSV voltage
at the receiver layer using the proposed test circuit. However,
for good TSVs with very high resistive short, a variation in the
resistance of TSVs is not reflected in the DC voltage change
of the TSVs. This is because the TSV is connected to the gate
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of a device in the receiver end therefore there is no current
path to ground. To enable the characterization of variation in
the resistance of TSVs in such scenarios we propose to assign
TSV_TEST = 1 for the TTI in the receiver tier. This activates
the n-channel metal-oxide-semiconductor (NMOS) device in
the TTI in the receiver end and creates a current path from
the driver in die 1 to the ground. The NMOS is designed
with long channel (or multiple NMOS in series) to ensure the
voltage drop across the NMOS is very high if variation in the
TSV resistance is very low. Otherwise Vtsy varies depending
on the variation in the resistance. We sample the developed
Vrtsvy into the test circuit to detect whether the variation in
the resistance of TSVs is higher than a given limit. A high
variation in resistance degrades the signal slew (for defect-free
TSVs) and signal swing (for TSVs with short of moderate
resistance) (see Section IV for simulation results). If for a
TSV, a low Vrgy is developed during this test, we activate the
signal recovery circuit to improve the signal swing and slew.
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5) Integration with Scan Architecture for Pre-Bond
Test: This paper primarily focuses on the TSV test. However,
we would like to note that the scan FFs used in the TSV
test can also perform as a scan chain for pre-bond logic test
[Fig. 5(c)]. This enables one to perform pre-bond functional
tests on the partial circuits in each die [6].

B. Detailed Design of the Test and Recovery Circuit

Fig. 6 shows the detail circuit schematic of the proposed
test structure and Fig. 7 shows the control signals and the
methodology for performing the test. We explain the operation
considering the pre-bond test condition. Note the scan FFs
used in the test structure do not function as a FF during
regular operation. The heart of the proposed structure is a
differential sense-amplifier-based FF. The FF is designed only
with the PMOS latch [instead of a complementary metal-
oxide-semiconductor (CMOS) based] to allow it to function
as a level converter during regular operation. We multiplex the
scan input and the TSV input. The select signal of this MUX,
referred to as SCTRL in Fig. 6, controls whether the TSV input
or the scan input is applied to the input of the differential latch.
Since this MUX needs to transfer the TSV voltage during TSV
test, we design this using a transmission gate-based MUX. The
output of this MUX (referred to as IN_A in Fig. 6) forms the
one input of the differential latch. The second input of the
differential latch (referred to as IN_B in Fig. 6) is obtained
by multiplexing the reference voltage (Ver) and the inverse of
IN_A. This is designed as a tri-state inverter-based MUX with
Vrer as the supply voltage. During scan in or regular operation,
the inverse of IN_A is connected to IN_B. During the TSV
test, the signal TT is high which ensures IN_B is equal to
Vet During scan in or signal recovery mode, TT is low which
ensures the inverse of IN_A is applied to IN_B (Figs. 6 and 7).

While operating as a FF during TSV test and scan in/out
mode, the enable signal (referred to as SCLK in Fig. 6) of the
differential latch is the scan clock signal. However, for signal
recovery, SCLK is held high so that the circuit behaves as
a level converter. This can be achieved by multiplexing Vpp
and the scan clock. The selection can be achieved using TT
and SCTRL. Note the SCLK generation circuit is a global one
shared by all test circuits.
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The output selection logic is designed to ensure that the
logic input is equal to: 1) the output of the scan FF during
pre-bond logic test; 2) the output of the comparator for
TSVs requiring signal recovery in the operating mode; and
3) directly connected to the output of the TSVs for good TSVs
in the operating mode. This can be achieved by multiplexing
the three outputs. The control logic for the multiplexor is
shown in Figs. 6 and 7. Note that the select signal that
differentiates between scan mode and regular mode is shared
by all test circuits. However, during operation one needs to
differentiate between direct TSV connections and comparator
connection which is a local signal. We achieve this by re-using
the NAND latch connected to the sense-amplifier-based FF to
store the local requirements of the TSVs (Fig. 7).

IV. SIMULATION RESULTS

In this section, we present simulation results to verify the
functionality of the proposed circuit.

A. Application to Pre-Bond TSV Tests and Signal Recovery

1) Verification of Functionality: Fig. 8 shows the waveform
of operation of the proposed circuit demonstrating Vtsy detec-
tion and signal recovery. It can be observed that the proposed
circuit can successfully detect the Vrgy value [Fig. 8(a)
and (c)]. In the recovery mode, the proposed circuit can
successfully recover the low voltage swing [Fig. 8(b) and (d)].
We next consider statistical simulation of variation in the
diameter of the short. We consider a log-normal variation
in the short diameter (Fig. 9). The resistance corresponding
to different short diameters is computed considering copper
TSV. As expected, the variation in the short diameter results
in a variation in the resistance of TSV shorts. The resistance
variation results in a variation in the voltage at the TTI-
TSV connection (i.e., Vtsy). The proposed test structure
successfully detects whether the shorts corresponds to a bad,
repairable or good TSV.
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2) Factors Affecting Detection Accuracy:

a) Process variations: We first optimize the design
to reduce the offset by proper device sizing. The SPICE
Monte—Carlo simulation is performed considering the internal
variability model for the IBM 90 nm technology [13]. The
variability model simultaneously considers variations in all
process parameters (such as L, W, and Vth, etc.). Due to the
variation in the strength of the PMOS transistor in the TTI,
the generated Vrsy for same short resistances can vary as
shown in Fig. 10(a). This adds to the variation in the offset
voltage of the differential latch due to device and output
load mismatch. Considering these variations we compute the
misdetection probability. We consider the random variations
in the short diameters (hence, resistances) for TSVs. For each
such TSV case, we perform 1000 Monte—Carlo simulations
considering the random process variations and observed
whether the TSV is detected as the good, repairable or bad.
For each such TSV finally we compute the total probability
of detecting it as good/repairable/bad and plot it against the
short resistance. The detection probability should be a step
function in the ideal case. However, due to finite offset there
exists a misdetection probability but it is within an acceptable
limit [Fig. 10(b)]. Next, we vary the standard deviation of
the offset distribution and consider 1000 instances in a 3-D
die with ~1500 TSVs. For each such instance we randomly
assign the TSV short diameter (and resistance) and perform
the detection. The total numbers of TSVs that are incorrectly
detected as repairable or good ones are computed for each
die instance as a percentage of the total number of TSVs. The
average of this value over the 1000 die instances is plotted
in Fig. 10(c). It can be observed that the average percentage
of misdetection error in detecting bad TSV as repairable or
vice-versa is very low. This misdetection error is marginally
higher for detecting good ones as repairable (or vice-versa).
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b) Variation of the driver strength: In a real 3-D
system, the drivers of each TSV are not identical. Hence,
the extent of the signal degradation estimated with a fixed
TTI (referred to as Vpregicted) may not exactly correlate with
the actual signal degradation (referred to as Vcwal). This is
illustrated in Fig. 10(d) for different random driver sizes but
fixed TTI (referred to as ‘random pair’). This is obtained
through multiple Monte—Carlo simulations considering
random variations in short resistance and process parameters.
Howeyver, the size of the drivers of each TSV is known after
the design and full-chip placement/routing of the 3-D chip.
We propose to use this information to match the size of the
TTI for each TSV with the size of the actual driver of that
TSV in the different dies (or same die for output TSVs).
As expected, such a matched pair can significantly improve
the correlation between the predicted and the actual signal
degradation. The marginal difference can still exist because
of the random process variations [as shown in Fig. 10(d)].
The above observation indicates that physical design
aware synthesis of the TTI helps to improve the detection
accuracy.

c¢) Signal recovery and TSV limited functional yield: We
next study the effectiveness of the pre-bond TSV test and
signal recovery on the yield enhancement (Fig. 11). We
consider the offset distribution obtained from SPICE sim-
ulation. We generate 1000 random instances of a 3-D die
with 1500 TSVs and different short resistances. The TSVs
are grouped using the proposed circuit in bad/repairable/good
groups and if required signal recovery circuit is activated. A
die is considered faulty if there exists any TSVs with signal
swing <1 V (with or without signal recovery). As expected,
with an increase in the variance in the short diameter, the
number of good TSVs reduces while that of repairable or bad
TSVs increases in Fig. 11(a). This results in yield degradation.
The use of signal recovery can improve the TSV yield and
allow a circuit to function with less control in the TSV process
as shown in Fig. 11(b).

B. Application to Post-Bond Tests and Signal Recovery

We next study the effectiveness of the proposed circuit in
post-bond test and characterization of TSVs. After bonding the
test structure is re-activated to detect Vtsy. For the post-bond
test, the driving inverter is in one tier and Vrsy is sampled
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Fig. 13. Post-bond testing and recovery (a) effect on signal swing, (b) signal slew, and (c) delay.

by the test circuit of the other tier. If a particular TSV under
test has appreciable Rghore (i.€., a repairable TSV), the voltage
level at the TSV output degrades naturally. For such TSVs
signal recovery circuit is activated anyway based on the pre-
bond test outcome. Detecting post-bond resistance variation is
particularly challenging for the TSVs with no oxide short (i.e.,
“good” TSVs). Fig. 12(a) illustrates that the proposed circuit
detects signal quality even for the good TSVs by activating
NMOS of TTI. We observe that Vrtgy reduces as the post-
bond TSV resistance increases. We further perform statistical
simulation to verify the functionality of the post-bond test
[Fig. 12(b)]. Variation in post-bond TSV resistance results in
variation Vtsy. Depending on the level of Vrtsy proposed
detection circuit successfully group TSVs as bad, repairable
and good after bonding.

We now analyze the effectiveness of the signal recovery
to correct against post-bond resistance variation. As shown in
Fig. 13(a) and (b), the signal swing and the signal slew degrade
significantly with an increase in the post-bond TSV resistance.
We observe that the activation of the recovery circuit improves
both the signal swing and the signal slew. Fig. 13(c) illustrates
that a higher post-bond TSV resistance increases the signal
delay. With recovery we can achieve a smaller delay compared
to no recovery through TSV, particularly, for high post-bond
TSV resistance. The delay improvement is primarily because
of the reduction in signal slew as a higher signal slew increases
the delay of the following logic gate. Our simulations have
shown that when we bypass the signal recovery circuit for
good TSVs, the slew at the input of the receiver degrades from
~14% of clock high-time to ~17% clock high-time. This is
primarily due to the resistance of the transmission gate at the
output MUX.

V. SYSTEM LEVEL FULL-CHIP ANALYSIS

We analyze the overhead of the proposed test structure
considering 3-D full-chip physical design with the 45 nm free
PDK technology model [14] and cell libraries.

A. Target 3-D Structure and Design Flow

We use FFT256_8 design [15] to demonstrate our exper-
iment on 3-D circuit. The target 3-D structure is shown in
Fig. 14(a) where the two dies are stacked in a face-to-back
fashion with via-first TSVs. The TSV structure is also shown
in Fig. 14(a).

The 3-D physical design flow [16], [17] is shown in Fig. 15.
First, a min-cut practitioner is used to partition the top level
design into two dies. Each cut becomes a pin in each die,
which corresponds to a TSV. Next, we place TSVs and
standard cells sequentially. We convert the TSV pins to TSV
standard cells which we define in the physical library. Then
we place the TSV cells and standard cells together in the first
die using the predefined pin locations as constraints. After
placement, we change TSV standard cells back to TSV pins
to do routing and optimization. For the second die, we get the
TSV landing pad locations from the previous die. With these
locations as constraints, we perform placement and routing.
The following steps are the same as in the first die. After all
the designs are done, we perform 3-D timing analysis. We
generate the top-level Verilog file containing these two dies
and a SPEF file for TSV parasitics. Primetime reads Verilog
files and SPEF files in incremental modes, and generates a
stitched SPEF file containing the RC information of both two
dies and the TSVs. Then we perform timing analysis on the
stitched files. Fig. 14(b) shows the die shot of the two layers.
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Blue squares in diel show the TSV M1 landing pads, and the
pink squares in die2 show the TSV M6 landing pads. The total
number of TSV is 1444. The area per die is 1.08 x 1.08 mm?.

B. Delay and Power Impact of TSV Test Circuits

We consider the application of the proposed test circuit on
the designed 3-D system. We first redesign the proposed test
circuit in 45 nm PDK technology and verify its functionality.
The physical area of the proposed design in the 45 nm
technology is ~21 um?. We add this additional cell to each
TSV in our 3-D design flow to estimate the area overhead.
For area overhead estimation, we have considered different
partition options resulting in different number of TSVs for the
entire 3-D chip. The area overhead was observed to be less
than 4% of the total die area when TSV area is ~20% of the
die area [Fig. 16(a)].

Next we study the impact of the proposed test/signal recov-
ery circuit on timing and power. SPICE simulation in the
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Fig. 16. Area and delay overhead of the proposed structure from system level
analysis (a) area overhead, (b) delay overhead of the test circuit in different
mode, (c) power overhead of the test circuit in different mode, and (d) tradeoff
of delay and power overhead.

predictive 45 nm node is performed to estimate the delay and
power of the driver, TSV, test circuit, and receiver combination
considering presence/absence of signal recovery. We consider
varying resistance of the oxide short to create good and
repairable TSVs. It can be observed that with the proposed
circuit delay increases marginally for very good TSVs. This
is primarily due to the addition of the transmission gate in the
signal path. But for the repairable TSVs in recovery mode, we
observe a delay reduction through the entire driver-receiver
combination due to improvement of the signal slew at the
receiver input [Fig. 16(b)]. From a power perspective, the
total power remains similar with or without the test-circuit
for good TSVs [Fig. 16(c)]. However, for the repairable TSVs
the total power increases due to the switching in the signal
recovery circuit. A lower short resistance implies a smaller
difference between Vina (=VTsv) and VINB(=Vyer) in Fig. 6.
This implies an increased switching time and hence, a larger
short circuit power through the sense-amplifier. However, the
power of the proposed design was observed to be less than a
microwatt even in the recovery mode.

We next extend the timing/power analysis at the system
level. After the timing analysis of the 3-D design is done,
we add the timing degradation caused by the repairable TSVs
and the test circuit. We assume that the random variations in
TSV short resistances (similar to Fig. 9) and add the timing
overhead of the proposed test circuit either in the recovery
mode or in the bypass mode. Based on this assignment we
compute the new delay for the paths that use TSVs. Each
random case of across chip TSV resistance variation represents
a 3-D chip. We vary the percentage of TSVs that are in
the recovery mode from 1% to 50%, and assign different
delay and power overhead values to all the 3-D timing paths
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based on their working modes (i.e., recovery or bypass).
Note the delay/power overhead is computed with respect to
the design where the test and signal recovery circuit is not
added to the TSVs. As shown in Fig. 16(d), the average
delay overhead decreases as the number of TSVs in recovery
mode increases. However, a higher number of TSVs in the
recovery mode increases the power overhead. This is expected
as the test circuit consumes more power in the recovery mode
[Fig. 16(c)]. However, even with 50% of TSVs in the recovery
mode, the chip level power overhead is marginal.

VI. CONCLUSION

In this paper, we have presented a test structure to
detect the effect of TSV defects on the signal quality of a
3-D system. The proposed structure can be used during the
pre-bond test to detect the resistive shorts through oxide
liners. During the post-bond test, the structure can be used
to characterize the effect of variation in the TSV resistance
on signal quality. Depending on the detected signal quality,
the proposed structure reconfigures itself to perform signal
recovery. This allows improving the yield of 3-D system while
maintaining the signal fidelity. The full-chip analysis shows
that the signal quality enhancement can be achieved with only
moderate overheads in chip area, power, and maximum delay.
As the variability and defects in TSVs and bonding process
are major challenges in the 3-D process flow, the proposed
structure can help to improve the functional yield and signal
fidelity in the next generation 3-D ICs.

REFERENCES

[1] M. Motoyoshi, “Through-silicon via (TSV),” Proc. IEEE, vol. 97, no. 1,
pp. 43-48, Jan. 2009.

[2] R. S. Patti, “3-D integrated circuits and the future of system-on-chip
designs,” Proc. IEEE, vol. 94, no. 6, pp. 1214-1224, Jun. 2006.

[3] E.J. Marinissen and Y. Zorian, “Testing 3-D chips containing through-
silicon vias,” in Proc. Int. Test Conf., Austin, TX, Nov. 2009, pp. 1-11.

[4] X. Zhao, D. L. Lewis, H.-H. S. Lee, and S. K. Lim, “Pre-bond testable
low-power clock tree design for 3-D stacked ICs,” in Proc. IEEE Int.
Conf. Comput. Aid. Design, San Jose, CA, Nov. 2009, pp. 184-190.

[5] H. Lee and K. Chakrabarty, “Test challenges for 3-D integrated circuits,”
IEEE Design Test Comput., vol. 26, no. 5, pp. 26-35, Sep.—Oct. 2009.

[6] X. Wu, P. Falkenstern, K. Chakrabarty, and Y. Xie, “Scan-chain design
and optimization for 3-D integrated circuits,” ACM J. Emerg. Technol.
Comput. Syst., vol. 5, no. 2, pp. 1-22, Jul. 2009.

[71 C.Y. Lo, Y. T Hsing, L. M. Denq, and C. W. Wu, “SoC test architecture
and method for 3-D ICs,” IEEE Trans. Comput.-Aid. Design Integr.
Circuits Syst., vol. 29, no. 10, pp. 1645-1649, Oct. 2010.

[8] E. J. Marinissen, J. Verbree, and M. Konijnenburg, “A structured and
scalable test access architecture for TSV-based 3-D stacked ICs,” in
Proc. 28th VLSI Test Symp., Santa Cruz, CA, Apr. 2010, pp. 269-274.

[9] M. Tsai, A. Klooz, A. Leonard, J. Appel, and P. Franzon, “Through

silicon via (TSV) defect/pinhole self test circuit for 3-D-IC,” in Proc.

IEEE Int. Conf. 3-D Syst. Integr., San Francisco, CA, Sep. 2009, pp.

1-8.

P. Y. Chen, C. W. Wu, and D. M. Kwai, “On-chip TSV testing for 3-D

IC before bonding using sense amplification,” in Proc. Asian Test Symp.,

2009, pp. 450-455.

P. Y. Chen, C. W. Wu, and D. M. Kwai, “On-chip testing of blind and

open-sleeve TSVs for 3-D IC before bonding,” in Proc. VLSI Test Symp.,

Santa Cruz, CA, Apr. 2010, pp. 263-268.

M. Cho, L. Chang, D. Kim, S. Lim, and S. Mukhopadhyay, “Design

method and test structure to characterize and repair TSV defect induced

signal degradation in 3-D system,” in Proc. Int. Conf. Comput.-Aid.

Design, 2010, pp. 694-697.

[10]

[11]

(12]

IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 1, NO. 11, NOVEMBER 2011

[13] HSPICE, Synopsys, Inc., Mountain View, CA, 2010.

[14] Predictive Technology Model [Online]. Available: http://www.eas.asu.
edu/ptm/

[15] T. Thorolfsson, K. Gonsalves, and P. D. Franzon, “Design automation

for a 3-DIC FFT processor for synthetic aperture radar: A case study,”

in Proc. 46th IEEE Design Autom. Conf., San Francisco, CA, Jul. 2009,

pp. 51-56.

D. H. Kim, K. Athikulwongse, and S. K. Lim, “A study of through-

silicon-via impact on the 3-D stacked IC layout,” in Proc. IEEE Int.

Conf. Comput. Aid. Design, San Jose, CA, Nov. 2009, pp. 674-680.

Y. J. Lee, M. Pathak, C. Liu, M. Jung, and S. K. Lim, “Design and

timing optimization of a 3-D stacked microprocessor,” in Proc. ACM

Int. Workshop Timing Issues Specificat. Synth. Digital Syst., 2010, pp.

19-24.

[16]

(17]

Minki Cho (S’08) received the B.E. degree in elec-
tronics engineering from Sogang University, Seoul,
Korea, in 2006, and the M.S. degree in electrical
and computer engineering from the Georgia Institute
of Technology, Atlanta, in 2009. He is currently
pursuing the Ph.D. degree with the School of Elec-
trical and Computer Engineering, Georgia Institute
of Technology.

He interned with the Circuits Research Laboratory,
Intel Corporation, Hillsboro, OR, in 2011. His cur-
rent research interests include self-adaptive circuit
analysis, design for thermal management in nanometer technologies, and
testing methodologies for 3-D circuits and systems.

Chang Liu received the B.S. and M.S. degrees in
microelectronics from Peking University, Beijing,
China, in 2006 and 2009. He is currently pursuing
the Ph.D. degree with the School of Electrical and
Computer Engineering, Georgia Institute of Technol-
ogy, Atlanta.

His current research interests include physical
design and analysis of 3-D integrated circuits includ-
ing through-silicon-vias coupling issues, monolithic
3-D memories, and logics.

Dae Hyun Kim (S’08) received the B.S. degree in
electrical engineering from Seoul National Univer-
sity, Seoul, Korea, in 2002, and the M.S. degree in
electrical and computer engineering from the Geor-
; gia Institute of Technology, Atlanta, in 2007. He is
—— currently pursuing the Ph.D. degree with the School
of Electrical and Computer Engineering, Georgia
Institute of Technology.

His current research interests include physical
design algorithms for 3-D integrated circuits includ-
ing design methodology, placement, routing, and
design for manufacturability.




CHO et al.: PRE-BOND AND POST-BOND TEST AND SIGNAL RECOVERY STRUCTURE TO CHARACTERIZE AND REPAIR TSV DEFECT

Sung Kyu Lim (5°94-M’00-SM’05) received the
B.S., M.S., and Ph.D. degrees from the Computer
Science Department, University of California, Los
Angeles (UCLA), in 1994, 1997, and 2000, respec-
tively.

He was a Post-Doctoral Scholar at UCLA from
2000 to 2001, and a Senior Engineer with Aplus
Design Technologies, Inc., San Jose, CA. He joined
the School of Electrical and Computer Engineering,
Georgia Institute of Technology, Atlanta, in 2001,
where he is currently an Associate Professor. He has
been leading the Cross-Center Theme on 3-D Integration for the Focus Center
Research Program, Semiconductor Research Corporation, Durham, NC, since
2010. He is the author of Practical Problems in Very Large Scale Integration
Physical Design Automation (Springer, 2008). His current research interests
include physical design automation for 3-D integrated circuits, 3-D system-
in-packages, microarchitectural physical planning, and field-programmable
analog arrays.

Dr. Lim received the National Science Foundation Faculty Early Career
Development Award in 2006. He was on the Advisory Board of the ACM
Special Interest Group on Design Automation (SIGDA) from 2003 to 2008
and received the ACM SIGDA Distinguished Service Award in 2008. He was
an Associate Editor of the IEEE TRANSACTIONS ON VERY LARGE SCALE
INTEGRATION SYSTEMS from 2007 to 2009. His work is nominated for the
Best Paper Award at ISPD’06, ICCAD’09, CICC’10, and DAC’11. He is
a member of the Design International Technology Working Group of the
International Technology Roadmap for Semiconductors.

1727

Saibal Mukhopadhyay (S’99-M’07) received the
B.E. degree in electronics and telecommunication
engineering from Jadavpur University, Calcutta,
India, in 2000, and the Ph.D. degree in electrical
and computer engineering from Purdue University,
West Lafayette, IN, in 2006.

He is with the School of Electrical and Com-
puter Engineering, Georgia Institute of Technology,
Atlanta, as an Assistant Professor. Prior to join-
ing the Georgia Institute of Technology, he was
with IBM T. J. Watson Research Center, Yorktown
Heights, NY, as a Research Staff Member. He has co-authored over 100 papers
in refereed journals and conferences and been awarded five U.S. patents. His
current research interests include analysis and design of low-power and robust
circuits in nanometer technologies and 3-D circuits and systems.

Dr. Mukhopadhyay received the National Science Foundation CAREER
Award in 2011, the IBM Faculty Partnership Award in 2009 and 2010, the
SRC Inventor Recognition Award in 2008, the SRC Technical Excellence
Award in 2005, and the IBM Ph.D. Fellowship Award from 2004 to 2005. He
has received the Best in Session Award at 2005 SRC TECNCON and the Best
Paper Awards at the 2003 IEEE Nano and the 2004 International Conference
on Computer Design.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


