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Abstract- Screening out the defects in the
TSV manufacturing process and eliminating the
resistive open fault and leakage fault as early as
possible are beneficial to improve the yield and
reliability of 3D ICs. The existing prebond test
methods are confined to the test accuracy and de-
tection range, especially the test confusion prob-
lem and the lack of diagnosable ability under the
coexistence of multiple faults. Based on the fluc-
tuation of delay feature caused by faults, a kind
of fault coexistence and grading aware TSV test
method is proposed to enhance the yield and reli-
ability of TSVs in this paper. The reference TSV
and the TSV under test are input with test stim-
uli simultaneously. Furthermore, the designed
delay extraction circuit is utilized to generate the
rising edge and the falling edge separately and
additional fault grading circuit can be enriched
according to the test requirements. Finally, a
one bit comparator at the capture end is used
to detect whether two pulse signals arrive simul-
taneously, so as to determine whether there is a
fault and the type of fault. The simulation results
indicate that the detection range of resistive open
fault is more than 281 2, and the detection range
of leakage fault is less than 223 M), which is bet-
ter than most existing methods. While effective-
ly solving resistive open fault and leakage fault,
it can also successfully deal with the coexistence
of two kinds of faults and achieve a 5-level fault
grading ability with relatively low area overhead.

Keywords- Delay feature, fault coexistence,
leakage fault, resistive open fault, through silicon
via.

L.

HROUGH silicon vias (TSVs) based three dimension-
T al integrated circuits (3D ICs) is characteristic of
the smaller footprints, heterogeneous integration, high-
er performance and lower power consumption, which is
essential to satisfy the strict requirement of the future
application and the successful deployment of the technol-
ogy [1] [2]. Despite the aforementioned advantages, yield
and reliability have become the major concern of TSVs
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due to their vulnerability to thermal, stress, electron mi-
gration and defects brought in manufacturing process e-
specially [3] [4] [5]. In order to address the above chal-
lenges and ensure the yield and reliability of 3D ICs,
thorough detection of TSVs is particularly important [6].

Considerable built-in self-test (BIST) methods have
been expended on detecting defects in a TSV by virtue
of the intrinsic resistive or capacitive features of TSVs.
As given in Table 1, the related test methods are detailed
in terms of six features including the basic scheme, de-
tection range of resistive open fault (Ropen), detection
range of leakage fault (Rjcqr), fault coexisting targeted,
fault grade and area overhead.

A. Test methods for resistive open fault or leakage

fault

Borrowing the wisdom of the IO-pin test, a leakage
test and binning for TSVs is achieved by making the
wait time of the CAF-WAS (Charge-and-float, wait-and-
sample) method programmable via a dynamically tun-
able delay line, which is able to adapt to different us-
er settings, such as different test thresholds and TSV
sizes 7). Unfortunately, this method cannot solve the
resistive open fault. Another BIST methodology, archi-
tecture and circuits for testing prebond TSV is proposed
to enhance 3D ICs yield and decrease overall test cost [§].
A scan switch network architecture is designed to carry
out prebond TSV scan testing in test mode and oper-
ate as functional circuit in functional mode respectively.
However, this method can only deal with the leakage
fault and the area overhead is relatively large.

Based on a simple unbalanced circuit to compare the
behavior of the TSV under test with the reference one,
a BIST method is proposed to detect weak open and
bridging defects [9]. Similarly, aiming to the resistive
open fault, variation in the duty cycle of test stimulus
after unbalanced logic gates are used to detect weak open
defects in a TSV [10]. These two methods are suitable
for the detection of resistive open fault, but they are not
enough to detect leakage fault or fault coexisting.

B.  Test methods for both resistive open fault and
leakage fault

A versatile prebond TSV test method applicable be-

fore wafer thinning is presented to handle both the re-

sistive open fault and leakage fault with the capability
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Table 1: Comparison of existing BIST methods for TSV test

Research work Basic scheme Ropen Ricak Fault coexisting Fault grade Area (um2)
2013-TCAD [7] CAF-WAS No 62.5 K — 8MQ* No Yes 54.43
2015-TCAST (8] Path delay No 0.57KQ — 10K No No ~ 100
2016-TVLSI [9] Unbalancing circuit > 1KQ No No No 32
2019-TVLST [10] Duty cycle > 55082 No No No 11.72
2013-TCAD [11]] Ring oscillator ~ 100Q — 100KQ 20 — 500uQ~1*** No No 49
2015-ITC [12] Ring oscillator 0.5KQ—5KQ 25KQ—20K0) No No 20
2015-VTS [13] Pulse shrinkage > 20082 < 40MQ No Excellent 75.54
2019-TVLSI [14]  Pulse shrinkage 0.9KQ —20KQ 3KQ —40KQ No Excellent 15.18
2018-ITC |[15] CP-PC 0—30KQ 50KQ —5MQ Mentioned No 6.82-7.31
2019-TVLST |16] Switched capacitor several K level < 1000K§2 No No 6.73
2020-TCAD [17] Switched capacitor > 30092 615—829u )~ 1*** No No 43.72
2021-ACCESS [1§]  Schmitt trigger Yes Yes Yes No 8.78
This work Delay feature > 2810 < 223MSQ) Yes 5-level  18.89-33.78

* The equivalent resistance of leakage fault is obtained when Vpp = 1V and leakage current is 0.125uA — 16uA.
** The area overhead is estimated by the 90 nm technology node, which is not converted to 45 nm due to the lack of specific units.
*** Here the leakage fault is given in the form of conductance according to the original.

to measure the severity of the fault [11]. A loop-back
ring oscillator test structure combined with input sen-
sitivity analysis is used to prove that the resistive open
fault and the leakage fault affect a TSV measurable os-
cillation period in opposite ways. TSVs are utilized as
capacitive loads of their driving gates in another ring os-
cillator based scheme. Resistive open fault and leakage
fault can be detected separately by measuring the vari-
ations in resistive and capacitive (RC) parameters [12].
The limitation of these methods is that it cannot handle
the problem of fault coexistence and the ability of fault
classification.

In the pulse shrinkage based test, the rising and
falling delay are converted into pulse width, and the
pulse shrinkage technique is utilized to digitize the pulse
width into a digital code which will be compared with
an expected value of fault free [13] |14]. The advantage
of this method is that the quantized digital code has the
natural and excellent ability of fault classification, but
like most existing methods, it is insufficient to deal with
the coexistence of both faults.

Recently, based on the principle of a charge-pump and
pulse-counting approach (CP-PC), a no-touch TSV test
method is proposed to deal with the open and leakage
faults with the quality of process corners, supply voltage
and temperature (PVT) robustness [15]. The virtue of
this method is that it can detect resistive open fault and
leakage fault with less area overhead. However, the fault
coexistence and fault grading are ignored.

Recent effort has been focused on the switched-
capacitor based scheme. A prebond TSV test scheme
with easily applied design for testability (DfT) architec-
tures and a simple fault detection process is presented
to detect open fault, leakage fault and high resistance
fault [16]. More recently, since the TSV defect will lead
to the variation of the resistive, conductive and capac-
itive (RGC) parameters, a post-bond TSV test method
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is proposed to measure the parameters so as to deter-
mine whether the TSV is faulty or not [17]. However,
the two methods do not consider the coexistence or the
classification of faults.

C. Test methods for resistive open fault and leakage
fault coexisting

Although the problem of fault coexistence is men-
tioned in [15], no specific test method is given. Recently,
a test method using Schmitt trigger (ST) as a TSV re-
ceiver is proposed to enhance test resolution and reduce
test confusion when two kinds of faults exist simulta-
neously 18] [19]. Schmitt trigger that is characteristic
of two threshold voltages is utilized to enhance the test
resolution. By decreasing the supply voltage and dis-
criminating whether the ring oscillator oscillates or not,
it can identify whether there are two kinds of faults co-
existing simultaneously. However, the disadvantage of
this method is that it is only suitable for the test scheme
based on ring oscillator, and it does not have the ability
of fault grading. However, the limitation of this method
is that it is only suitable for the test scheme based on
ring oscillator, and it does not have the ability of fault
grading.

D. Motivation and technical contribution

In general, the existing methods have advantages and
disadvantages in terms of testing flexibility, detection
range, test accuracy and area overhead. Through Table
1, we can find that the limitation of the above method is
mainly embodied in three aspects. Firstly, the existing
methods can basically solve one or two kinds of resistive
open fault or leakage fault, but the largest limitation is
that the coexistence of two kinds of faults is ignored.
Secondly, most of the methods do not support fault clas-
sification, which lead to the insufficiency in the design for
diagnosability. At last, the test cost of some methods,
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such as area overhead is relatively large.

The coexistence of resistive open fault and leakage
fault may be divided into the following three cases: 1)
resistive open fault is stronger than leakage fault, and
TSV presents a weaker resistive open fault. 2) The leak-
age fault is stronger than the resistive open fault. In
this case, the TSV exhibits a weaker leakage fault. In
both cases above, higher test accuracy or resolution is
required, which will increase the difficulty and cost of
the test. 3) Resistive open fault is approximately equal
to leakage fault. At this time, the two kinds of fault
effects cancel each other, which show as pseudo “fault
free”, leading to test confusion.

Furthermore, most method mentioned above can de-
tect the type of fault exists in a TSV, but cannot eval-
uate the severity of the fault. On one hand, from the
perspective of design for testability, the main criteria to
measure the quality of test methods are test accuracy,
fault detection range and flexibility of test methods. On
the other hand, from the perspective of TSV manufac-
turer, the most favorable test result is to offer quality
grading directly. Quality grading can provide classifica-
tion according to the quality of TSV, and then it can be
used in circuits with different accuracy requirements to
reduce waste and manufacturing cost.

At present, there is no exact data on TSV yield in
the academic or industrial circles, and there is no rele-
vant report from the company about the probability of
the coexistence of the two kinds of faults, but the pos-
sibility of the coexistence cannot be ruled out in theory.
Especially, when testing a set of TSVs in parallel, for
example, testing six TSVs in a group at the same time,
it is possible that one TSV may exist resistive open fault
while the other one may be leakage fault. Because the ex-
isting BIST methods are confined to the test resolution,
it is likely to lead to inaccurate or even wrong results.

When both resistive open fault and leakage fault exist
simultaneously, the fault effects caused by propagation
delay cancel each other, which lead to test confusion and
increase the difficulty of test. Different from the existing
method based on the principle of propagation delay, the
transition delay which is more sensitive to faults is used
in this paper to solve the problem of two kinds of faults
coexisting, so as to further improve the yield and relia-
bility of TSVs. Firstly, the test stimulus is fed into the
reference TSV and the TSV to be tested simultaneous-
ly. Secondly, the rising edge pulse or falling edge pulse
is generated right after the designed transition delay ex-
traction circuit according to the type of the fault to be
tested. Moreover, additional fault classification circuit
can be added to achieve a 5-level fault classification ca-
pability according to the test requirements in practical.
At last, a one bit comparator at the capture end is u-
tilized to detect whether the two pulse signals arrive at
the same time. The technical merits of this method lie
in the following four aspects.

e Different from |[7]- [10], which can detect only one
kind of fault, the scheme proposed can detect both
resistive open fault and leakage fault successfully.
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Meanwhile, the rising edge delay and falling edge
delay are extracted respectively to separate the mu-
tual cancelation effect of them on the test results,
so as to further solve the test confusion issue under
the condition of fault coexisting that has not been
properly solved in the existing solutions [7]- |17].

Unlike [8]- [12], [15]- [18], this method can not on-
ly judge whether a TSV is faulty, but also diagnose
the severity of the fault, and provide a quantitative
5-level classification result. This is conducive to re-
ducing the waste of TSVs and reducing the total cost
for products with different quality requirements.

Compared with most of the existing methods, the
detection range of this method is much wider. The
detection range of resistive open fault is more than
281 (), which is better than most methods except
[11], [13] and [15]. Meanwhile, the detection range
of leakage fault is less than 223 M, which is better
than most schemes except [11] and [17].

Last but not least, the area overhead is relatively s-
mall. The area overhead of the test structure is only
18.89 um?2. When fault classification is considered,
the area overhead increases to 33.78 um?. However,
compared with existing methods [7], 8], [11], [13]
and |17], the area overhead is still small and accept-
able. Meanwhile, compared with the area overhead
of a single TSV, it is almost negligible.

The rest of the paper will be organized as follows.
Influence of TSV fault on delay is analyzed in section
IT and test scheme proposed is described in section III.
Section I'V elaborates the simulation results and analysis,
and followed by conclusions in section V.

II.

A.  Charge and discharge process of TSV as capaci-
tive load

INFLUENCE OF TSV FAULT ON DELAY

Von

|
|

\ Charge
\

S—s Y

>

(a) (b)

Fig. 1: Electrical model of TSVs before bonding.

The electrical model and fault model of a TSV, in-
cluding diameter, height, oxide layer thickness, filling
material, fault type and other parameters, have been in-
troduced in detail in previous research work [1§] [20] [21]
[22]. On this basis, the charging and discharging process
of TSV is further analyzed in this paper. The TSV with
driver and receiver is shown in Fig. 1 (a). By converting
the driver of TSV in Fig. 1 (a) from gate circuit to a
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pair of PMOS transistor and NMOS transistor, Fig. 1
(b) can be obtained, and then the charging and discharg-
ing process of TSV can be analyzed as follows.

Firstly, when the input signal In is set to “0” long e-
nough, the PMOS transistor turns on to charge the TSV.
After charging, the top node of the TSV is Y =“1”, and
the output signal Out is “0”. Secondly, when the input
signal In is set to “1”7, the NMOS transistor is turned
on to discharge the TSV. After a specific discharge time
T, the TSV top node Y =%“0" and the output signal
Out =“1".

B. Influence of TSV fault on delay feature

The delay characteristics caused by TSV faults are
summarized in Table 2. It can be found that the charging
time (from “0”to “1”) and the discharging time (from “1”
to “0”) become shorter when resistive open fault exists
in a TSV. The reason is that TSV is divided into top
capacitance dC and bottom capacitance (1 — d) C by the
micro-void defect. The part near the top has powerful
influence on the charging and discharging of TSV, and
the bottom part has limited effect, where d represents
the position of micro-void and C represents the parasitic
capacitance of TSV. Therefore, compared with the TSV
fault free, resistive open fault will result in the reduction
of both rising edge and falling edge.

However, compared with resistive open fault, leakage
fault exhibits different influences on TSV charging and
discharging time. Because of the leakage resistance, the
charging speed of TSV becomes slower. On the contrary,
the discharging speed of TSV becomes faster. In other
words, compared with the TSV fault free, the leakage
fault will increase the rising edge time and decrease the
falling edge time, and the overall propagation delay of
the input signal is increased.

—— Vin

Fault free
Rieax=5K Q
——— Rpen=8K Q

Fig. 2: Simulation waveform of delay caused by TSV
fault.

Fig. 2 shows the simulation waveform of delay caused
by TSV fault. The green dotted line and the blue solid
line represent the delay of the TSV fault free and resistive
open fault Ropen, = 5K respectively. It can be seen
that the rising time Atr = 48ps and the falling time
Atf = 35ps. Therefore, the pulse width is reduced by
Atr—Atf = 13ps. However, when Atr and Atf decrease
at the same time, the variation of final delay will be
relatively weak or even negligible.

The red solid line shows the simulation waveform
when the leakage fault Rjeqr = 3K. It is obvious that
the rising time increases and the falling edge time de-
creases when leakage fault exists, which will lead to sig-
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nificant reduction of the overall delay.

Therefore, it can be concluded that when only consid-
ering the resistive open fault or leakage fault in a TSV,
the type of fault can be judged by the fluctuation of
the delay feature of the input signal. However, one of
the disadvantages of this method is that its detection
ability drops sharply when resistive open fault and leak-
age fault coexist. Through the above analysis, it can be
found that the impact of resistive open fault and leakage
fault on the falling edge is similar, that is both decrease,
while the impact on the rising edge is opposite, which
directly leads to the failure of all methods that do not
separate the rising edge from the falling edge to test the
two faults simultaneously. Therefore, for the test of mul-
ti fault coexistence, when the rising edge and the falling
edge are separated, the result of the rising edge test is
no longer reliable, but the result of the falling edge test
can directly reflect the existence of multi fault.

I11.

A. Transition delay extraction circuit

TEST SCHEME PROPOSED

Input Rising edge

Falling cdge

2n+1 Input Delay

Fig. 3: Transition delay extraction circuit.

Fig. 3 shows the basic transition delay extraction
circuit. A delay cell is constructed with 2n + 1 inverters,
where n is equal to 0,1,2.... The rising edge pulse is
generated after signal Input and signal Input_Delay pass
through the AND gate, and the falling edge is generated
after signal Input and signal Input_Delay pass through
NOR gate.

Input_delay | (2n+1)y
—> <«
S
—
Rising edge i
oo o
H =
Falling edge | | |

Fig. 4: Simulation waveform of transition delay extrac-
tion circuit.

Fig. 4 depicts the simulation waveform of the basic
transition delay extraction circuit. If the gate delay time
of a single inverter is t;, the total delay time of odd
number of 2n+1 inverters will be (2n+1)¢;. Considering
that the delay time of AND gate is t5, and the delay time
of NOR gate is t3, so the pulse width of the rising edge
is (2n+ 1)t; — to, and the pulse width of the falling edge
is (27’L + 1)t1 — tg.

In the practical test process, the number of invert-
ers in the delay chain should be adjusted according to
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Table 2: Delay characteristics caused by TSV faults

Charging time Discharging time Width of rising edge Width of falling edge

Fault type
Resistive open fault J i
Leakage fault T {

7
/]\

1
1

the counting frequency required by the counter or com-
parator and the estimated TSV fault severity, so as to
determine an appropriate pulse width. The typical val-
ues of gate delay time of inverter are given in general
manual. There are always some differences in gate de-
lay time of actual devices, which can be determined by
actual measurement.

B. TSV test architecture based on transition delay

~Rising edge

0

bt
~ me/
W}c— r: Falling edge |

-

~Risingedge | |Z [A
———0

/
\_Do_/\>o> ﬁf\: Falling cdge |

-

Fig. 5: TSV test architecture based on transition delay.

Fig. 5 shows the TSV test architecture based on
transition delay. The principle of fault detection is as
follows. The input signal passes through the reference
TSV and the TSV to be tested respectively, and then,
after the transition extraction circuit, the rising edge or
the falling edge can be obtained. Finally, the compara-
tor circuit judges whether the edge pulse arrives at the
same time, and then determines whether there is a fault
and which kind of fault.

The signal V;,, at the input end is the test stimulus,
and the common frequency range is 10M Hz—100M H z.
The on-chip clock signal with similar frequency is also
applicable. The detection end is composed of two tran-
sition delay extraction circuits to obtain the rising or
falling edge of the reference TSV and the TSV to be
measured respectively. According to the type of fault
to be detected, the rising edge or falling edge is selected
by the multiplexer, where Z =“0" means to extract the
rising edge and Z = “1” indicates to extract the falling
edge.

The capture end is a two input comparator composed
of two inverters, two AND gates and a NOR gate. The
truth table of comparator is shown in Table 3. The logic
functions of the comparator are as follows: 1) input node
A is high level, and B is low level, output F means A > B;
2) input node A is low level, and B is high level, output
F means A < B; 3) input nodes A and B are both low
level or high level, output F means A = B.
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Table 3: Truth table of one bit comparator

A B Fasp Facp Fap
0 0 0 0 1
0 1 0 1 0
1 0 1 0 0
1 1 0 0 1

C. Test process

The test structure only needs one input signal V;,
and 3 output signals. The test steps are as follows: 1)
set the input V;,, to the low level for a long time enough
to charge the reference TSV and the TSV to be tested; 2)
the input V;,, is set to high level to discharge the reference
TSV and the TSV to be tested; 3) observe the output
combination of the output end to determine whether the
TSV is faulty.

After finishing step 1, the voltage at both ends of A
and B is low level. In step 2, both A and B will transit
from low to high, but the fault severity will determine
the time of transition. In step 3, the comparator can
give the corresponding output results according to the
sequence of A and B nodes transit from low level to high
level.

The test stimulus V;, propagates along both the ref-
erence TSV and the TSV to be tested. When Z is set to
“0”, the rising edge variation is used for fault detection.
Firstly, if Fa<p = 1 is captured, it means that com-
pared with the reference TSV path, the charging time
and rising edge time of TSV decrease after the input sig-
nal passes through the TSV to be tested, which means
that there is a resistive open fault. Secondly, if Fasp =1
is captured, it indicates that the charging time and ris-
ing edge time of TSV are increased compared with the
reference TSV path, which means that there is a leak-
age fault. At last, if Fla—p = 1 is captured, it can be
further divided into two circumstances. 1) When only
one type of fault is considered, such as resistive open
fault or leakage fault only, it can be considered that the
TSV under test is fault free. 2) When resistive open
fault and leakage fault coexist, it can be considered that
resistive open fault and leakage fault cancel each other.
Further confirmation is needed and the specific method
is detailed as follows. Set Z to “1”, and use falling edge
to detect. At this time, if Fq—p = 1 is captured, it is
considered that there are resistive open fault and leakage
fault coexisting.

It should be noted that although the falling edge nar-
rowing feature can be used to detect whether there are
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two types of faults, it is not recommended to do so di-
rectly. The reason is that, on one hand, when two kinds
of faults coexist and the delay effect cancels out each oth-
er, the falling edge narrows slightly. Compared with the
rising edge test, the falling edge has a smaller detection
range and a larger error rate. On the other hand, in prac-
tice, the probability of resistive open fault and leakage
fault has no detailed data, but it is far greater than the
probability of coexistence of the two faults. Therefore,
it is more pertinent to adopt the rising edge considering
the probability of the fault targeted.

D. Fault grading circuit

The reference TSV is usually a fault free TSV with a
driver and receiver. The fault free TSV can be considered
as the capacitance between the TSV and the substrate,
so the fault free TSV can be replaced by the reference
capacitance C. It should be noted that after replacing
the reference TSV with the reference capacitance C, the
electrical parameters of the fault free TSV to be tested
and the reference capacitance C are exactly the same,
so the high-level signal of the input signal V;,, will arrive
at node A and node B at the same time, resulting in
the uncertainty of the output result. In order to avoid
the problem of output uncertainty caused by metastable
state, the reference capacitance C' is set to X times of
the equivalent capacitance of fault free TSV, where X
is close to 1 but less than 1, so that its delay time is
infinitely close to but still less than the delay time of
fault free TSV. For example, the equivalent capacitance
of fault free TSV is 100 fF, the TSV delay time is 6.0
ns. If X =0.999 is set, the reference capacitance C' will
be 99.9 fF and the delay time is 5.994 ns.

S[1:0]

Fig. 6: Schematic of fault grading circuit.

Fig. 6 shows a detailed schematic of fault grading cir-
cuit. By adjusting the value of the reference capacitance
C, the accuracy control of the fault grading structure
can be obtained. The fault grading circuit is mainly re-
alized by 1-of-4 multiplexers (MUX4), and the detailed
structure will be given in section IV. The selection signal
S is used to select the capacitance with different refer-
ence values, corresponding to the delay time of different
reference TSV.

As shown in Table 4, the equivalent reference capac-
itance corresponding to the four combinations of S are
0.95C, 0.99C, 0.995C and 0.999C' respectively. When
the reference capacitance is 0.999C, it is equivalent to
Fig. 5. The test accuracy corresponding to the four ref-
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Table 4: Accuracy control of fault classification structure

S[1:0] Reference capacitance Test accuracy Error rate

00 0.95C Low 5%
01 0.99C Medium 1%
10 0.995C High 0.5%
11 0.999C Highest 0.1%

erence capacitance values is low, medium, high and the
highest, and the corresponding error rates are 5%, 1%,
0.50% and 0.10% respectively.

E. TSV test structure with fault grading

Since the reference capacitance uses a MUX4, this
will definitely increase the delay time of the reference
TSV. In order to eliminate the increase of delay time
caused by the MUX4, another MUX4 should be added
to the TSV module under test. The TSV test structure
with fault grading is depicted in Fig. 7.

Begin
S=11

Yes

:

o
S=10

Yes

:

0
S=01

Yes

:

o
S=00

Yes

:

N
End

(o]

T

Fig. 8: Flow chart of fault grading.

As shown in Fig. 8, in the case of considering one sin-
gle type of fault, the process of determining fault grading
is as follows. 1) Set S to binary value “11”, and selec-
t capacitance 0.999C through MUX4 for the first test.
If the measurement result is no fault, the fault level is
0, and the test is terminated, indicating that the tested
TSV is fault free, otherwise, the next step will be tak-
en. 2) Set S to binary value “10”, and select capacitance
0.995C through MUX4 and conduct the second test. If
the test is passed, the test is terminated and the TSV
fault level is 1. Otherwise, the next step will be shifted
to. 3) Set S as binary value “01”, and select capacitance
0.99C' through MUX4 and conduct the third test. If the
test is passed, the test is terminated and the fault level
of TSV to be tested is 2. Otherwise, the next step will be
carried out. 4) Set S as binary value “0”, and select ca-
pacitance 0.95C through MUX4 and conduct the fourth
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Fig. 7: Schematic of TSV test structure with fault grading.

test. If the test is passed, it indicates that the fault level
of the tested TSV is 3; otherwise, it indicates that the
fault level of the tested TSV is 4.

Obviously, the severity of the fault from light to heavy
is 0 < 1 <2 < 3 <4, the corresponding practical mean-
ing is “fault free” < “slight fault” <“medium fault” < “se-
rious fault” <“catastrophic fault”. In addition, we note
that it needs to be tested once in the best case and four
times in the worst case. Although this is a serial test
method, for TSV manufacturers, in order to reduce the
test time, the fault severity of the same batch of TSV
can be estimated, and the value of S can be set directly
to skip some test steps. In general, it needs 2 or 3 tests
to complete the whole fault grading process.

Iv.

In order to verify the feasibility and reliability of the
proposed method, HSPICE is used to simulate in 45 nm
process. The process model uses 45 nm PTM CMOS
process 23] [24], the reference voltage Vpp is 1.1 V', and
the equivalent capacitance Crgy of fault free TSV is 59
fF. In the simulation, the position of resistive open fault
is set in the middle of TSV, that is, d = 0.5h, where h
is the height of TSV. For the sake of simplicity, the ro-
bustness of the proposed scheme to process variation is
verified under various process corners of FF, FS, TT, SF
and SS. The first letter represents the speed of NMOS,
the second letter represents the speed of PMOS, F rep-
resents fast, S represents slow, and T represents typical.

SIMULATION RESULT AND ANALYSIS

A.  Influence analysis of fault location

The leakage fault is mainly caused by the cracks on
the side wall (S;02) of a TSV during the manufacturing
process. The size of the cracks determines the severity
level of the leakage fault. Different from the leakage fault,
the resistive open fault is due to the failure to completely
remove the air during the copper filling process, which
leads to the presence of micro-voids in the copper cylin-
der, or the misalignment between TSV and solder bump
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Fig. 9: Equivalent resistance of resistive open fault at
different locations under process corners.

during the bonding process. In general, the equivalent
resistance of resistive open fault is closely related to the
position of micro-voids in copper cylinder. Fig. 9 depicts
the simulation curves of fault location and equivalent re-
sistance under different process corners, where the initial
value of d is 0.1 and the step size is 0.1. The horizontal
axis provides the location where the resistive open fault
occurs, and the vertical axis represents the minimum re-
sistance Roper, that can be detected at this location. As
can be seen from Fig. 9, the larger the d is, the larger
the minimum R,pen can be detected. For example, under
TT process corner, the minimum detectable R,pep is 281
Q at d = 0.5, while the minimum detectable Ryper, is 130
Q at d = 0.2, where the location of resistive open fault
is closer to the bottom of TSV. In practice, a smaller
Ropen is usually more difficult to be detected, especially
when it is close to fault free, and it is difficult to distin-
guish between the two. Therefore, it can be seen that
the resistive open fault near the bottom of TSV is more
difficult to detect. Moreover, there is a similar situation
in other process corners.
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B. Detection range and grading for resistive open

fault and leakage fault

The equivalent resistance of the resistive open fault
in the simulation is from 0 K2 to 30 K2, where 0 K
represents fault free and 30 K€) means strong open fault,
which is equivalent to the complete fracture of TSV in
the middle position.

Regardless of fault classification, the equivalent resis-
tance of the minimum resistive open fault that can be
detected by this method is Rgpen = 2812, that is, when
Ropen > 28162 measured, TSV exhibits resistive open
fault. Taken process variation into consideration, under
the process corners FF, FS, SF and SS, the range of resis-
tive open faults that can be detected are Ropen > 23441,
Ropen > 2250, Ropen, > 293Q and Rgpen, > 3642 respec-
tively.

As far as leakage fault is concerned, only single leak-
age fault is considered, that is Ropen = 0, Riea 7 00.
This method can detect the leakage fault in the case
of equivalent resistance Rjeqr < 223MS). Under the
process corners FF, FS, SF and SS, the range of leak-
age faults that can be detected is Rjeqr < 185M(Q,
Rleak S 230MQ, Rleak S 217M ) and Rleak S 265M 2
respectively.

Considering the fault classification, five resistive open
faults and five leakage faults are injected respectively
under single fault condition. The fault type, equivalent
resistance, reference capacitance, results captured, cor-
responding fault levels and practical significance under
various combinations are listed in Table 5.

For example, for the resistive open fault Ropen =
13792 injected, Fa—p = 1 indicates that although TSV
is not in the ideal fault free state, it is still considered as
fault free, and the corresponding fault level is 0. Un-
der the conditions of Ropen, = 1KQ, Ropen = 2K,
Ropen = 10K and Ropen, = 30KS), Facp = 1 shows
that there are resistive open fault. The fault level is
determined by the reference capacitance. According to
the test flow depicted in Fig. 8, the corresponding
fault level can be obtained. For example, at the time
Crer = 0.999C, if Facp = 1 is true, it indicates that
there is no fault in the TSV and the fault level is 0;
otherwise, if Crgpr = 0.995C is reset and Facp = 1 is
true, the corresponding fault level is 1. The detailed e-
quivalent resistance and fault classification are shown in
Fig. 10. Using the test method similar to resistive open
circuit fault, five leakage fault levels can be obtained.

Fig. 10 shows the equivalent resistance and fault clas-
sification of resistive open fault at the position d = 0.5h.
The bars in the figure represent the minimum equivalen-
t resistance Ropen that can be detected under different
reference capacitances. It is worth noting that the s-
maller the equivalent resistance of resistive open fault is,
the more difficult it is to detect. When R,pen, = 0£2,
TSV is in an ideal fault free state. Due to the limita-
tion of the test resolution, when Crpr = 0.999C is set,
Fa—p = 1 is measured in the range of Ropen, < 28110,
indicating that the TSV under test is considered to be
fault free and the fault grading is classified as 0, which
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Fig. 10: The grading of resistive open fault.

shows that the minimum resistive open fault that can
be detected by this scheme is 281€2. Similarly, in the
range of 2810 < Ropen, < 1.52KQ), the fault grading
of TSV to be tested is 1, which belongs to slight open
fault. If 1.52KQ < Ropen, < 3.27K() is true, the fault
grading is 2, which belongs to medium open fault. If
3.2TKQ < Ropen < 28.3K(Qis true, the fault grading is 3,
which is a serious open fault. At last, if Ropen > 28.3KQ2
is true, the fault grading of TSV to be tested is 4, which
classified as the highest level of catastrophic open fault.
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Fig. 11: The grading of leakage fault.

Similar to resistive open fault, the grading leakage
fault can also be represented by bar graph. As shown in
Fig. 11, each bar in the diagram represents the maximum
equivalent resistance of leakage fault that can be detected
under different reference capacitance. It should be noted
that the larger the equivalent resistance of leakage fault
is, the more difficult it is to detect. When Rjeqr = o0,
TSV is in an ideal fault free state. For example, in the
simulation, when Rjcqr > 223M€2, the TSV to be tested
is considered as fault free and the fault grading of leakage
fault is classified as 0, which indicates that the maximum
leakage fault that this scheme can detect is 223M€. If
46.3MQ < Rjear < 223MSQ, the fault grading of TSV to
be tested is 1, which belongs to slight leakage fault. If
23.2MQ < Rjear < 46.3MQ, the fault grading of TSV
under test is 2, which belongs to medium leakage fault.
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Table 5: Detection results and fault grading under various fault combinations

Fault type

Equivalent resistance Cgrgpp Results captured Fault level

Practical significance

Ropen = 137Q 0.999C Fus_p=1 0 Fault free
Ropen = 1KQ 0.995C Facp=1 1 Slight open fault
Resistive open fault Ropen = 2KQ 0.99C Facp=1 2 Medium open fault
Ropen = 10KQ 0.95C Facp=1 3 Serious open fault
Ropen = 30K 0.95C Fasp=1 4 catastrophic open fault
Ryeqr, = 300MQ 0.999C Fu_p=1 0 Fault free
Riear = 50MQ 0.995C' Fusp=1 1 Slight leakage fault
Leakage fault Ricar = 30MSQ 0.99C Fasp=1 2 Medium leakage fault
Ricar, = 10MQ 0.95C Fasp=1 3 Serious leakage fault
Ryear, = 3MSQ) 0.95C Facp=1 4 catastrophic leakage fault

If 3.76 MQ < Rjear < 23.2M€2, the fault level of TSV
to be tested is 3, which is a serious leakage fault. If
Ricar < 3.76MK2, the fault level of TSV to be tested is
4, which belongs to catastrophic leakage fault.

C.  Analysis for resistive open fault and leakage fault
coexisting

In order to simplify the analysis, only one resistive
open fault and one leakage fault are considered. As-
suming that the resistive open fault occurs at the posi-
tion d = 0.5h, the equivalent resistance of resistive open
fault are injected under the conditions of Ropen = 1K,
Ropen = 2K, Ropen, = 10KQ and Ropen, = 30K re-
spectively, so as to determine the leakage fault range
that can be detected under different fault levels. The
detection range of leakage fault under specific resistive
open fault considering fault coexisting are shown in Ta-
ble 6. It can be seen from the table that after inject-
ing leakage fault into TSV with resistive open fault, the
fault grading is less than or equal to a single fault, and
the fault level of TSV to be tested shows a downward
trend. For example, if the injected fault is (Ropen = 09,
Ricar, = 30MSQ), where Ropen, = 092 represents there is no
open fault. It can be seen from Fig. 11 that the fault lev-
el is 2, which belongs to medium leakage fault. However,
when the injected fault combination is (Ropen = 2K,
Ricar = 30MQ), according to Table 6, the fault level is
updated to 1, which belongs to slight fault. The reason
lies in that under the condition of fault coexisting, the
effects of resistive open fault and leakage fault on the
charging and discharging time and delay time of TSV
under test are mutually counteracted. Therefore, it ap-
pears to be a weaker resistive open fault or a weaker
leakage fault.

However, under the condition of fault coexisting, al-
though the fault level seems to decline, it is not true
that the fault severity is reduced or there is no fault.
On the contrary, the coexistence of faults increases the
difficulty of detectability, and some false “weak faults”
and “fault free” will threaten the product quality. At
the same time, because it is masked by resistive open
fault, the leakage fault which is difficult to detect will
also increase the power consumption of 3D ICs.
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Table 7: Area overhead of the proposed test architecture

General cell ~ Number Area overhead (um?)

INV_X1 16 0.532
AND2_ X1 4 1.064
NOR2.X1 3 0.798
MUX2_X1 2 1.862

Total Area (um?) 18.89

Table 8: Area overhead of test architecture considering
fault grading

General cell Number Area overhead (um?)

INV_X1 19 0.532
AND2.X1 4 1.064
NOR2.X1 3 0.798
MUX2_X1 2 1.862

MUX4 2 6.65
Total Area (um?) 33.78

D. Area overhead

Without considering fault grading, the proposed test
architecture consists of 16 inverters, 4 AND gates, 3
NOR gates and 2 multiplexers. All general cell, num-
ber and area overhead are listed in Table 7. The area
overhead of a single standard cell is referred to Nangate
45 nm open cell library. As shown in Table 7, the total
area overhead is 18.89 um?.

As listed in Table 8, additional three INV_X1 and
two MUX4 are added considering fault grading. The to-
tal area overhead increases to 33.78 um?2. It is worth
reminding that MUX4 is not in Nangate 45 nm open
cell library. Here, a common structure shown in Fig. 12
is adopted, which is composed of two INVs_ X1, three
AND3_ X1 (1.330 um?), one OR4-X1 (1.596 pm?), and
the area overhead is 6.65 um?. In general, even consid-
ering the fault grading, the area overhead is still small,
which is almost negligible compared with a TSV.
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Table 6: Detection range of leakage fault under specific resistive open fault considering fault coexisting

level Ropen = 1KQ Ropen = 2K Ropen = 10KQ Ropen — 30K

Level 0 Ricar > 15800 Ricar > 83MQ Ricor > 16.5M9) Rioar > 8.7MS
Level 1 34.5MQ < Rjear < 158MQ 52MQ < Rjear < 83MQ  3.4MQ < Riear < 16.5MQ 1.94MQ < Rjeqr < 8.7TMQ
Level 2 4.8MQ < Rjear < 34.5MQ 23MQ < Riear, < 5.2MQ 0.82MQ < Ry < 3.4MQ 0.47TMQ < Rjeqr < 1.94MQ
Level 3 22MQ < Rjoar, < 4.8MQ 1.14MQ < Rioar < 2.3MQ 0.36 MQ < Rjpar, < 0.82MQ 0.12MQ < Rjear < 0.47MSQ
Level 4 092 < Rjear < 2.2MSQ 02 < Rjear < 1.14MQ 092 < Rjear < 0.36MS) 092 < Riear < 0.12M)

Fig. 12: Structure of MUX4.

V. CONCLUSION

Prebond TSV test is an important component of 3D
ICs testing. It can eliminate the fault TSV in the earlier
manufacturing process, effectively improve the yield of
3D ICs products and reduce the manufacturing cost. In
this scheme, the rising edge and the falling edge are ex-
tracted separately to eliminate the interaction between
them. This method can not only detect resistive open
fault or leakage fault, but also solve the problem of test
confusion when two kinds of faults coexist. The mini-
mum resistive open fault detected by this scheme is 281¢2,
and the weakest leakage fault is 223M €2, which is better
than the existing test scheme in terms of the detection
range. Meanwhile, considering fault coexisting, a 5-level
fault classification structure is proposed with area over-
head of only 33.78um?. Compared with the similar test
methods, this scheme has very prominent advantages in
the aspects of fault coexistence, detection range, area
overhead and application scope of the method.
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