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Accelerated Stress Test Assessment of
Through-Silicon Via Using RF Signals
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Abstract— In this paper, radio frequency signal is demon-
strated as an effective probe for assessing the effect of ther-
mal cycling on the reliability of through-silicon vias (TSVs)
in stacked dies. It is found that the RF signal integrity in
TSV daisy chain, particularly its transmission characteristics,
degrades considerably with extended thermal cycling, because
of the formation and the growth of voids. Early failures are
observed in the reliability analysis of the TSV daisy chain and
are attributed to processing-related variability across the wafer.
However, the maximum failure rate is found to occur at 500
thermal cycles, which is attributed to the initiation of defects
and their subsequent propagation.

Index Terms— Failure analysis, radio-frequency (RF), thermal
cycling, through-silicon via (TSV).

I. INTRODUCTION

RECENTLY, 3-D stacking of chips achieved by using
through-silicon vias (TSVs) has gained much attention,

as it enables improved system miniaturization and higher
system performance. This is due to its short wiring path, high
interconnect density, and its smaller foot print as compared
with the conventional multichip modules [1]. Because of the
complexity associated with the integration of TSVs, most stud-
ies conducted so far have focused on solving the processing-
related concerns plaguing its adoption. The challenges include
the following: 1) copper-pumping [2]; 2) electrodeposition of
Cu [3]; 3) wafer thinning and bonding [4]; 4) TSV proximity
to transistors [5]; and 5) stress/strain characterization [6] and
much more. Recently, studies on TSV reliability are reported
in the fields of electromigration [7] and thermal cycling
[8], [9]. All the reported studies are performed using the direct
current (dc) resistance (Rdc) measurement technique.

A study performed on solder joint reliability has demon-
strated that the use of Rdc in reliability studies results in
late or delayed prognostics in comparison with the use of
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radio frequency (RF) signals [10]. Independently, the RF-based
approach is demonstrated to be sensitive to the degree of void
damage in metal lines in back-end-of-line interconnect relia-
bility studies [11]. These two studies suggest that RF-based
measurement technique can also be applied to TSV reliability
studies.

The use of RF-based measurement techniques offers many
advantages over the Rdc technique. Firstly, the performance
of interconnects can be studied over a broad frequency range,
which is not possible with the Rdc technique. Broad frequency
range reliability analyses of TSVs are essential as TSV-based
chips will find application in a variety of devices with operat-
ing frequencies in the GHz range. Secondly, the Rdc technique
is only sensitive to discontinuities/distortion in the conductive
paths. For interconnects, especially TSVs, it is also important
to detect changes not only limited to the conductive paths,
but also in the surrounding barrier (Ta/TaN) and isolation
liners (SiO2), as well as at their interfaces. This can only be
achieved through the RF-based techniques. Thirdly, the Rdc
techniques measures only signal transmission. On the other
hand, the RF-based technique measures both the reflection
and the transmission of signals, as well as signal phases, which
provides more complete information about the character of the
response. In addition, the broadband approach allows for the
detection and identification of potential problems within the
TSV/TSV chain that cannot be detected by Rdc measurements.

Indeed, some recent studies have used RF-based techniques
to monitor TSV performance, by evaluating changes in their
impedance [12]–[14]. The primary objective of those studies is
to develop optimum conditions for TSV design. These studies
are conducted on as-fabricated state, without applying thermal
stress to the TSVs.

In this paper, probing with RF signals, up to 40 GHz, is
used as a prognostic tool for the assessment of the impact of
thermal cycling on the performance of Cu TSVs. Additionally,
physical failure analysis is performed using the focused ion
beam (FIB) technique to cross section a subset of the test
samples for microscopy.

II. SAMPLE AND EXPERIMENT DESCRIPTION

A. Samples

For the current study, two-level stacked dies provided by
SEMATECH1 are used. The TSVs are nominally 5.5μm in

1Certain commercial equipment, instruments, or materials are identified in
this paper to specify experimental or theoretical procedures. Such identifica-
tion does not imply recommendation by NIST nor the authors, nor does it
imply that the equipment or materials are necessarily the best available for
the intended purpose.
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Fig. 1. (a) Schematic representation of the top chip and its circuit diagram,
having a ground-signal-ground (GSG) TSV configuration. (b) SEM cross-
sectional image of the stacked chip, showing the signal TSV daisy chain.

Fig. 2. Top-view image of the RF test structure used in this paper, having
a GSG configuration.

diameter and 50-μm deep and are located at the top chip.
The top and the bottom chips are bonded together with
benzocyclobutene. Scanning electron microscopy (SEM) and
schematic images of the test structure are shown in Fig. 1.
Top metallization (M1) is not passivated.

The different electrical elements in the circuit diagram
shown in Fig. 1(a) are defined as: 1) TSV resistance (RTSV);
2) Cu-landing pad resistance (Rpad); 3) TSV inductance
(LTSV); 4) Cu-landing pad inductance (Lpad); 4) isolation
liner capacitance (Cox); 5) Si substrate capacitance (CSi);
6) damascene SiO2 capacitance (Cdi); and 7) Si substrate
conductance (GSi).

The thicknesses of the isolation liner (SiO2), the barrier
layer (TaN), and the damascene SiO2 thickness are 0.5, 0.025,
and 2 μm, respectively. The conductivity of the Si substrate
is estimated to be 18 �.cm.

The studied RF test structure is a daisy chain of 60 TSVs
with pitch size of 16 μm. This test structure has a GSG
configuration, which means that it has three parallel rows of
TSVs, 15 μm apart, each having a daisy chain of 60 TSVs that
are terminated at both ends to probe pads as shown in Fig. 2.
Based on time-domain reflectometer measurements, the low-
frequency characteristic impedance of the TSV daisy chain is
determined to be ∼45 �.

B. Experiment

The RF test structures are first measured in the as-received
state, prior to any thermal cycling, to determine their baseline

Fig. 3. Schematic representation of the used thermal-cycling profile.

RF signal characteristics. Thereafter, the test structures are
subjected to thermal cycling. The thermal-cycling profile used
in this paper is shown in Fig. 3, where the sample is heated
from 30 °C to 150 °C and then cooled back to 30 °C in
laboratory conditions. Each cycle is completed in 5.5 min.
This temperature profile is chosen to mimic the environmental
conditions that a typical chip will experience in service. RF
measurements are performed every 500 thermal cycles, for up
to a maximum of 2000 thermal cycles. All measurements are
performed at room temperature.

In this paper, a vector network analyzer (VNA), PNA
N5230A is used as the RF generator and analyzer.1 The
VNA, cables, and probes are calibrated using WinCal Xe
software and an ISS-101-190 impedance calibration substrate.1

A two-port measurement is performed, and both the magnitude
and the phase of the frequency-dependent four component
scattering parameters (S11, S12, S21, and S22) of the TSV chain
are obtained. The scattering parameter (or S-parameter) is a
matrix that quantifies how RF energy propagates through a
multiport network. Thirty-four samples, from a single wafer
are used in this paper.

Analysis of the RF data is performed, to determine
the failure characteristics of the TSV daisy chain samples.
In this paper, a 20% degradation of the transmission coefficient
magnitude is used as the failure criterion [15]. The baseline
transmission coefficient magnitude data used as the reference
for failure criterion definition is derived by taking the arith-
metic mean of the transmission coefficient magnitude data of
the 34 as-received samples. The samples that meet the failure
criterion are withdrawn from the sample pool; thus, the total
number of test samples decrease with increasing number of
thermal cycles.

Cross-sectional SEM images of the top region of the TSV
and its connecting metal line (M1) are taken immediately
following the FIB milling for the as-received and 1000 thermal
cycle test conditions. In performing the failure analysis, we
pay particular attention to the presence of defects in and
around the TSVs.

III. RESULTS AND DISCUSSION

A. RF-Based

Figs. 4 and 5 show the RF results of a single sample, as a
function of its thermal history. The change in the magnitude
of the transmission coefficient and the reflection coefficient,
as a function of thermal cycling and frequency are shown in
Fig. 4(a) and (b), respectively. From Fig. 4(a), the measured
transmission coefficient magnitude degraded with thermal
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(a)

(b)

Fig. 4. Effect of thermal cycling on the magnitude of (a) transmission
coefficient and (b) reflection coefficient.

cycling. For instance, at 20 GHz the transmission coefficient
magnitude changed from an original value of 5.2 dB to 5.6 dB
after 500 thermal cycles. Upon further cycling to 1000 and
2000 thermal cycles, the transmission coefficient magnitude
deteriorated further to 6.0 dB to 8.0 dB, respectively. Addi-
tionally, thermal cycling is observed to affect the frequency
characteristics of the magnitude of the transmission coefficient.
The RF characteristics of the as-received and the 500-cycled
test conditions are shown to be similar, with a constant 0.4
dB decrease in the transmission coefficient magnitude across
all frequencies upon thermal cycling to 500 cycles. However,
the 1000 and 2000 thermal-cycled data show a significantly
different trend in comparison with the as-received state; the
transmission coefficient magnitude deteriorated rapidly with
increasing frequency. This trend further worsens >20 GHz
for 1000 and higher number of thermal cycles. This indicates
that for 1000 and higher number of thermal cycles, that the
signal integrity in TSVs for applications operating >20 GHz
are anticipated to be unreliable. This conclusion could not be
obtained from dc resistivity measurements.

Fig. 4(b), shows the effect of thermal cycling on the mag-
nitude of the reflection coefficient. No clear thermal-cycling
effect is observed across all frequencies. For instance, at
20 GHz, before thermal cycling, the magnitude of the S11 is
21.0 dB, upon cycling to 500 thermal cycles, its S11 magnitude
becomes 23.5 dB, representing an improvement of ∼ 2.5 dB.
After 1000 thermal cycles, the reflection coefficient magnitude
degraded to 14.3 dB, only to improve to 16.3 dB after 2000

(a)

(b)

Fig. 5. Effect of thermal cycling on the phase angle characteristics of
(a) transmission coefficient and (b) reflection coefficient.

thermal cycles. This means that the effect of thermal cycling
on the performance of TSVs cannot be easily convoluted from
the magnitude of the reflection coefficient, as opposed to the
transmission coefficient magnitude shown in Fig. 4(a). This
also indicates that the main cause of the degradation of the
transmission coefficient magnitude with thermal cycling is not
due to signal reflection. The RF signal losses in the TSV can
be attributed to changes in material properties, and changes
in structure, resulting from the thermal-cycling process. The
reflection data (S11) magnitude data show that the TSVs are
relatively well matched.

Considering, the transmission and reflection coefficient
magnitude data in Fig. 4, suggest that postprocessing thermal
cycling to 500 cycles optimizes the RF performance of this
TSV daisy chain. The losses do not deteriorate significantly
in the whole frequency range and the thermal cycling improves
the impedance matching of the TSV’s. Although this is true
for this single sample, statistical analysis (Figs. 6 and 8) based
on 34 samples, discussed below, paints a different picture.

The phase angle results of the transmisson coefficient and
the reflection coefficient are presented in Fig. 5(a) and (b),
respectively. From Fig. 5(a), it is observed that phase angle
of the transmission coefficient after 1000 and 2000 thermal
cycles, begins to drastically increase >15 GHz. This increase
in the S21 phase angle >15 GHz, is related to the change
of the impedance of the structure because of the increased
damping and change of the permittivity of the structure. This
is consistent with the structural changes in the materials,
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Fig. 6. Analysis of the effect of thermal cycles on the magnitude of the
transmission coefficient (S21) as a function of frequency. The reported error
bars: ± three times the standard deviation of the 34 samples that are measured.
The variability is a composite of sample-to-sample variability and systematic
experimental variability as discussed in text.

discussed above. This could be a possible indication of the
formation of voids or the occurrence of delamination in the
structure caused by the buildup of stresses because of the
thermal-cycling process.

The frequency dependence of the phase angle of the reflec-
tion coefficient shown in Fig. 5(b), confirms the trend observed
in transmission data, albeit, not in a straightforward way.

From all these studies shown in Figs. 4 and 5, it follows
that the frequency dependence of the magnitude and/or phase
of the transmission coefficient show/shows clear dependence
of RF signal characteristics on thermal cycling. Therefore, all
the succeeding RF-based studies presented in this paper will
be based on the transmission coefficient magnitude results.

In Fig. 6, statistical variability analysis is performed on 34
die samples taken from the same wafer. In this representation,
the middle lines of the diamonds represent the arithmetic
mean, whereas the top and bottom apexes represent the 95%
confidence intervals of the cell data. Thus, the horizontal lines
in the graphs represent the grand mean transmission coefficient
magnitude, which is used to compare the difference in the
transmission coefficient magnitude as a function of the number
of thermal cycles.

From these horizontal lines, it is observed that the average
transmission coefficient magnitude before thermal cycling is
∼ 5.5 dB. After 500 thermal cycles the average transmission
coefficient magnitude is observed to have decreased to 7.5 dB,
representing a 2.0-dB worsening of the transmission coeffi-
cient magnitude. The RF signal characteristic remains constant
upon further thermal cycling to 1000 cycles; the transmission
coefficient magnitude values at 500 and 1000 cycles are
observed to be comparable. However, thermal cycling to 2000
cycles result in a further 0.8-dB worsening of the transmission
coefficient magnitude.

Analysis of the total change in the transmission coefficient
magnitude from 0.7 to 40 GHz for the different test conditions
results in 5.0, 5.0, 5.7, and 8.0 dB, respectively, for the as-
received, 500, 1000, and 2000 thermal cycles test conditions.
This trend is in agreement with Fig. 4(a), which shows that
for 1000 thermal cycles and above, the RF signal integrity in
TSVs drastically worsens, especially > 20 GHz. Thus, further
analyses presented in this paper are limited to a maximum
frequency of 20 GHz.

To better visualize the changes in the RF signal char-
acteristics with thermal cycling, the transmission coefficient
magnitude value of a sample after a given number of thermal

Fig. 7. Variability analysis of the normalized magnitude of the transmission
coefficient (S21) data as a function of the number of thermal cycles, at 10
and 20 GHz frequencies. The reported error bars: ± three times the standard
deviation of the measured samples. The shown variability is a composite of
sample-to-sample variability and systematic experimental variability.

cycles is normalized to its value before thermal cycling. The
ratio, plotted in Fig. 7, shows the relative increase in the
damping of the RF test structure at the given frequencies
(10 and 20 GHz). Using the arithmetic mean as a yardstick,
this graph follows a similar trend as Fig. 6, as the main changes
in the RF characteristics occurred at 500 and 2000 cycles for
both 10 and 20 GHz frequencies. On the other hand, the least
change is observed at 1000 cycles.

The degradation in the magnitude of the transmission coef-
ficient with thermal cycling, shown in Figs. 4(a), 6, and 7, is
attributed to the increase in discontinuities/defects in the TSV
daisy chain structure. These defects arise from the thermal-
cycling process, which results in the buildup of stress in the
TSV daisy chains. This occurs because of the confinement
and the mismatch in the coefficient of thermal expansion of
Cu (16.7 ppm/°C), SiO2 isolation liner (0.5 ppm/°C), and
the surrounding Si matrix (2.3 ppm/°C) [6], leading to stress
buildup, and subsequently leading to the formation and growth
of voids, as well as possible delamination at interfaces [16].
The formed defects act as scattering centers for RF signals,
resulting in the lower transmission coefficient magnitude with
thermal cycling.

At 20 GHz and below, the magnitude of the transmission
coefficient is observed to be approximately constant from 500
to 1000 thermal cycles. This trend is even more pronounced in
Fig. 7, where the average change in the RF characteristics at
1000 cycles is observed to have the same transmission coef-
ficient magnitude values at 10 and 20 GHz frequencies. This
indicates that at 20 GHz and below, the failure mechanism at
play stabilizes from 500 to 1000 thermal cycles, thus resulting
in the observed constant magnitude of the transmission coef-
ficient. However, at 2000 cycles the transmission coefficient
magnitude degrades further, suggesting the acceleration in the
prevailing active failure mechanism or the introduction of a
different failure mechanism between 1000 and 2000 thermal
cycles.

Reliability analysis performed on the 34 test samples, using
a failure criterion of 20% average degradation in the magnitude
of the transmission coefficient of the as-received data are
shown in Fig. 8. From this graph, it is observed that for a
maximum frequency of 20 GHz that the highest failure rate
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Fig. 8. Reliability analysis data showing the relationship between failure
rate and the number of thermal cycles at 10 and 20 GHz frequencies.

occurs after 500 thermal cycles for both 10 GHz (37%) and
20 GHz (31%) data. Afterward, the sample failure rate is
subsequently observed to steadily decrease at 10 GHz, while it
seems to saturate at 20 GHz. This suggests that the high failure
rate at 500 thermal cycles could be because of the initiation
of defects and their subsequent propagation.

Although the failure rate at 10 GHz is observed to decrease
consistently after the initial 500 cycles, at 20 GHz the failure
rate seems to saturate after the initial 500 cycles. This decrease
in failure rate after the initial 500 thermal cycles, suggests a
decrease in defect generation and their propagation in the TSV
daisy chain.

On the other hand, early failures are also observed in
the TSV daisy chain structure, with failure rates of 12%
and 15% at 10 and 20 GHz, respectively. These early fail-
ures are attributed to processing-related issues that results in
chip-to-chip variability in the RF signal characteristics within
a wafer.

B. FIB-Based

To understand the root causes of the observed changes in
the RF characteristics of the TSV chain with thermal cycling,
FIB-based cross-sectional SEM images of the TSVs for the
as-received and the 1000 thermal-cycled test conditions are
performed and shown in Fig. 9. For the as-received sample
[Fig. 9(a)], pinhole voids are only observed at the sidewall
interface between Cu and the TaN barrier layer. On the other
hand, the 1000 thermal-cycled sample [Fig. 9(b)] show a lot
of large voids in three different locations. Voids are observed
to propagate within the M1 layer. Additionally, large voids are
observed at the Cu TSV–TaN interface, as well as at the Cu
TSV–M1 interface. The voids at the Cu TSV–TaN interface
are observed to link up with the Cu TSV–M1 voids after 1000
thermal cycles.

Fig. 9 SEM images confirm that thermal cycling results in
the growth and propagation of defects, specifically, voids, as
discussed earlier. Therefore, the formation and propagation
of voids are the cause of the decrease in the magnitude of
the transmission coefficient with thermal cycling. The voids
increase the damping in the structure, as they also act as
scattering centers for RF signals.

(a)

(b)

Fig. 9. FIB-based SEM cross-sectional images of the top region of the TSV
and its connecting metal layer (M1); (a) As-received state and (b) after 1000
thermal cycles. The highlighted areas: location of defects in the form of voids.

As the Rdc-based technique is only sensitive to defects in
the conducting paths; it may not be able to detect the observed
voids at the Cu TSV–TaN interface shown in Fig. 9. On the
other hand, the RF-based method is sensitive to distortions in
conductors, dielectrics, and semiconductors, thus, it can detect
all the defects at the various locations identified in Fig. 9. This
makes it a preferred technique for accessing TSV reliability
performance.

IV. CONCLUSION

In this paper, the effect of thermal cycling on signal integrity
in TSV chains was studied using RF-based technique. This was
achieved by performing RF measurements as a function of
frequency and number of thermal cycles (cumulative thermal
history). RF signal was found to be an effective probe for the
assessment of the effect of thermal cycling on the reliability
of TSV stacked dies.

The magnitude and phase of the transmission and the
reflection coefficients were studied, and the magnitude of the
transmission coefficient was found to show the best correlation
between the RF signal characteristics and the number of
thermal cycles.

It was found that the signal integrity of the TSV daisy chain
degraded with increasing number of thermal cycles. This trend
was attributed to the presence of defects in the structure caused
by cyclic stressing during thermal cycling. The generated voids
increased the damping in the structure, as they also acted as
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scattering centers for RF signals. FIB-based physical failure
analysis revealed that thermal cycling resulted in the growth
of voids.

The RF characteristics of the transmission coefficient mag-
nitude for the as-received and the 500-cycled test conditions
were very similar with a constant 0.4-dB decrease across all
studied frequency after 500 thermal cycles. However, after
1000 and 2000 thermal cycles, the RF characteristics were
observed to be significantly different from the as-received test
condition, as the transmission coefficient magnitude degraded
with frequency. Above 20 GHz, a drastic deterioration of
the transmission coefficient magnitude was observed. This
suggested that for high-frequency applications > 20 GHz, the
TSVs lost its fidelity after 1000 or more number of thermal
cycles.

From the reliability analysis of the TSV daisy chain, early
failures were observed at time-zero, which were attributed to
process variations across the wafer. This was supported by
FIB-based cross-sectional SEM image, which showed pinhole
voids at the Cu TSV–TaN interface, in the as-received state.
The highest failure rate was observed at 500 cycles, which
was suspected because of the initiation of defects and their
subsequent propagation in the structure.
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