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In this study, the effect of thermal cycling on defect generation, microstructure, and RF signal integrity of
blind Cu through-silicon vias (TSVs) were investigated. Three different thermal cycling profiles were
used; each differentiated by their peak cycling temperature (100 °C, 150 °C, 200 °C) and the time needed
to complete one cycle (cycle time). The study was performed on two Cu TSV wafer sample types; one con-

taining large processing-induced voids (voided sample), the other without (non-voided sample). It was
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found that the RF signal return loss |S;1| of the Cu TSVs increased upon thermal cycling for both the
voided and the non-voided sample types. This was attributed to the increase in the void area due to
the formation of new voids, rather than the growth of preexisting voids. On the other hand, the grain
orientation and grain sizes of the Cu TSVs were found to be unaffected by all studied thermal cycling
Void conditions and sample types.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Three-dimensional stacked integrated circuits (3D-SIC) popu-
larity has grown due to their superior performance over planar
electronic devices. Through-silicon vias (TSVs) are becoming
widely used in electronics as a conduit for transmitting current
between chips in this new era of (3D-SIC) devices.

TSVs are typically embedded into a silicon (Si) substrate
through a multi-step, multi-material fabrication process. A typical
TSV consists of three layers of material; an isolation liner, a barrier
layer, and conduction layer. The innermost conduction layer is
made of materials such as Cu, W, or poly-silicon; Cu is preferred
due to its high electrical conductivity [1]. The isolation liner is typ-
ically made of a silicon oxide, such as tetraethyl orthosilicate
(TEOS), to prevent current from leaking into the substrate. The bar-
rier layer is sandwiched between the isolation liner and conduction
layer to inhibit the conduction layer (e.g. Cu) from diffusing into
the isolation liner, and subsequently into the substrate. In the case
of Cu-filled TSVs, the Cu is electro-chemically deposited (ECD) into
deep reactive ion etched (DRIE) trenches, following the deposition
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of the isolation and the barrier layers. Differential deposition rates
associated with the employed bottom-up deposition (the filling of
the bottom of the via at a faster rate than the deposition of Cu on
the via sidewalls) has been shown to produce void-free TSVs com-
pared to traditional conformal deposition, which can result in voids
in the as-formed TSV [2-5].

Thermo-mechanical reliability is a major concern for TSVs due
to stress buildup from applied heat during the chip fabrication pro-
cess and subsequent device use. For example, the mismatch in the
coefficient of thermal expansion (CTE) between the Cu and sur-
rounding layers within the TSV, including the Si substrate, can
cause the Cu to expand and contract more rapidly than the Si with
temperature, leading to the buildup of stresses. These stresses sub-
sequently lead to the formation and growth of voids in TSV, inter-
facial delamination and crack propagation in Si. The stresses in the
substrate (Si) have been measured using Raman spectroscopy [6].
In recent times, the stresses in the Cu TSVs have been successfully
quantified using a synchrotron-based X-ray micro-diffraction tech-
nique [7-10]. For instance, Shin et al. in their study, found that the
formation of voids in Cu TSVs due to annealing treatment results in
the reduction of the hydrostatic stresses in the Cu TSVs [8]. This is
in agreement with other reported studies that observed that voids
and other defects form as a stress relief mechanism and grow with
increasing temperature budget [11]. It has also been shown that
voids induce radio-frequency (RF) signal scattering, which can
deteriorate the integrity of the TSVs by distorting signals and
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increasing electrical resistance [12,13]. Thermo-mechanical stres-
ses can also cause the Cu to protrude out of the trenches in the
out-of-plane direction. This process can be detrimental to any lay-
ers deposited atop the TSVs, such as layers added during back end
of the line (BEOL) processing steps [14]. Studies have shown that
the height of such protrusions increase with temperature upon
holding from 250 °C to 450 °C for up to 30 min [14-17]. Kumar
et al. attributed the expansion, after isothermal holds and cycling
at elevated temperatures, to interfacial sliding caused by the
stresses between the Cu and the surrounding Si substrate [16].

Semiconductor devices can undergo many cycles of tempera-
ture depending on their environment of use and device operating
temperatures are typically rated according to their intended appli-
cation. While most commercial and industrial products are rated to
function up to maximum temperatures below 100 °C, some appli-
cations, such as in military and automotive systems, require higher
temperature tolerance [18]. Microstructure and defect changes in
Cu TSVs have been studied extensively for isothermal exposures,
as well as under long interval thermal cycling aimed at replicating
back end of the line (BEOL) integration temperatures and other
fabrication processes [8,11,15,19]. However, limited pre- and
post-cycling evaluation has been done to simulate the multiple-
cycle conditions these structures may be exposed to in use. The
reported TSV thermal cycling studies were all performed using
only one thermal cycling profile [13,20,21].

The present study focuses on the use of multiple thermal
cycling profiles, with maximum peak cycling temperatures
between 100 °C and 200 °C to investigate RF signal degradation
and morphological changes in Cu and its surrounding materials.
This study was performed on two different types of TSV-containing
wafers; TSVs containing processing induced voids and non-voided
TSVs. A correlation between the RF signal integrity measurements
and the morphological changes in the Cu TSV due to thermal
cycling was achieved [22].

2. Experimental procedure

For this work, two commercial types of TSV-containing Si
wafers were evaluated. While details of the specific TSV fabrication
processes are not known, the two sample sets are known to differ
in the age of the Cu electro-chemical deposition (ECD) bath that
was used in TSV fabrication. In one set of samples, copper was
deposited using a fresh ECD bath; in the second set, the bath had
been previously used and thus was potentially contaminated with
process-related by products and moisture. As discussed below, var-
iation in morphology within the Cu TSVs resulting from the “fresh”
and “aged” baths, are clearly visible as shown in Fig. 1. It can be
seen that the TSV filled with Cu from the aged ECD bath (Fig. 1a),
clearly shows visible seams, large bottom voids, and smaller
micro-voids. These defects were routinely observed in the many
(100’s) of TSVs examined from this lot of samples. In comparison,
the TSV fabricated from the fresh ECD bath (Fig. 1b) exhibited no
seams or large voids, and contain much smaller numbers of
micro-voids. In the context of this analysis, micro-voids observed
are nominally 1 pm or less in diameter. In this paper we differen-
tiate between the two wafer types as follows, the wafers contain-
ing TSVs fabricated with the aged bath, which possess higher
defect/void area, will be denoted as the voided (V) samples and
the TSVs made from fresh ECD bath, with lower/smaller void num-
bers/area will be labeled as non-voided (NV) samples. Both TSV-
containing wafer types contained blind Cu TSVs with an approxi-
mate size of 5.5 pm in diameter and 50 pm in depth. The studied
TSVs were a group of 6 x 6 arrays that are covered by Cu bond pads
as seen in Fig. 2, the approximate locations of the TSVs underneath
the bond pads are outlined. These bond pads were configured in
rows of 12 on the Si substrate.

For completeness, the thermal histories of the samples during
their fabrication are discussed. Both the non-voided and voided
samples underwent the same heat treatment conditions. After
TSV electroplating, the wafers were annealed at 150 °C for 1 h. This
is followed by front-side dielectric and etch-stop deposition heat
treatment of about 2 min at 350 °C and 400 °C, respectively. After
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Fig. 1. SEM images of the as-received (a) voided (V) and (b) non-voided (NV)
samples. Clearly visible are seams and large bottom voids in the voided (V) samples
(the circles are shown as a guide to the eye) and the much smaller micro-voids
found in the non-voided (NV) samples.
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Fig. 2. Top of a typical sample containing Cu bond pads with the approximate
underlying positions of the TSVs indicated by the circles.
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Fig. 3. The three thermal cycling profiles used in this study. Each thermal cycling
profile is differentiated by their maximum peak cycling temperature (100 °C,
150 °C, and 200 °C) and the time it took to complete each thermal cycle.
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Fig. 4. A chart of the average return loss |Sq11| at 10 GHz for the different

front-side metallization, the structure was annealed at 150 °C for
1 h. These stated conditions, represents the thermal history of
the as-received sample used in this work.

In this paper, all the reported uncertainties in the results are
one standard deviation of the reported arithmetic mean (sigma).
The data variability is a composite of sample-to-sample variability
and systematic experimental variability.

2.1. Thermal cycling and RF-based measurements

To simulate and reproduce in-use conditions that chips in com-
ponents might encounter, samples were thermally cycled up to
2000 times from room temperature to peak cycling temperatures
of 100 °C, 150 °C, or 200 °C. Fig. 3 shows the temperature profiles
for the three thermal cycling conditions. The duration of a single
cycle depends on peak cycling temperature, being approximately
3 min, 5.5 min, and 8 min for the 100 °C, 150 °C, and 200 °C peak
cycling temperatures, respectively. The cycling was carried out in
laboratory air ambient within a cycling chamber. Prior to and fol-
lowing defined thermal cycles, the RF-based signal integrity mea-
surements were performed on the blind TSV-containing dies, and
after every 500 thermal cycles for up to 2000 cycles, using a vector
network analyzer (VNA). From these measurements, the changes in
the magnitude of the reflection coefficient or the return loss |Sq1|
were determined with respect to the noted number of thermal
cycles. An Agilent VNA model, the PNA N5230A!, was used as the
RF generator and analyzer. The measured value of the return loss
|S11] represents the total signal return loss from the array of 6 x 6
TSVs underneath a Cu bond pad as shown in Fig. 2. Propagation
behavior under each stated measurement condition was evaluated
for ten bond pads. Measurements were performed at a broad fre-
quency range from 700 MHz to 40 GHz; however, only data at
10 GHz was used in assessing the impact of sample cycling condi-
tions. Due to the multiplicity of TSVs per bond pad, it was not
possible to explicitly identify individual TSVs for direct pre- and
post-cycle comparison; hence, an assumption was made that

1 Certain commercial equipment, instruments, or materials are identified in this
paper to specify experimental or theoretical procedures. Such identification 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.

cycling conditions (number of cycles and maximum peak cycle temperature).

representative TSVs within a common chip were similar and would
undergo representative changes with fixed thermal excursions and a
defined number of cycles.

2.2. Defect and microstructure analytical techniques

Scanning electron microscopy (SEM) and focused ion beam (FIB)
imaging of the TSV cross-sections were used to image the sec-
tioned TSVs pre- and post-thermal cycling in order to investigate
grain morphology characteristics along with indication of void
presence and growth. All TSVs were cross-sectioned to their
centers to evaluate identical areas of each TSV for defect and
microstructural changes. Void area was calculated by determining
the total area of voids per TSV at each condition and void size was
measured from the average length and width of every void in the
TSVs. While the SEM images provided a clear distinction of the void
boundaries, the FIB’s excellent grain contrast imaging capability
permitted the correlation between the location of the voids and
the Cu microstructure. For the microstructural analysis, electron
backscattering diffraction (EBSD) has been utilized to ascertain
grain sizes and orientations. The FIB-prepared cross-sections per-
mitted distinct diffraction patterns for EBSD mapping to be
obtained on post-cycled samples. Inverse pole figures (IPF) and
grain size maps have been used to study the Cu orientation and
average grain size, respectively. General trends in these features
were quantified as a function of thermal cycles and maximum peak
thermal cycling temperatures. Again, as stated above, while direct
TSV-to-TSV comparisons were not examined, the goal of our study
was to develop fabrication methods which would allow us to iden-
tify, qualify, and, where possible, quantify general trends in mor-
phological features that occur with cycling for TSVs produced
from fresh and aged ECD baths. At least four TSVs per cycling con-
dition were examined, with 100’s of voids and grains analyzed to
form the conclusions stated in this study.

3. Results and discussion
3.1. Radio frequency signal integrity of blind Cu TSVs

To understand and quantify the RF signal degradation in the
blind TSVs as a function of defect concentration, fabrication
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method, and thermal cycling history, samples were mounted on a
VNA to measure the reflection coefficient (S;;), also known as
return loss. The return loss S;; measures the ratio of the reflected
signal to the incident signal; only the real part (or magnitude),
|S11], is reported in this study. The return loss |S1;| was the only
measured parameter since the TSVs used in this study were blind,
and were not designed for signal transmission. This means that in
the perfect situation, 100% of the incident signal is expected to be
reflected (0 dB), as there is no signal transmission. On the other
hand, the presence of discontinuities, such as defects, is expected
to lead to the absorption or the scattering of the incident RF signal,
resulting in partial reflection of the signals. The |S;;| data at 10 GHz
for each thermal cycling condition is shown in Fig. 4. Depicted are
variations in the return loss |S{;| with cycle number, for both
voided (V) and non-voided (NV) sample sets. For each cycling con-
dition, the same 10 bond pads were measured on four separate
samples, and since 36 TSVs lay underneath each bond pad, every
point in Fig. 4 is a culmination of at least 1440 TSVs.

Several general trends can be seen from the data in Fig. 4.
Firstly, prior to thermal cycling, the voided (V) and non-voided
(NV) samples show similar levels of ‘as-fabricated return loss’, with

large (~20%) error bars. This result indicates that even within a
fixed fabrication protocol, a wide range of resulting morphology
in the Cu structures exist, resulting in similar return loss |S4|
behavior between the voided (V) and non-voided (NV) samples.
Deviation in performance between the sample types become more
apparent once cycling occurs; sample type and maximum peak
cycling temperature are clearly shown to influence resulting |S4|
performance, especially in the NV samples. Upon cycling, it is
apparent that the higher void content of the voided (V) samples
show more return losses than the non-voided (NV) samples. As
noted above, defects, specifically voids, can act as scattering cen-
ters and have been shown to degrade electrical performance in
conductors [13,14,23]. This is what we believe is influencing the
observations seen here. While no distinct trends can be seen with
increasing number of cycles, the maximum peak cycling tempera-
ture appears to play a role in the return loss [Sq1], at least in the
non-voided (NV) samples, as the increase in the peak cycling tem-
perature induces more return losses except for peak temperature
of 200 °C. Interestingly, the return loss |Sq1| of the voided (V) sam-
ples appear to remain fairly unchanged with varying maximum
peak cycling temperatures.

Fig. 5. FIB micrographs comparing the growth of defects in the Cu TSV structure for the as-fabricated and after 2000 cycles, using a thermal cycling profile, with maximum
peak temperature of 150 °C, for the non-voided (NV) sample type. Voids in Cu TSV (a) As-fabricated, (b) after 2000 cycles. TSV sidewall integrity (c) as-fabricated, (d) after

2000 cycles. TSV-Cu bond pad integrity, (e) as-fabricated, (f) after 2000 cycles.

(2014), http://dx.doi.org/10.1016/j.microrel.2014.05.007
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Since the number of cycles in the above data was shown to have
little influence on the signal integrity of the TSVs, only the as-
fabricated and 2000 cycled samples were chosen for subsequent
SEM evaluation for defect and microstructural changes. These
analyses are reported in the subsequent section.

3.2. Observation of defects caused by thermal cycling

Fig. 5 presents FIB images of the defects in Cu TSV for the non-
voided (NV) sample type pre- and-post thermal cycling (2000
cycles). Voids were observed in all Cu TSVs examined, for both
the pre- and-post thermal cycling samples, as shown in Fig. 5a
and b respectively. Inspection of the micrographs reveals that most
voids are located at grain boundary triple junctions and at twin
boundaries. These voids were presumably formed as a stress relief
mechanism due to the anisotropic nature of Cu [8,11]. This argu-
ment is consistent with prior observations that indicate that grain
boundaries serve as a pathway for vacancy/void migration [24].
The observation of voids before thermal cycling, particularly in
the non-voided samples, suggests that voids were generated dur-
ing the Cu TSV fabrication process and thermal cycling lead to
the further nucleation of voids as shown in the succeeding section
in Fig. 6 and Table 1.

Additionally, thermal cycling was found to lead to the formation
of other new defects in the Cu TSV, such as the sidewall delamina-
tion (Fig. 5d) and crack growth along the Cu bond pad - TSV inter-
face (Fig. 5f). These new defect types were not present in the
samples before thermal cycling, as shown in Fig. 5¢ and e. Similar
defects types were also observed by [20], and they were attributed
to the buildup of stresses in the structure due to the thermal
cycling process.

These defects are anticipated to impact RF performance of the
TSVs as they act as discontinuities in the structure, serving as sig-
nal scattering centers, which could result in the deterioration of
the return loss |Sq1] signals [13].

In an attempt to quantify the size of voids as a function of ther-
mal cycling, extensive image analysis was carried out on TSV cross-
sections. Fig. 6 and Table 1 summarize the change in the measured
percentage void area and average void size in the TSVs, respec-
tively, as a function of the maximum peak cycling temperature
and the sample type. As mentioned in Section 2.2, void areas were
measured using SEM micrographs of the FIB cut specimens. The
percentage void area was calculated with respect to the total TSV
cross-sectional area, which is identical for all samples evaluated.
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Fig. 6. Evolution of the percentage void area in the TSVs with maximum peak
cycling temperature for voided (V) and non-voided (NV) specimens.

As shown in Fig. 6, the TSVs of the voided samples have a percent-
age void area that is an order of magnitude higher than that of the
non-voided samples as quantified by microscopic evaluation. It
must be emphasized that only general trends are reported here
as the pre- and post-cycle (2000 cycles) analyses were not carried
out on the uniquely tracked TSVs, but on the ensembles of TSVs.

Fig. 6 shows that thermal cycling increased the void area by at
least ~2X over that seen in the as-fabricated TSVs for both the
voided and the non-voided sample types. The absolute sizes of
voids are much larger for TSVs of the voided sample type. The
measured void area also scales with the maximum peak cycling
temperature for both wafer types, extending from
0.22 +0.06 um? and 2.62 +0.17 um? for the as-fabricated wafers
to 0.62 +0.03 um? and 8.94 +1.96 um? after 2000 cycles at a
maximum peak cycling temperature of 200 °C for the non-voided
and voided samples, respectively.

As shown in Table 1 and consistent with Fig. 6, the average void
sizes in the voided samples are larger than the non-voided samples
due to the contributions of the seams and bottom voids that are
absent in the non-voided samples. The lack of significant void size
increases in the TSVs after cycling indicates that new void forma-
tion is possibly contributing to the void area increases seen in
Fig. 6. This observed increase in void nucleation with the peak

Table 1
Average void size under various maximum peak cycling temperature conditions.

Peak cycling temperature Non-voided samples Voided samples

Un-cycled 0.19 £ 0.04 pm 0.68 £ 0.02 pm
100 °C 033+0.11 um 1.06 +0.23 um
150 °C 0.37 +0.20 um 1.15+0.47 pm
200 °C 0.27 +0.02 pm 1.04 £ 0.23 pm

Fig. 7. The maps and images used to examine microstructure in the Cu TSVs
including (a) Focused ion beam image, (b) inverse pole figure (IPF), and (c) grain size
map. This specific TSV shown in all three images is from a non-voided sample set
cycled 2000 times using a maximum peak cycling temperature of 100 °C.

(2014), http://dx.doi.org/10.1016/j.microrel.2014.05.007
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thermal cycling temperature is attributed to the increase in stress
concentrations at the grain and twin boundaries of the Cu TSV,
caused by the elastic anisotropy of its microstructure. The stresses
generated in the Cu TSVs for peak thermal cycling temperatures of
200 °C is expected to be two times higher than that performed at a
peak thermal cycling temperature of 100 °C. The increase in the
stresses, results in higher stress gradients in the polycrystalline
Cu TSV. This serves as a driving force for the increased nucleation
sites of voids at higher peak thermal cycling temperatures. This
is in agreement with the studies performed by Kong et al.; their
X-ray images showed that void nucleation sites increased with
higher annealing temperatures [11]. On the other hand, void
growth is governed by vacancy diffusion, thus is rate-controlled
[11,25]. In our studies, no soak-time was allowed at the peak
thermal cycling temperatures, as such, possible void growth was
hindered, as is shown in Table 1.

The larger average void area in the voided samples appears to
correlate with the measured RF signal integrity data; measure-
ments showed that the void-containing samples (V) had more
return loss |S;1| compared to the non-voided (NV) samples, which
contained smaller voids and void areas. The formation of voids
with increasing maximum peak cycling temperature leads to larger
void areas and corresponds to the higher return loss observed after
thermal cycling; this correlates directly with what was observed in
the |S;;| measurements.

3.3. Thermal cycling effects on Cu microstructure

The microstructure of the thermally cycled TSVs have been
characterized in the present study using the EBSD maps, shown
in Fig. 7 alongside a FIB image of the same TSV. The three maps

shown in Fig. 7 are representative of all the TSVs examined.
Fig. 7a illustrates a micrograph of a non-voided TSV obtained with
the FIB system which has undergone 2000 cycles with a maximum
peak cycling temperature of 100 °C; an IPF image (Fig. 7b) of the
same TSV, assigns a color map to the grain orientations. The grain
size map in Fig. 7c has been modified from Fig. 7b to exclude the
twin boundaries present and allow straightforward grain size
measurements.

Fig. 7b shows that color map of the Cu grains are not homoge-
nous all through the Cu TSV, which suggests that the Cu grains are
non-preferentially oriented. Further EBSD studies performed for
the non-voided and voided samples, respectively in Figs. 8 and 9,
clearly show that the Cu TSV microstructure is non-preferentially
oriented, irrespective of the used peak cycling temperature. This
is in agreement with previously reported studies [15,19,26,27].
Figs. 8 and 9 also indicate that the thermal cycling profiles did
not appear to affect the TSVs’ overall random orientation.

Likewise, Table 2 indicates that the average grain size of the
post thermal cycled samples does not deviate greatly from the
‘as-fabricated’ samples with the grains of the ‘as-fabricated’ non-
voided samples averaging 2.68 + 0.68 pm and the voided samples
averaging 3.40 + 0.55 pm before cycling. The Cu grains are large
and typically spanned the width of the TSVs, which is optimal for
current flow due to the small number of grain boundaries. As pre-
viously stated, Cu grain growth has been observed in TSVs under
isothermal holding conditions [15], however, this study shows only
small changes in microstructure for thermally cycled Cu TSVs. The
unchanged grain sizes with thermal cycling in our results can be
attributed to the thermal history of the Cu TSVs prior to thermal
cycling. As discussed earlier, the Cu TSV wafers underwent fabrica-
tion-related heat treatment conditioning, that includes a 2 min

Fig. 8. Examples of the normal direction IPF maps for the non-voided TSVs (a) before thermal cycling and after 2000 cycles with maximum peak cycling temperatures of (b)

100 °C, (c) 150 °C, and (d) 200 °C.

(2014), http://dx.doi.org/10.1016/j.microrel.2014.05.007
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Fig. 9. IPF maps of the (a) as-received and 2000 cycled (b) 100 °C, (c) 150 °C,

Table 2
The average grain size for the Cu TSVs before and after cycling at different maximum
peak cycling temperatures.

Peak cycling temperature Non-voided samples Voided samples

Un-cycled 2.68 £0.68 um 3.40 £ 0.55 pm
100 °C 3.17 £0.07 um 2.19£0.54 um
150°C 2.72£1.58 pm 437 +£1.32 pum
200 °C 3.33+£0.43 um 3.74+£0.31 um

heat treatment at a maximum temperature of 400 °C. Heat treat-
ment of Cu at 400 °C is known to result in the growth and stabiliza-
tion of their microstructure [28], which will lead to decrease total
free energy of the grains. This is because grain growth occurs
mainly by grain boundary motion, which results in the reduction
in the grain boundary area and energy, leading to the increase in
the average grain size [19,26]. In order to initiate further grain
growth, the driving force required to induce any grain boundary
motion, will require higher heat treatment temperature and/or
longer time. In this study, the peak thermal cycling temperatures
of <200 °C are not sufficient to initiate further growth of the grains.
Additionally, the lack of a soak-time at the peak thermal cycling
temperatures means that enough time is not allowed for grain
boundary diffusion to occur, leading to no further grain growth.
The micrographs, such as Fig. 7a, also show the presence of many
twins in the TSVs, made evident by the difference between the
IPF (Fig. 7b) and grain size maps (Fig. 7c), the latter excluding
twins. This is in agreement with reports on the density of twins
in electroplated TSVs [8]. While void formation scaled with the
maximum peak cycling temperatures (Fig. 6), the grain sizes did
not appear to change with the used thermal cycling conditions
and preferential orientation was nonexistent in the samples
examined.

and (d) 200 °C maximum peak cycling temperature voided sample TSVs.

4. Conclusion

In the present study the RF performance of blind Cu TSVs under
thermal cycling conditions (up to 2000 cycles) were analyzed. The
Cu TSV structures were subjected to three different thermal cycling
profiles, which are differentiated by their maximum peak cycling
temperatures (100 °C, 150 °C, and 200 °C) and the time taken to
complete a single cycle. Their performance was assessed using
RF-based signal integrity measurements and failure analysis stud-
ies. Two Cu TSV sample types were evaluated; wafers with large
processing-induced voids (V) and wafers consisting of Cu TSVs
with minimal voids (NV).

RF signal return loss |S11| showed that the signal integrity of Cu
TSVs degraded upon thermal cycling for both the voided and the
non-voided sample types. This was attributed to the increase in
the void area due to the formation of new voids, rather than
growth of preexisting voids. Other defect types such as TSV side-
wall delamination and crack growth at the TSV-Cu bond pad inter-
face are anticipated to also contribute to the degradation of the
return loss with thermal cycling. The maximum peak cycling tem-
perature was found to influence the return loss |S;:| data, espe-
cially in the non-voided sample type. The void area in the Cu
TSVs was found increase with increasing maximum peak cycling
temperature for both Cu TSV sample types.

The microstructural analysis revealed that the grain orientation
of Cu TSVs (which were randomly oriented) and their grain size
were unaffected by all thermal cycling conditions.

Acknowledgments

JM and KR would like to thank the National Institute of Stan-
dards and Technology (NIST) Semiconductor and Dimensional

(2014), http://dx.doi.org/10.1016/j.microrel.2014.05.007

Please cite this article in press as: Marro ] et al. Defect and microstructural evolution in thermally cycled Cu through-silicon vias. Microelectron Reliab



http://dx.doi.org/10.1016/j.microrel.2014.05.007

8 J. Marro et al./ Microelectronics Reliability xxx (2014) xXX-Xxx

Metrology Division Grant No. 60NANB12H016N for their support
and funding. The guidance from Dr. Daniel Josell and Ms. Sandra
Clagget in the cross-sectioning process for the Cu TSVs is also
appreciated. We also thank Mr. Binayak Kandel (an APS summer
intern at NIST) for technical assistance in data collection. Lastly,
Clemson University’s Advanced Materials Research Laboratory
(AMRL) Electron Microscope (EM) lab helped facilitate the SEM
and FIB studies. Our gratitude goes out to Dr. Taghi Darroudi for
assistance in carrying out FIB analysis and Dr. JoAn Hudson and
Mr. Donald Mulwee for their assistance at the EM lab.

References

[1] Pratt A. Overview of the use of copper interconnects in the semiconductor
industry 2004.

[2] Kim B, Sharbono C, Ritzdorf T, Schmauch D. Factors affecting copper filling
process within high aspect ratio deep vias for 3D chip stacking. In: 56th
Proceedings of electronic components and technology conference, 2006. p. 6.

[3] Wolf M], Dretschkow T, Wunderle B, Jurgensen N, Engelmann G, Ehrmann O,
Uhlig A, Michel B, Reichl H. High aspect ratio TSV copper filling with different
seed layers. In: 58th Electronic components and technology conference (ECTC)
2008. p. 563-70.

[4] Moffat TP, Josell D. Extreme bottom-up superfilling of through-silicon-vias by
damascene processing: suppressor disruption, positive feedback and turing
patterns. ] Electrochem Soc 2012;159(4):D208-16.

[5] Wheeler D, Moffat TP, Josell D. Spatial-temporal modeling of extreme bottom-
up filling of through-silicon-vias. ] Electrochem Soc 2013;160(12):D3260-5.

[6] Backes B, McDonough C, Smith L, Wang W, Geer R. Effects of copper plasticity

on the induction of stress in silicon from copper through-silicon vias (TSVs) for

3D integrated circuits. ] Electron Test 2012;28(1):53-62.

Budiman AS, Shin H, Kim B, Hwang S, Son H, Suh M, et al. Measurement of

stresses in Cu and Si around through-silicon via by synchrotron X-ray

microdiffraction for 3-dimensional integrated circuits. Microelectron Reliab
2012;52(3):530-3.

[8] Shin H, Kim B, Kim ], Hwang S, Budiman A, Son H, et al. Microstructure

evolution and defect formation in Cu through-silicon vias (TSVs) during

thermal annealing. ] Electron Mater 2012;41(4):712-9.

Okoro C, Levine LE, Tischler JZ, Xu R, Liu W, Kirillov O, Hummler K, Obeng YS.

X-ray micro-beam diffraction determination of full stress tensors in Cu TSVs.

In: 63th Proc. electronics components and technology conference (ECTC), NV:

Las Vegas; 2013. p. 648-52.

[10] Okoro C, Levine LE, Xu R, Hummler K, Obeng Y. Nondestructive measurement
of the residual stresses in copper through-silicon vias using synchrotron-based
microbeam X-ray diffraction. IEEE Trans Electron Dev 2014;PP(99).

[11] Kong LW, Lloyd JR, Yeap KB, Zschech E, Rudack A, Liehr M, et al. Applying X-ray
microscopy and finite element modeling to identify the mechanism of stress-
assisted void growth in through-silicon vias. ] Appl Phys 2011;110(5):053502.

17

[9

[12] Kim ], Cho ], Pak JS, Kim ], Yook ], Kim ]JC. High-frequency through-silicon Via
(TSV) failure analysis, In: IEEE 20th conference on electrical performance of
electronic packaging and systems (EPEPS), 2011. p. 243-46.

[13] Okoro C, Kabos P, Obrzut J, Hummler K, Obeng YS. Accelerated stress test
assessment of through-silicon via using RF signals. IEEE Trans Electron Dev
2013;60(6):2015-21.

[14] Okoro C, Huyghebaert C, Van Olmen ], Labie R, Lambrinou K, Vandevelde B,
et al. Elimination of the axial deformation problem of Cu-TSV in 3D
integration. AIP Conf Proc 2010;1300(1):214-20.

[15] Heryanto A, Putra WN, Trigg A, Gao S, Kwon WS, Che FX, et al. ] Electron Mater
2012;41(9):2533-42.

[16] Kumar P, Dutta I, Bakir MS. Interfacial effects during thermal cycling of Cu-
filled through-silicon vias (TSV). ] Electron Mater 2012;41(2):322-35.

[17] De WolfI, Croes K, Varela Pedreira O, Labie R, Redolfi A, Van De Peer M, et al.
Cu pumping in TSVs: effect of pre-CMP thermal budget. Microelectron Reliab
2011;51(9-11):1856-9.

[18] Uprating semiconductors for high-temperature applications. Micron
Technology Inc, TN-00-18: Temperature Uprating on Semiconductors; 2004.

[19] Okoro C, Vanstreels K, Labie R, Liithn O, Vandevelde B, Verlinden B, et al.
Influence of annealing conditions on the mechanical and microstructural
behavior of electroplated Cu-TSV. ] Micromech Microeng 2010;20(4):045032.

[20] Okoro C, Lau JW, Golshany F, Hummler K, Obeng YS. A detailed failure analysis
examination of the effect of thermal cycling on Cu TSV reliability. IEEE Trans
Electron Dev 2014;61(1):15-22.

[21] Liu X, Chen Q, Sundaram V, Tummala RR, Sitaraman SK. Failure analysis of
through-silicon vias in free-standing wafer under thermal-shock test.
Microelectron Reliab 2013;53(1):70-8.

[22] Marro JB. Thermo-mechanical effects of thermal cycled copper through-silicon
vias. In: ML.S. thesis, MS&E Dept., Clem. Univ., SC: Clemson; 2013.

[23] Kim ], Cho ], Pak JS, Kim ], Yook ], Kim JC, High-frequency through-silicon Via
(TSV) failure analysis, In: IEEE 20th Conference on electrical performance of
electronic packaging and systems (EPEPS), 2011 p. 243-46.

[24] Page R, Weertman JR. HVEM observations of grain boundary voids in high
purity copper. Acta Metall 1981;29(3):527-35.

[25] Sekiguchi A, Koike ], Kamiya S, Saka M, Maruyama K. Void formation by
thermal stress concentration at twin interfaces in Cu thin films. Appl Phys Lett
2001;79(9):1264-6.

[26] Okoro C, Labie R, Vanstreels K, Franquet A, Gonzalez M, Vandevelde B, et al.
Impact of the electrodeposition chemistry used for TSV filling on the
microstructural and thermo-mechanical response of Cu. ] Mater Sci
2011;46(11):3868-82.

[27] Kadota H, Kanno R, Ito M, Onuki J. Texture and grain size investigation in the
copper plated through-silicon via for three-dimensional chip stacking using
electron  backscattering  diffraction.  Electrochem  Solid-State  Lett
2011;14(5):D48-51.

[28] Rosenberg R, Edelstein DC, Hu C-K, Rodbell KP. Copper metallization for high
performance silicon technology. Ann Rev Mater Sci 2000;30:229-62.

(2014), http://dx.doi.org/10.1016/j.microrel.2014.05.007

Please cite this article in press as: Marro ] et al. Defect and microstructural evolution in thermally cycled Cu through-silicon vias. Microelectron Reliab



http://refhub.elsevier.com/S0026-2714(14)00175-9/h0020
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0020
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0020
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0025
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0025
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0030
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0030
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0030
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0035
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0035
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0035
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0035
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0040
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0040
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0040
http://refhub.elsevier.com/S0026-2714(14)00175-9/h9000
http://refhub.elsevier.com/S0026-2714(14)00175-9/h9000
http://refhub.elsevier.com/S0026-2714(14)00175-9/h9000
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0055
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0055
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0055
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0065
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0065
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0065
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0070
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0070
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0070
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0075
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0075
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0080
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0080
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0085
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0085
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0085
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0095
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0095
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0095
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0100
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0100
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0100
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0105
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0105
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0105
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0120
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0120
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0125
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0125
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0125
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0130
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0130
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0130
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0130
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0135
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0135
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0135
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0135
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0140
http://refhub.elsevier.com/S0026-2714(14)00175-9/h0140
http://dx.doi.org/10.1016/j.microrel.2014.05.007

	Defect and microstructural evolution in thermally cycled Cu through-silicon vias
	1 Introduction
	2 Experimental procedure
	2.1 Thermal cycling and RF-based measurements
	2.2 Defect and microstructure analytical techniques

	3 Results and discussion
	3.1 Radio frequency signal integrity of blind Cu TSVs
	3.2 Observation of defects caused by thermal cycling
	3.3 Thermal cycling effects on Cu microstructure

	4 Conclusion
	Acknowledgments
	References


