IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY, VOL. 20, NO. 1, MARCH 2020 199

Micro-Compression of Freestanding Electroplated
Copper Through-Glass Vias

Omar Ahmed

Abstract—In this study, the micro-compression of freestanding
copper (Cu) through-glass vias (TGVs) is presented. An innova-
tive approach was developed to obtain freestanding Cu TGVs
where the Cu overburden was used as a bottom platen for
the micro-compression test, allowing the mechanical responses
of individual TGVs to be directly obtained. From the mea-
sured mechanical responses, the average yield strength of the
Cu TGVs was determined as 123 MPa with a standard deviation
of 7.85MPa. The yield strength values of the six tested TGVs
were in good agreement, indicating a reliable and repeatable test
procedure. This value was found to be slightly lower than the
yield stress values of Cu TSVs, but within the range reported
for electroplated Cu. Factors that affect the mechanical prop-
erties of the Cu TGYVs, including electroplating parameters and
microstructure variation, were discussed. The sample prepara-
tion and the micro-compression test methods demonstrated in
this study can be readily adopted for TGVs subjected to vari-
ous fabrication and annealing conditions, which will enable the
fine-tuning of the processing parameters to produce Cu TGVs
with desirable properties for a specific application. Results from
this test will also provide valuable input for predictive thermo-
mechanical models to enable the development of reliable glass
interposers.

Index Terms—Through glass vias, micro-compression testing,
mechanical properties, 2.5D interposer.

I. INTRODUCTION

.SD INTEGRATED circuits (IC), where active dies are

placed side-by-side on a passive interposer, is an emerg-
ing technology to meet the ever-increasing demands for
higher I/O density, increased signal frequency, more func-
tionality, better performance, and smaller footprint in micro-
electronics [1]-[4]. Glass is a promising substrate material
for high performance interposers because of its favorable
properties, including the adjustable coefficient of thermal
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expansion (CTE), dimensional stability, good surface quality,
low dielectric constant, low insertion loss, and the com-
patibility for panel production [5]-[8]. A critical enabling
component for glass interposers is the Cu-plated through-glass
vias (TGVs), which provides the crucial vertical electrical con-
nections and facilitates heat dissipation [8]-[10]. Cu is widely
adopted as the metallization material for TGVs because of
its desirable electrical and thermal properties, as well as its
compatibility with the existing microelectronics fabrication
processes [11], [12]. However, due to the mismatch of coef-
ficient of thermal expansion (CTE) between Cu and glass,
thermal stress is generated in and around the TGVs rais-
ing reliability concerns such as via extrusion, fracture, and
delamination [13], [14]. These stress- induced phenomena can
be directly related to the mechanical properties of the elec-
troplated Cu [14]-[16], raising the need to characterize the
mechanical properties of Cu TGVs. Obtaining the properties
of Cu TGVs is also important for the development and imple-
mentation of models to analyze the thermo-mechanical relia-
bility, optimize design and predict reliability for glass-based
interposers.

Two techniques are commonly used to characterize the
mechanical behaviors of a small volume of materials: nanoin-
dentation and micro-compression [17]-[23]. Nanoindentation
has many advantages including the ease of use, location speci-
ficity, and high displacement and load resolutions [17], [18],
but its accuracy is affected by the shape and sharpness of
the nanoindentation tip [24]-[26]. Additional analysis, such
as by finite element analysis (FEA), is needed to extract
the plastic properties of the materials based on the load-
displacement curves using an iterative process [27]-[29], but
the data analysis is complicated by the complex stress state
underneath the indentation tip [30], [31]. In comparison, the
micro-compression test applies a nominally uniaxial load-
ing on the sample, which is advantageous for the testing of
a wide range of materials that are difficult to test in the bulk
form [24]. Samples used in the micro-compression test are
usually pillars fabricated from the bulk of the material by
focused ion beam (FIB) milling, a process that may affect the
mechanical response of the material due to damages by ion
beam irradiation [20], [22], [32]-[34]. While both nanoinden-
tation and micro-compression have been used to characterize
the mechanical behaviors of Cu TSVs [11], [12], [35]-[37],
no such studies have been reported for Cu TGVs. The dif-
ferences in the dimension, fabrication process, and substrate
materials between the TGVs and TSVs imply that the mechan-
ical behaviors of TGVs may be different from those of TSVs,
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Fig. 1. (a) An SEM top view image of a typical TGV array showing the
vias and the Cu overburden. (b) A zoomed-in cross-sectional optical image
showing the Cu overburden at the top of the via.

raising the need to characterize the mechanical properties
of TGVs.

In this work, micro-compression test was carried out on
freestanding Cu TGVs. A novel sample preparation method
was developed to fabricate the freestanding Cu TGV pillars
without FIB milling, therefore avoiding the adverse effect
of ion beam damage on the measured properties. From the
acquired stress-strain curve, the yield strength of the Cu TGVs
was obtained, which will provide valuable input for numer-
ical models for the assessment of stress and reliability in
TGV-containing structures. This paper is organized as the fol-
lows. First, experimental details on the sample preparation
method were given. Next, the micro-compression test and the
procedures to convert the measured load-displacement curves
to stress-strain curves were described. Finally, the results
obtained from the test were presented and discussed

II. EXPERIMENTAL DETAILS
A. Preparation of the Free-Standing TGVs Pillars

The Cu TGVs used in this study were fabricated using
a previously described process [38] where via holes in a glass
wafer were filled by Cu electroplating. The via diameters
were 50 pwm and the wafer thickness was 365 pm. Post-
plating annealing was carried out at 420°C for 30 minutes and
no chemical-mechanical planarization (CMP) was performed.
Fig. la is a top-view scanning electron microscope (SEM)
image of a TGV coupon showing an array of vias, and Fig. 1b
is a cross-sectional optical image near the top of the via.
Overburden, which is the excessive Cu deposited at the top
of the vias, can be seen in both images and have the shape of
mushrooms.

Taking advantage of the presence of the Cu overburdens,
a procedure was developed to create the freestanding Cu TGV
pillars for the micro-compression test, as illustrated in Fig. 2.
First, rectangular coupons that were 20 mm x 10 mm in
size were cut from the TGV wafer (Fig. 2a) and placed in
a mounting mold. The coupons were then potted in epoxy and
allowed to cure at room temperature for 24 hours (Fig. 2b).
The sample, which now consisted of the TGV coupon embed-
ded in the hardened epoxy, was flipped upside down and
polished from the bottom side until the height of the vias
was reduced to between 30-50 pum (Fig. 2c). Next, HF was
used to selectively etch off the glass substrate and expose the
Cu vias (Fig. 2d). The sample was ultrasonically cleaned in
ethanol to remove any residue from the glass etching process.
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Fig. 2. Schematic illustrations of the procedure used to obtain the freestand-
ing Cu TGVs. (a) A cross-sectional view of the as-received TGV coupon
showing the embedded vias and the Cu overburden. (b) The TGV coupon
was mounted in epoxy and allowed to cure at room temperature for 24 hours.
(c) The TGV coupon was flipped and thinned down from the bottom side of
the coupon until the via height was between 30-50pm. (d) Glass was removed
by etching with HF to expose the freestanding TGV pillars.

(b)

Fig. 3.  (a) SEM image of a freestanding TGV prepared by the method
presented in Fig. 2. (b) An illustration of the geometrical parameters used to
describe the TGV pillars. D is the diameter at the base of the pillar, d is the
diameter at the top of the pillar, H is the height of the pillar, and « is the
tapering angle.

Energy dispersive spectroscopy (EDS) was carried out and
confirmed that glass had been completely removed and pris-
tine freestanding Cu TGV had been obtained by the described
procedure. Studies have shown that Cu experiences minimal
(100-500A) to no corrosion from exposure to aqueous HF
solutions [39]-[41]. Therefore, the method described above,
which utilizes the overburden as a bottom platen to support the
TGV npillars, allowed pristine freestanding vias to be obtained
for the subsequent micro-compression testing.

The SEM image of a typical freestanding Cu TGV pillars
prepared by this method is shown in Fig. 3. The via, now
in the form of a pillar, was situated on top of its original
overburden, which served as a bottom platen to provide the
structural support during the uniaxial micro-compression test.
As illustrated in Fig. 3b, four geometrical parameters were
used to describe the geometry of the via pillar. D refers to the
diameter of the via at base, d (<D) refers to the diameter at the
top of the via, which is also the free end, H refers to the height
of the via, and « is the tapering angle between the tangent of
the via sidewall surface and the via axis. Six freestanding TGV
pillars were obtained in a coupon and were used for the micro-
compression test. Prior to being tested, each via was examined
in SEM and the geometry parameters were determined from
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TABLE I
THE DIMENSIONS OF THE TGV PILLARS TESTED IN THIS STUDY

Via#  D(um) d(um)  H(um) «()
1 50 49 33.62 0.85
2 50 47 44.55 1.92
3 50 47.6 4981 1.37
4 50 49.2 43.74 0.52
5 50 472 44.96 1.87
6 50 49.0 38.07 0.75
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Fig. 4. (a) Illustration of the micro-compression setup used in this study.

(b) An SEM image of the micro-compression tip. (c) A schematic illustration
of the testing procedure for the micro-compression of TGV pillars.

the SEM image using the image analysis tool, Image J. The
dimensions of these six vias are summarized in Table I.

B. The Micro-Compression Test

Uniaxial micro-compression tests were carried out using
a setup illustrated in Fig. 4a. The test system consisted of
a precision motor, a load cell, a stereoscope, a side view
camera, and precision micrometers, and was controlled by
a closed-loop LabView data acquisition program. For each
micro-compression test, the sample, which contained the free-
standing TGV pillars, was attached to the load cell. The pillar
to be tested was first located by the stereoscope and the side
view camera, and then aligned and centered with the micro-
compression tip. Fine alignment of the pillar to the tip was
achieved by the precision micrometers that were attached to
the load cell. Fig. 4b is the SEM image of the flat-top steel tip
used in the tests, which had a diameter of 200 wm. As shown
in Fig. 4c, during the test, a LabView-based program was used
to control the movement of the precision motor, which pushed
the micro-compression tip towards the sample at a speed of
50 nm/sec. The TGV pillar was compressed in a uniaxial fash-
ion with the via overburden served as the bottom platen. The
compressive force imposed by the tip on the TGV pillar was
measured by the load cell, which has a minimum force res-
olution of £1 mN. The load-displacement response of each
via was recorded in real time as the test was being conducted
by the LabView-based program for further analysis.

After the micro-compression tests, the load-displacement
plots were obtained, which were then converted to stress-strain
plots for the tested vias. The total compliance measured from
the test was the sum of the compliance of the test system, the
compliance of the TGV pillar, and the compliance of the base

supporting the pillar [23]:
Crotal = Csys + Cyig + Cpase e

where the subscripts sys, via, and base refer to the test system,
the via, and the Cu overburden, respectively. The compliance
of the test system was obtained by calibration using a material
with a known compliance before the testing. The compliance
of the base was associated with the “sink in” of the Cu overbur-
den during the test, which can be obtained using the analysis
by Sneddon [24], [42], [43] as:

V(1= 1?)
2EVA

where v and E are the Poisson’s ratio and Young’s modulus of
the Cu overburden, respectively. A is the contact area between
the pillar and the overburden, A = ”TDz = nrim, where D
is the diameter of the base, as shown in Fig. 3, and rpgge
is the radius of the pillar at the base, rpg5e = %.

The displacement of the via can be calculated as:

AXyig = AXiptal — (Csys + Cbase)f 3)

Chase = (2)

where f is the force measured by the load cell and Axyy; is
the total displacement.

The pillar strain can then be calculated as:

Strain(rgy, = AXyia 4)
Hviu
where H is the TGV length measured from the SEM image,
as shown in Fig. 3.

To calculate the stress in each TGV, the variation in the TGV
diameter is considered in an empirical equation to average the
non-uniformity in the stress field. The following expression is
used [25]:

1({r2 2
o= nd y ind ) p )
Fiop base

where Tind, Ttop, and rpuse stand for the indenter radius, the
via top radius, and the via base radius, respectively. P is the
pressure = applied load /indenter area.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The six freestanding TGV pillars described in Table I were
compressed using the displacement-controlled mode with
a prescribed displacement speed of 50 nm/s. All pillars were
compressed to 30% of their original length (H) to obtain their
stress-strain responses. Fig. 5 shows the stress-strain curves
of all the six TGVs tested in this study. From the stress-strain
curves, the 0.2% proof strength was determined as the yield
strength of the tested vias, which were summarized in Table II.
The average yield strength was found to be 123 MPa with
a standard deviation of 7.85MPa. The yield strength values
of the six tested TGVs were in good agreement, indicating
a reliable and repeatable test procedure. The variation of the
measured yield strength and the stress-strain curves among
the vias may be related to the stochastic variations of the
microstructure, the tapering angles, and the presence of a small
number of voids in the via.
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Fig. 5. The Stress-Strain curves of all the six vias tested in this study.

TABLE 11
0.2% YIELD STRENGTH VALUES

Via # 0.2 % Yield
Strength (MPa)
1 113
2 115
3 130
4 125
5 135
6 120

This work marks the first time that the yield strength of
TGVs was determined experimentally. The yield strength value
of 123 MPa falls within the range of values reported for elec-
troplated Cu film [44]-[46] but is lower than the value of
167 MPa obtained by micro-compression for electroplated Cu
TSVs [21]. Okoro et al. [47] has shown that the plastic prop-
erties of Cu vias used as the input in a numerical model has
a direct impact on the predicted stress levels in the surrounding
Si substrate. The observed difference in yield strength values,
especially between TGVs and TSVs, underscores the impor-
tance to characterize the mechanical properties of TGVs for
the reliability analysis of TGV-based applications.

Several factors can cause the observed differences in yield
strength between Cu TGVs and the other structures such as
thin films and TSVs, including the electroplating chemistries,
geometry of the structure, and the resulting Cu microstruc-
ture [45], [48]-[54]. The sample preparation method to isolate
freestanding TGVs and the micro-compression testing proce-
dures described in this study provide an important avenue for
the investigation of processing and microstructural parame-
ters on the mechanical properties and reliability of TGVs.
For example, measurements can be carried out on a series
of TGVs that are fabricated by various processing param-
eters to reveal the effect of processing on the mechanical
properties of TGVs. Fine-tuning of the processing parame-
ters can subsequently be made, for example, by modifications
of electroplating chemistry [50], [51], [55] to achieve TGV
with desirable mechanical properties. Studies on the effects

of processing and microstructural factors on the mechanical
behaviors of Cu TGVs will be the subject of future studies.

IV. CONCLUSION

Micro-compression of freestanding Cu TGVs was con-
ducted in this study. Although several studies exist on the
characterization of mechanical properties of Cu TSVs, this is
the first time that the mechanical properties of Cu TGVs are
reported. Comparing to the nanoindentation technique, micro-
compression has the advantage of subjecting the sample to
nominal uniaxial loading, allowing easy interpretation of the
test data to obtain the yield strength of the material. A novel
sample preparation procedure was developed to fabricate free-
standing Cu TGV pillars by taking advantage of the presence
of the overburden. Six Cu TGVs were tested and the average
yield strength was determined as 123 MPa. This value was
found to be slightly lower than the yield stress values of Cu
TS Vs, but within the range reported for electroplated Cu. This
difference may be traced to various electroplating parameters
and microstructure that affect the properties of the vias. The
sample preparation procedure and test method presented in
this work provide a viable and reliable method to examine the
mechanical properties of TGVs by micro-compression.
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