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Abstract - In this paper, the effects of Cu microstructure on the
mechanical properties of TSV and via extrusion are studied using
two types of though-silicon vias (TSVs) with different grain size
distributions. A direct correlation is found between the Cu grain
size and the mechanical properties of the TSVs. An analytical
model is used to explore the relationship between the mechanical
properties and via extrusion. The results show that small and
uniform grains in the Cu vias led to smaller via extrusion. Such
grain structures are effective for reducing via extrusion failure to
improve TSV reliability.

[. INTRODUCTION

Copper (Cu) through-silicon via (TSV) is a critical element in
three-dimensional ~(3D) integrated circuits. Typically,
fabrication of TSVs involves etching of via holes, deposition of
liner and Cu seed layers, electroplating of Cu,
post-electroplating annealing, and CMP removal of Cu
overburden. In the via-middle scheme widely adopted for 3D
integration, the back-end-of-the-line (BEOL) layers are
deposited on top of the wafer after the fabrication of TSVs. As
one of the reliability issues, extrusion of the Cu vias occurs
primarily during the BEOL processing, which can cause the
BEOL layers to deform, leading to mechanical and electrical
failures of the interconnect structures (Fig. 1) [1-5]. Thus via
extrusion has been a major concern for yield and reliability of
3D integration. Previous studies have suggested that the stress
and mechanical properties of the Cu via directly affect via
extrusion [4-6]. The underlying mechanism of via extrusion has
been examined by considering plastic deformation in Cu and
via/Si interfacial sliding [7,8]. For the purpose of process
optimization, it is important to establish a correlation between
the microstructures of the Cu via and the mechanical properties,
which in turn can be correlated to via extrusion. In this work, we
characterized the microstructures and mechanical properties of
Cu TSVs, followed by measurements and modeling of via
extrusion.

Fig. 1. Observations of via extrusion and failure in TSV structures: (a) Via
extrusion after thermal cycling [4]; (b) and (c) Fracture and delamination due to
via extrusion [3].

II. MICROSTRUCTURES OF COPPER VIAS

The TSV samples used in this study were fabricated using the
standard via-middle scheme. The via diameter was D = 5.5 um
and the via depth was H = 55 um. The total thickness of the
wafer was 780 pm. Two different processing conditions were
used to fabricate two types of TSVs with different
microstructures, referred to as TSV-A and TSV-B. A number of
vias from each type were cross-sectioned by focused ion beam
(FIB) and their microstructures were measured by electron
backscatter diffraction (EBSD). Both types of vias were found
to have essentially random grain orientations (Fig. 2a).
However, the grain size distributions were different (Fig. 2b): in
TSV-A, the grain sizes were relatively uniform while the
distribution in TSV-B was rather polarized, with several large
grains mixing with small grains. The large grains in TSV-B
sometimes spanned across the entire via diameter. This can be
seen from the grain mapping and grain size distribution in
Figure 2. Quantitatively, the average grain size was found to be
2.83 pum for TSV-A and 3.82 pum for TSV-B.

Cirnin Size (jm)

1 1SV-B

TSV-A TSV-B

Grain Size (um)

(a) (b)
Fig. 2. EBSD measurement of Cu microstructures for TSV-A and TSV-B: (a)
grain mapping; (b) grain size distributions.

III. MECHANICAL PROPERTIES OF COPPER VIAS

To determine the elastic and plastic properties of the Cu vias,
nanoindentation measurements were carried out. For several
vias of each type, the BEOL layers were removed by FIB, and
then quasi-static indentations were conducted on the top of the
vias using Hysitron TI 950 TriboIndenter® equipped with a
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Berkvovich diamond tip. A two-segment load versus time
profile was applied with a loading/unloading rate of 100 nN/s
and a peak load of 800 uN. Figure 3 shows the measured
load-displacement responses. The elastic moduli of the Cu vias
were deduced from the unloading curves based on the
Oliver-Pharr method [9], as shown in Figure 4. The average
elastic modulus was found to be 117 GPa for TSV-A and 93
GPa for TSV-B. The elastic modulus for TSV-B is lower than
typically expected for Cu (~110 GPa) based on previous studies
on electroplated Cu thin films [10], which may be related to the
surface roughness or the grain textures near the top surface of
the via.

900

800t
700}
600¢
500
400} 7
300¢
200¢ 4

100+

Force (uN)
Ny

0

0 20 40 60 80 100 :
Indentation Depth (nm)

Fig. 3. Nanoindentation measurements for TSV-A (red) and TSV-B (blue), in
comparison with FEA simulations (dashed lines).
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Fig. 4. Elastic modulus of Cu vias extracted from nanoindentation
measurements.

To determine the plastic properties of the Cu vias, an
axisymmetric finite element analysis (FEA) model was
constructed to simulate the nanoindentation experiments (Fig.
5). An elastic diamond indenter with the cono-spherical shape
was used with a tip radius of 100 nm. The material properties
used for the diamond tip were: E; = 1222 GPa and v; = 0.2. For
the Cu vias, the average elastic moduli obtained from the
nanoindentation measurements were used for TSV-A and
TSV-B along with Poisson’s ratio ve, = 0.35. The elastic
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properties for Si were: Eg; = 130 GPa and vg; = 0.28. The
interface between Cu and Si are assumed to be perfectly bonded.

To model plasticity in the Cu vias, we used a classical metal
plasticity model in ABAQUS [11] with Mises yield surface and
isotropic hardening in the FEA simulations. The yield stress was
specified as a function of plastic strain:

1/n
TEe
Uy(gp):Gyo[H 3 1 . (1)
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where o is the initial yield strength, g, is the equivalent

plastic strain, and # is the hardening exponent. The initial yield
strength o, and the hardening exponent n were deduced using

an iterative approach based on comparison between the FEA
simulations and the nanoindentation experiments. For a given
set of yield strength and hardening exponent, the indentation
response of the TSV was simulated and compared to the
force-displacement curve obtained from the experiment. The
hardening exponent was fixed while adjusting the yield strength
until the peak displacement was within 10% of the experiment
value. The hardening exponent was then adjusted to achieve a
better fitting to the experimental curve. This process was
repeated until a reasonable fitting was obtained (see Fig. 3). The
hardening exponent was found to be n = 9.5 for both vias, while
the initial yield strength was 250 MPa for TSV-A and 190 MPa
for TSV-B. The lower yield strength for TSV-B is qualitatively
consistent with the theoretical expectation based on the
Hall-Petch relation, namely, the yield strength decreasing with
increasing grain size due to the grain boundary strengthening
mechanism.
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Fig. 5. An axisymmetric model for finite element simulations of
nanoindentaiton using a cono-spherical diamond indenter.

IV. MEASUREMENT OF VIA EXTRUSION

For both types of TSVs, via extrusion and damage of the
BEOL layers were observed. The extent of the via extrusion was
measured at the via cross-section by high resolution scanning
electron microscope (SEM), as shown in Figure 6. The average
extrusion was 117 nm for TSV-A and 147 nm for TSV-B,
showing the amount of via extrusion for TSV-B about 25%
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larger than for TSV-A. A clear correlation appeared to exist
between the average grain size of the Cu via and the amount of
via extrusion (Fig. 6). For TSV-A which has smaller and more
uniform grains, the amount of via extrusion is smaller than
TSV-B. The difference can be traced to the different mechanical
properties of Cu due to different grain structures resulting from
different process conditions. Based on the observed correlation,
TSVs with uniform small grains would be more favorable for
reducing via extrusion.
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Fig. 6. SEM images of via extrusion (upper panel), and correlation
between grain size and via extrusion for TSV-A and TSV-B.

V. MODELING OF VIA EXTRUSION

To elucidate the effects of mechanical properties on via
extrusion, a simple analytical model was formulated taking into
account Cu Plasticity [7], followed by FEA simulations. Both
the analytical model and FEA considered TSVs subject to a
thermal cycle from the room temperature (7%) to a high process
temperature (7}) and then back to the room temperature, with a
thermal load AT = Ty - Tp. First, assuming a free sliding
interface, the mismatch of thermal expansion between the Cu
via and Si induces a biaxial compressive stress in Cu upon
heating:

-1
1-vg, N I+vg
ECu ESi

where ac, and ag; are the coefficients of thermal expansion
(CTEs) for Cu and Si, respectively. The stress induces an elastic
strain in the axial direction of the via, which result in an elastic
extrusion at the high temperature 7y
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where H is the via height and AH, is elastic extrusion. The

elastic extrusion increases linearly with temperature as,
AH, = B HAT , with 8 =20.64 ppm/°C by using the typical
values for the thermomechanical properties of Cu and Si (a¢, =
17 ppm/°C, ag; = 2.3 ppm/°C, E¢, = 110 GPa, E5; = 130 GPa, v,
=0.35, and vs; = 0.28).

If no plastic yielding in Cu, the elastic via extrusion would
decrease with the same rate upon cooling and vanish at the room
temperature after a full thermal cycle. On the other hand,
assuming prefect plasticity with a yield stress o, for the Cu via,

plastic yielding of Cu is predicted when heating above a critical
temperature

Q)

AT — O-}’ l_vCu +1+V5i
! Oc, — Qg ECu ESi

which is proportional to the yield strength of Cu. Beyond the
critical temperature (AT > AT, ), the Cu via deforms plastically,

resulting in a plastic extrusion [7]:

©)

Agp = (3aCu —2ay )(AT— ATy)

The plastic extrusion also increases linearly with temperature,
but with a higher rate as, AH =g H(AT—ATy) , with

/B, =46.4ppm. The plastic extrusion rate is over twice of the

elastic extrusion rate, leading to more significant via extrusion
at the high temperature. More importantly, the plastic extrusion
does not vanish after cooling, resulting in a non-zero residual
extrusion after a full thermal cycle [7]:

AH, =H(B, - B, AT -AT,) (6)
Thus, the magnitude of the residual extrusion depends on the
highest temperature during the thermal cycle and the plastic
yield strength of the Cu via. Increasing the yield strength of Cu
would increase the yield temperature AT and thus decrease the

residual extrusion for the same thermal load AT .

Using the elastic-plastic properties extracted from the
nanoindentation experiments, the magnitude of via extrusion
versus the maximum process temperature are plotted in Figure 7
for both TSV-A and TSV-B. Since the yield strength is lower for
TSV-B, the critical thermal load for via extrusion is lower.
Subject to same thermal load (AT > AT, ), the analytical model

predicts that the amount of via extrusion for TSV-B is higher
than TSV-A, consistent with the experimental observations (Fig.
6). Using the average extrusion measured for TSV-A and
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TSV-B, we found that the corresponding thermal load is around
350°C for both TSVs, although the thermal load for TSV-B is
slightly lower. The deduced thermal load is in reasonable
agreement with typical process temperatures (~400°C), although
the exact thermal processes are not available for these TSV
samples. Incidentally, the predicted via extrusion for TSV-B
compare closely with reported data in a previous study [5].
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Fig. 7. Via extrusion versus maximum process temperature predicted
by the analytical model, in comparison with experiments.

Next we used an axisymmetric FEA model similar to Figure 5
to simulate via extrusion during a thermal cycle, using the
elastic-plastic properties extracted for TSV-A and TSV-B. As
shown in Fig. 8, the numerical results are consistent with the
predictions by the analytical model, where the residual via
extrusion after the thermal cycle was higher for TSV-B than for
TSV-A, both subject to the same thermal load AT = 350°C. It
was found that the analytical model slightly overestimated the
via extrusion due to the assumption of perfect plasticity (no
strain hardening) and uniform stress field in the Cu vias.
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Fig. 8. Numerical simulations of via extrusion during a thermal cycle
for TSV-A and TSV-B.

We further apply the FEA model to investigate the effect of
interfacial properties on Cu extrusion. The development of via
extrusion during a thermal cycle is evaluated for two cases with
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different bonding behaviors and the results are shown in Figure
9 for comparison with the analytical model. First, a perfectly
bonded interface is assumed between the copper via and silicon,
for which the residual extrusion is significantly reduced, by ~3x,
at room temperature. The results indicate that the contribution of
plasticity to extrusion is reduced by the interfacial bonding
between via and silicon. In the second case, a cohesive via/Si
interface is assumed, which is represented by a bilinear
traction-separation relationship with an adhesion energy of 2.5
J/m® and a shear strength of 50 MPa. The via extrusions at both
room and maximum temperatures are considerably higher than
the bonded case although they are still lower than the analytical
model. Hence, the via extrusion depends on both Cu plasticity
and interfacial adhesion.
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Fig. 9. Comparison of via extrusion calculated from the analytical
model and FEA simulations with different interfacial properties: free
sliding, perfect bonding, and cohesive with a bilinear
traction-separation law (TSL).

VL. CONCLUSIONS

In summary, the effect of the average grain size on the
elastic-plastic properties of Cu TSV has been examined and
correlated to via extrusion. The effect was investigated for two
types of grain structures. It was found that smaller and more
uniform grains resulted in higher yield strength and therefore is
more favorable for reducing the via extrusion. The findings in
this study suggest that in the fabrication of TSVs, it will be
effective to control the processing parameters in order to
achieve more uniform and small grains to improve via extrusion
reliability.

ACKNOWLEDGMENT
This work was supported by Semiconductor Research Corp.

REFERENCES

[1] 1. De Wolf, K. Croes, O. V. Pedreira, R. Labie, A. Redolfi, M. Van De Peer,
K. Vanstreels, C. Okoro, B. Vandevelde, and E. Beyne, “Cu pumping in
TSVs: Effect of pre-CMP thermal budget,” Microelectron. Reliab. 51,
1856-1859 (2011).

[2] A.Heryanto, W. N. Putra, A. Trigg, S. Gao, W. S. Kwon, F. X. Che, X. F.
Ang, J. Wei, R. I Made, C. L. Gan, and K. L. Pey, “Effect of copper TSV

315



annealing on via protrusion for TSV wafer fabrication,” J. Electron. Mater.
41 (9), 2533-2542 (2012).

[3] S.Kang, S. Cho, K. Yun, S. Ji, K. Bae, W. Lee, E. Kim, J. Kim, J. Cho, H.
Mun, and Y. L. Park, “TSV optimization for BEOL interconnection in logic
process,” in Proc. IEEE Int. 3DIC, Osaka, Japan, Jan. 31/Feb. 2, 2012, pp.
1-4.

[4] S.K.Ryu, T. Jiang, K. H. Lu, J. Im, H.-Y. Son, K.-Y. Byun, R. Huang, and
P. S. Ho, “Characterization of thermal stresses in through-silicon vias for
three-dimensional interconnects by bending beam technique,” Appl. Phys.
Lett. 100, 041901 (2012).

[5] D.Zhang, K. Hummler, L. Smith, and J.-Q. Lu, “Backside TSV protrusion
induced by thermal shock and thermal cycling,” Proceedings of IEEE
Electronic Components and Technology Conference (2013), pp.
1407-1413.

[6] T.lJiang, S. K. Ryu, Q. Zhao, J. Im, R. Huang, and P. S. Ho, “Measurement
and analysis of thermal stresses in 3D integrated structures containing
through-silicon-vias,” Microelectron. Reliab. 53, 53-62 (2013).

[7] T. Jiang, C. Wu, L. Spinella, J. Im, N. Tamura, M. Kunz, H.-Y. Son, B.G.
Kim, R. Huang, P.S. Ho, “Plasticity mechanism for copper extrusion in
through-silicon vias for three-dimensional interconnects”, Appl. Phys. Lett.
103,211906 (2013).

[8] S.-K.Ryu, T. Jiang, J. Im, P.S. Ho, R. Huang, “Thermo-mechanical failure
analysis of through-silicon via interface using a shear-lag model with
cohesive zone”, IEEE Trans. on Device and Materials Reliability 14,
318-326 (2014).

[91 W. C. Oliver and G. M. Pharr, “An improved technique for determining
hardness and elastic modulus using load and displacement sensing
indentation experiments”, J. Mater. Res. 7, 1564-1583 (1992).

[10] D. W. Gan, R. Huang, P.S. Ho, J. Leu, J. Maiz, T. Scherban, “Isothermal
stress relaxation in electroplated Cu films. Part I: Mass transport
measurements”, J. Applied Physics 97, 103531 (2005).

[11]JABAQUS Theory and Analysis User’s Manuals (Version 6.13), Dassault
Systémes Simulia Corp., Providence, RI, USA (2013).

316 2014 IEEE 21st International Symposium on the Physical and Failure Analysis of Integrated Circuits (IPFA)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


