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ZN DOPED SOLDERS ON CU SURFACE FINISH FOR THIN FLI APPLICATION

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Patent Application 62/142,997
filed April 3, 2015, entitled ZN DOPED SOLDERS ON CU SURFACE FINISH FOR THIN FLI
APPLICATION, and which is incorporated herein by reference in its entirety for all purposes.
FIELD OF THE INVENTION

Embodiments generally relate to semiconductor devices. More specifically, embodiments
relate to solders used in semiconductor devices.

BACKGROUND OF THE INVENTION

Current lead-free soldering solutions have several drawbacks. For example, lead-free
solders such as tin-copper solders (e.g., Sn with 0.7 weight percent Cu), tin-silver (e.g., Sn with
between 2.0 and 3.0 weight percent Ag), and SAC (Sn with 2-4 weight percent Ag and 0.5-1.0
weight percent Cu) result in the formation of intermetallic compounds (IMCs) (e.g., Sn-Cu
IMCs) at the interface between the solder joint and copper bump. The thickness of the IMC
within the solder joint increases as the duration and the number of the reflows are increased.
Additionally, IMC growth may also occur during reliability testing, such as high temperature
bakes and thermal cycling. Specifically, in solder joints that have a thickness that is
approximately 25 pm or less, the IMC layer may grow to be the entire thickness of the solder
joint. The presence of IMCs in a solder joint negatively affects the reliability of a semiconductor
device. IMC growth within a solder joint increases the stress in the solder joint and leads to
cracking or delamination of the low K interlayer dielectric (ILD), or stacking vias of the device
die. The rapid growth of Sn-Cu IMCs also accelerates the consumption of the pad metallurgy on
the substrates. In the case of bond on trace (BOT) first level interconnects, the trace on the
substrate may be consumed completely during multiple reflows and subsequent reliability
testing. As such, device open failures may be produced.

Current solutions to solve the issue of IMC growth at the interface between copper and
solder joints have been to use a barrier layer. For example, a nickel plating over the copper pads
may minimize the growth of IMCs. However, the use of nickel has significant environmental and
health issues. Furthermore, the inclusion of an additional plating operation to provide the barrier
layer increases the overall cost of production and reduces throughput.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 illustrates the Sn corner of a Sn-Zn-Cu phase diagram.
Figure 2 is a graphical representation of normalized stress values of various solder

systems, according to embodiments of the invention.
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Figure 3A is a pair of cross-sectional micrographs of the interface between a Sn100
solder and a copper surface after a ten minute reflow and a thirty minute reflow.

Figure 3B is a pair of cross-sectional micrographs of the interface between a Sn solder
with 0.2 weight percent Zn and a copper surface after a ten minute reflow and a thirty minute
reflow.

Figure 3C is a pair of cross-sectional micrographs of the interface between a Sn solder
with 0.6 weight percent Zn and a copper surface after a ten minute reflow and a thirty minute
reflow.

Figure 3D is a pair of cross-sectional micrographs of the interface between a Sn solder
with 2.0 weight percent Zn and a copper surface after a ten minute reflow and a thirty minute
reflow.

Figure 3E is a pair of cross-sectional micrographs of the interface between a Sn solder
with 0.7 weight percent Cu and a copper surface after a ten minute reflow and a thirty minute
reflow.

Figure 3F is a micrograph of the interface between a SAC solder with 0.4 weight percent
Zn and a copper surface.

Figure 3G is a micrograph of the interface between a SAC solder with 1.5 weight percent
Zn and a copper surface.

Figure 4A is a graph of the thickness of intermetallic compounds formed in a variety of
solders over various reflow times.

Figure 4B is a graph of the minimum concentration of Zn needed in a solder with respect
to the height of the solder for various thicknesses of Cu-Zn IMC formation.

Figure 5A is a cross-sectional illustration of a semiconductor die with an unreflown
solder bump placed on each die contact, according to an embodiment of the invention.

Figure 5B is a cross-sectional illustration of the semiconductor die in Figure SA after the
solder bumps have been reflown and an IMC barrier layer is formed, according to an
embodiment of the invention.

Figure 6 is a schematic representation of a computing device that includes one or more
devices with reflown solder bumps that include an IMC barrier layer, according to an
embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the invention provide apparatuses with improved control of intermetallic
compound growth in solder joints and methods of forming such apparatuses. In the following
description, numerous specific details are set forth, such as specific materials and processing

operations, in order to provide a thorough understanding of embodiments of the present
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invention. It will be apparent to one skilled in the art that embodiments of the present invention
may be practiced without these specific details. In other instances, well-known features, such as
the integrated circuitry of semiconductive dies, are not described in detail in order to not
unnecessarily obscure embodiments of the present invention. Furthermore, it is to be understood
that the various embodiments shown in the Figures are illustrative representations and are not
necessarily drawn to scale.

Embodiments of the invention allow for improvements to the solder joint in the first level
interconnect and solder joints used for chip to chip attachment that prevent cracking of the low-
K interlayer dielectric (ILD) and stacking via on the die. Solder joints according to embodiments
of the invention reduce the risk of ILD and stack via cracking by minimizing the growth of
intermetallic compounds (IMCs) in the solder joint. As described above, the interface between a
copper bump on the die with low-K ILD and lead-free solders (e.g., Sn based solders) results in
the formation of IMCs during reflow processes. In the case of Sn-based solders, the interface
between the solder and the copper bump provides a copper source that may cause the formation
of CueSns and CuszSn IMCs. Embodiments of the invention prevent the formation of these IMCs
by using a solder system that will produce a barrier layer at the interface between the solder joint
and the copper bump. However, unlike the prior barrier layer solutions, such as the nickel plating
layer described above, embodiments of the invention utilize the composition of the solder to
selectively form an IMC that has a growth rate that is slower than the growth rate of the IMCs
that would otherwise form between the tin and the copper.

Referring now to Figure 1, the tin corner of a tin-zinc-copper phase diagram 100 is
illustrated. As shown, when soldering a high Sn based solder onto a Cu surface, the IMC that is
formed in region 190 is CueSns. When Zn is added to the high Sn based solder (e.g., when the
high Sn based solder includes approximately 0.6 weight percent Zn or more), the location on the
phase diagram shifts to regions 192 and 194 where the initial IMC formed is a Cu-Zn
intermetallic compound. Further, when the weight percent Zn in the high Sn based solder is
increased, the location on the phase diagram shifts to regions 196 and 198 where high content Zn
IMCs form, such as CusZns. Accordingly, the unwanted IMC compound CusSns only appear
when the Zn content in the molten solder is less than approximately 0.6 weight percent.

The selective formation of CuZn and CusZng IMCs is beneficial because they grow
significantly slower than Cu-Sn based IMCs during reflow processes. Since the IMCs grow
slower, a larger proportion of the solder joint will be free from IMCs. For example, in solder
joints that are approximately 25 um thick or less, reflow processes may result in full IMC joints
(i.e., solder joints where substantially the entire volume of the solder joint is formed by IMCs) in

presently used solders, whereas embodiments of the present invention may include an IMC
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barrier layer that is less than approximately 10 pum thick. Depending on the reflow operations,
the IMC barrier layer may even be less than 2 pm thick, according to certain embodiments of the
invention.

Increases in the IMC volume in the solder joint increase the stress that is applied to the
ILD. Figure 2 shows normalized values of stress on the ILD caused when the solder is reflown at
260 °C for various solder compositions. The first bar, labeled “solder with plasticity”, is
considered to be a standard solder that does not include any IMCs and is, therefore, the
normalized value 1. In the modeling used to create the second bar, labeled “elastic solder”, the
solder composition modeled includes the same physical properties as the “solder with plasticity”,
with the exception that the “elastic solder” joint does not melt at 260 °C. As such, there is no
plastic deformation and the solder only elastically deforms. This behavior is substantially similar
to a solder joint that is fully comprised of IMCs. As illustrated, the elastic solder shows a
normalized stress on the ILD that is greater than 1.5, and therefore, much more likely to cause
cracking of the low K ILD. The third solder that is modeled, labeled “reduced modulus solder”,
is similar to the “elastic solder” in that it does not melt and plastically deform at 260 °C, but is
different because it has been modeled with a modulus that is lower than the “elastic solder”. As
shown, reducing the modulus also reduces the stress on the ILLD compared to the “elastic solder”.
Accordingly, it has been shown that even if the solder will not plastically deform, the stress on
the ILD may be decreased by reducing the modulus of the solder.

While it is appreciated that including Zn into the solder will increase the hardness of the
solder, it has been shown that the formation of the Zn-based IMCs at the interface will also
reduce the concentration of Zn in the remaining portions of the solder. As such, the modulus of
the reflown solder with Zn will not be as high as the modulus prior to reflow. Since the Zn
migrates to the interface to form IMCs, the concentration of Zn in the non-IMC portions of the
solder will be reduced. For example, when 0.6 weight percent Zn is added to a Sn-Cu solder or to
a SACI105 solder, the solder hardness reduces after reflow. While embodiments of the invention
are not bound by theory, it is presently believed that Zn in the molten solder migrates to the
solder-copper interface to form the IMCs. When Cu is also included in the solder it is further
believed that the Cu will also migrate to the interface. Accordingly, the reduced Zn content in the
non-IMC portions of the solder joint results in a softening of the solder joints. The softer solder
joints, therefore, result in less stress on the ILD.

In addition to providing a reduced hardness value by reducing the Zn composition in the
non-IMC portion of the solder joint, the formation of a slow growth IMC also reduces the
consumption of copper at the copper-solder interface. Reducing the copper consumption

provides several benefits. One such benefit is that the thickness of the copper layer (e.g., FLI,
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bump, trace, etc.) can be reduced compared to current design rules. Currently, FLIs need to be
approximately 10 pm thick or more to prevent cracking due to the depletion of copper during the
reflow processes. According to embodiments of the invention, the formation of Zn-Cu IMCs
reduces consumption of copper compared to when Sn-Cu IMCs form. As such FLIs formed
according to embodiments of the invention may be less than approximately 10 pm. In some
embodiments, the FLIs may be formed with a thickness that is less than approximately 2 pm.
Reducing the thickness of the copper allows for the plating process used to form the FLIs to be
completed faster, and results in increased throughput and reduced costs. Furthermore, reducing
the copper consumption may allow for additional reflows without the risk of cracking the FLIs.
For example, embodiments of the invention may include five or more reflows when the thickness
of the FLI is less than approximately 2 pm. As described above, in BOT applications using
currently available solders, the consumption of the trace on the substrate also causes problems
such device open failures. Accordingly, embodiments of the present invention allow for the trace
thickness to be reduced as well since the copper consumption is reduced. This provides similar
advantages to those described above (e.g., thinner traces and the ability to withstand a greater
number of reflows).

Figures 3A-3E are cross-sectional micrographs of the interface between various solder
compositions 360 and a copper surface 370 for various solder compositions and reflow times.
Each Figure illustrates two different micrographs of the same solder 360. The first micrograph is
a cross-section taken after a ten minute reflow at 250 °C, and the second micrograph is a cross-
section taken after a thirty minute reflow at 250 °C. Accordingly, each Figure illustrates the IMC
compounds that are formed and the relative speed at which each IMC compound grows. It is to
be appreciated that the micrographs shown in Figure 3A-3E are exemplary in nature and provide
a general illustration of the effect of Zn concentration in a Sn-based solder on the growth of
intermetallic compounds. The reflow temperatures, the reflow times, the compositions, and the
resulting thicknesses of the IMC layers are exemplary in nature, and embodiments of the
invention are not limited to such configurations.

Figure 3A is a cross-sectional micrograph of an interface between a Sn100 solder 360
and copper 370. As illustrated in the first micrograph of Figure 3A, CusSns and CuzSn IMCs
have formed. The maximum thickness of the CusSns IMC extends approximately 5.07 um into
the solder 360 and the thickness of the CusSn IMC extends approximately 0.90 um into the
solder 360. As shown, the CuszSn IMC has a thickness that is substantially consistent and is
located at the interface between the solder 360 and the copper 370, whereas the CusSns IMC has
a greater degree of variation in the thickness and is formed above the Cu3Sn IMC. The CusSns

IMC has a greater variation in its thickness because the IMC forms peaks and valleys of varying
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thickness.

As illustrated in the second micrograph of Figure 3A, the maximum thickness of the
CusSns IMC has extended approximately 8.51 pm into the solder 360 after the thirty minute
reflow, and the thickness of the CusSn IMC has extended approximately 1.66 um into the solder
system. The CusSn IMC maintains a relatively consistent thickness at the interface, and the
peaks and valleys in the CueSns IMC regions have begun to merge together. Accordingly, while
the copper heavy IMC CusSn forms preferentially at the interface, it does not act as a barrier that
prevents the IMC from continuing to form deeper into the solder system.

Referring now to Figure 3B, a cross-sectional micrograph of an interface between a
solder 360 that is Sn with 0.2 weight percent Zn is shown. As illustrated in the first micrograph
of Figure 3B, CueSns and CuzSn IMCs have formed. The maximum thickness of the CusSns IMC
extends approximately 5.62 pm into the solder 360 and the thickness of the Cu3;Sn IMC extends
approximately 0.61 pm into the solder 360. As shown, the CusSn IMC has a thickness that is
substantially consistent and is located at the interface between the solder 360 and the copper 370,
whereas the CusSns IMC has a greater degree of variation in the thickness and is formed above
the CuzSn IMC. The CueSns IMC has a greater variation in its thickness because the IMC forms
peaks and valleys of varying thickness.

As illustrated in the second micrograph of Figure 3B, the maximum thickness of the
CusSns IMC has extended approximately 10.61 um into the solder 360 after the thirty minute
reflow, and the thickness of the CusSn IMC has extended approximately 1.08 um into the solder
system. The CusSn IMC maintains a relatively consistent thickness at the interface, and the
peaks and valleys in the CueSns IMC regions have begun to merge together. Accordingly, while
the copper heavy IMC CusSn forms preferentially at the interface, it does not act as a barrier that
prevents the IMC from continuing to form deeper into the solder system.

Referring now to Figure 3C, a cross-sectional micrograph of an interface between a
solder 360 that is Sn with 0.6 weight percent Zn is shown. As illustrated in the first micrograph
of Figure 3C, CueSns IMCs have formed. The maximum thickness of the CusSns IMC extends
approximately 5.92 um into the solder 360. As shown, the CusSns IMC has variation in its
thickness because the IMC forms peaks and valleys of varying thickness. Further, unlike the first
micrographs in Figures 3A and 3B, the interface does not include a Cu3Sn IMC layer.

As illustrated in the second micrograph of Figure 3C, the maximum thickness of the
CusSns IMC has extended approximately 10.96 um into the solder 360 after the thirty minute
reflow. Additionally, the extended reflow time has produced a CuszSn IMC layer that is
approximately 0.64 pm thick. The CusSn IMC layer has a substantially consistent thickness and

is formed directly on the interface between the solder 360 and the copper 370. Similar to the
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previous figures the peaks and valleys of the CueSns IMC layer have begun to merge together
after the thirty minute reflow.

Referring now to Figure 3D, a cross-sectional micrograph of an interface between a
solder 360 that is Sn with 2.0 weight percent Zn is shown. As illustrated in the first micrograph
of Figure 3D, CuZn IMCs have formed. The thickness of the CuZn IMC extends approximately
2.27 pm into the solder 360. The thickness of the CuZn IMC layer is substantially consistent
across the interface.

As illustrated in the second micrograph of Figure 3D, the thickness of the CuZn IMC has
extended approximately 3.73 um into the solder 360 after the thirty minute reflow. The thickness
of the CuZn IMC remains substantially consistent across the interface after the thirty minute
reflow. Accordingly, the presence of 2.0 weight percent Zn in the solder 360 allows for a barrier
layer of CuZn to form preferentially at the interface between the copper 370 and the solder 360.
Furthermore, the barrier layer of CuZn blocks the formation of Sn-based IMCs in the remainder
of the reflown solder 360. Since the CuZn IMC does not grow as fast as the CusSns IMC, the
thickness of the IMC:s is also decreased relative to other solder compositions that have less than
approximately 0.6 weight percent Zn.

Referring now to Figure 3E, a cross-sectional micrograph of an interface between a
solder 360 that is Sn with 0.7 weight percent Cu is shown. As illustrated in the first micrograph
of Figure 3E, CueSns and CuzSn IMCs have formed. The maximum thickness of the CusSns IMC
extends approximately 4.78 pum into the solder 360 and the thickness of the Cu3;Sn IMC extends
approximately 0.90 pum into the solder 360. As shown, the CusSn IMC has a thickness that is
substantially consistent and is located at the interface between the solder 360 and the copper 370,
whereas the CusSns IMC has a greater degree of variation in the thickness and is formed above
the CuzSn IMC. The CueSns IMC has a greater variation in its thickness because the IMC forms
peaks and valleys of varying thickness.

As illustrated in the second micrograph of Figure 3E, the maximum thickness of the
CusSns IMC has extended approximately 7.90 pm into the solder 360 after the thirty minute
reflow, and the thickness of the CusSn IMC has extended approximately 1.63 pm into the solder
system. The CusSn IMC maintains a relatively consistent thickness at the interface, and the
peaks and valleys in the CueSns IMC regions have begun to merge together. Accordingly, while
the copper heavy IMC CusSn forms preferentially at the interface, it does not act as a barrier that
prevents the IMC from continuing to form deeper into the solder system.

Referring now to Figure 3F, an additional micrograph of the interface between a solder
composition 360 and copper 370 is shown. In Figure 3F, the solder composition is a SAC solder

with 0.4 weight percent Zn. As illustrated, the addition of 0.4 weight percent Zn to the SAC
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solder does not prevent the formation of a Cu3Sn IMC at the interface, or the growth of a CusSns
IMC above the CuzSn IMC layer.

Referring now to Figure 3G, an additional micrograph of the interface between a solder
composition 360 and copper 370 is shown. In Figure 3G, the solder composition is a SAC solder
with 1.5 weight percent Zn. As illustrated, the addition of 1.5 weight percent Zn to the SAC
solder does eliminate the growth of the Cu-Sn IMC layers. Instead, a thing CusZng IMC layer is
formed directly on the interface between the copper 370 and the solder 360.

Referring now to Figure 4A, a graph of the total intermetallic growth in reflown solder
systems in contact with a copper surface over various reflow times at 250 °C are illustrated. As
illustrated, at reflow times below approximately five minutes, the solder systems that include
some amount of Zn (e.g., Sn with 0.2 weight percent Zn, Sn with 0.6 weight percent Zn, and Sn
with 2.0 weight percent Zn) have the smallest thicknesses of IMC growth. Furthermore, the IMC
growth of Sn with 2.0 weight percent Zn continues to have the smallest thickness of IMC growth
throughout all times of the reflow. Accordingly, experimental evidence show that Sn with 2.0
weight percent Zn successfully suppresses the interfacial IMC growth, whereas solders
compositions that have less than approximately 0.6 weight percent Zn are not able to suppress
the interfacial IMC growth. This experimental evidence in conjunction with the phase diagram in
Figure 1 illustrates that when a Sn solder has a Zn weight percentage that is approximately
greater than 0.6 weight percent, the unwanted Sn-Cu IMCs are suppressed, and the slower
growing Zn-Cu IMCs are preferentially formed. Accordingly, embodiments of the invention
allow for the formation of a relatively thin IMC barrier layer that prevents the spread of IMCs
through the entire solder joint.

According to an embodiment of the invention, the Sn solder may include approximately 2
weight percent Zn or greater. Additionally, doping elements (e.g., Al, Ag, Au, Cu, etc.) may be
included in the solder as well. For example, the solder may have a composition Sn-Xwt%Zn-Y,
where X is between 2 and 10 and Y is a doping element (e.g., Al, Ag, Au, Cu, etc.).
Embodiments of the invention may alter the weight percentage of Zn in order to provide a
sufficient amount of Zn at the solder-copper interface.

Referring now to Figure 4B, a plot of the minimum Zn weight percent needed in a solder
to provide a Cu-Zn IMC at both joint interfaces is shown according to an embodiment of the
invention. As used herein, the total solder height (shown along the x-axis) refers to the height of
the solder plated on a Cu bump plus the height of the solder on the substrate. According to an
embodiment, Cu-Zn solder can be plated on a Cu bump, followed by soldering onto a Cu trace
on the substrate. Additional embodiments may include adding Cu-Zn solder onto substrate Cu

trace. In either embodiment, the total solder height is the height of the solder on the Cu bump
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plus the height of the solder on the substrate.

In Figure 4B, the data points marked by squares represent the formation of a 1 pm thick
Cu-Zn IMC, the data points marked by diamonds represent the formation of a 2 pm thick Cu-Zn
IMC, and the data points marked by triangles represent the formation of a 3 pm thick Cu-Zn
IMC. According to an embodiment, such IMC thicknesses are representative of the IMC
thickness obtained at end of line of assembly (e.g., 1- 2 um) and after two to four reflows
following chip attachment (e.g., 2-3 um) and after temperature cycling testing (e.g., about 3 pm).
As illustrated, the total solder height influences the minimum concentration of Zn. For example,
the solder joints with relatively high total solder heights require a lower minimum Zn
concentration. A lower minimum Zn concentration is needed because more Zn is available away
from the interface due to the increased volume of solder. The Zn that is located away from the
interface may migrate towards the interface during a reflow in order to form Zn-Cu IMCs.

In embodiments where the Cu pad size on the substrate is the same as the Cu bump
diameter, then the minimum Zn concentration needed in the solder is not dependent on the Cu
bump diameter or Cu pad size on the substrate. However, in embodiments that include different
sizes for the Cu bump and the Cu pad size on the substrate, then the true soldering surface will
affect the minimum weight percentage of Zn that is needed. For example, increasing the surface
area of the interface requires more Zn to be available to interact with the copper to form the Zn-
Cu IMCs. As such, a higher concentration of Zn is needed when the surface area of the interface
is increased.

Referring now to the cross-sectional illustrations in Figures 5A and 5B, a reflow process
of a solder joint formed in accordance with an embodiment of the invention is illustrated. In
Figure 5A, a semiconductor die 500 is illustrated. The semiconductor die 500 may include one or
more die contacts 510. The die contacts 510 may be formed in the back end of line (BEOL) stack
that includes one or more ILD layers, conductive traces, vias, and solder resist (not shown) in
order to provide first level interconnects (FLI) to device circuitry (not shown) in the
semiconductor die 500. The die contacts 510 may be a stack of one or more conductive materials
and may include an organic surface protectant (OSP). In one embodiment, the top surfaces of the
die contacts 510 are copper.

As illustrated in Figure 5A, unreflown solder bumps 530 may be placed on one or more
of the die contacts 510. By way of example, and not by way of limitation, the solder bumps 530
may be formed on the die contacts with a plating process, a solder ball attachment process, a
paste printing process, or the like. According to an embodiment, the solder bumps 530 are a
solder composition that includes a barrier forming element. As used herein, a barrier forming

element is an element that induces formation of a slow-growing IMC layer at the interface
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between the die contact 510 and the solder bump 530 during one or more reflow operations.

Embodiments of the invention may include solder compositions, such as a Sn-based
solder, an Ag-based solder, a SAC solder, or the like. In such embodiments, the barrier forming
element may be Zn. For example, the solder bumps 530 may be a Sn-based solder that includes
approximately 0.6 weight percent or greater of Zn. In an additional embodiment, the weight
percent of the Zn in a Sn-based solder may be between approximately 0.6 weight percent Zn and
5.0 weight percent Zn. In another embodiment, the weight percent of the Zn in a Sn-based solder
may be between approximately 1.0 weight percent Zn and 10.0 weight percent Zn.

Embodiments of the invention may include determining the weight percentage of Zn to
be added to the solder based on the thickness of the solder joint and/or the surface area of the die
contact 510. Since the Zn is needed to form the barrier layer at the interface, there needs to be a
sufficient weight percentage of Zn in the solder to form the barrier layer over the entire surface
of the interface. For example, if a relatively thin solder joint is formed over a relatively large
surface area, then a greater weight percentage of Zn would be needed compared to a relatively
thick solder joint formed over a relatively small surface area. In the latter case, even though a
lower weight percentage of Zn may be used, the increased volume of the solder would provide
sufficient Zn atoms to form the desired Zn-based IMC barrier layer. Furthermore, since the
surface area of the interface is smaller, fewer Zn atoms are needed to form the barrier layer.
Therefore, the weight percentage of Zn in the solder may be reduced. In an embodiment, the
weight percentage of Zn in a solder may be no greater than the weight percentage needed to
prevent the formation of CueSns IMCs in the solder joint during one or more reflow operations.
Accordingly, embodiments of the invention allow for maximum protection from unwanted IMC
growth without significantly increasing the hardness of the solder joint.

Referring now to Figure 5B, the solder bumps 530 are reflown. According to an
embodiment, the reflow process produces an IMC barrier layer 535 at the interface between the
solder bump 530 and the die contact 510. In an embodiment the IMC barrier layer 535 is a Zn-
Cu IMC. For example, the IMC barrier layer 535 may include CuZn and/or CusZng IMCs. As
described above, the formation of the IMC barrier layer 535 substantially prevents the formation
of rapid growing Sn-Cu IMCs. In an embodiment, the IMC barrier layer 535 may extend into the
solder joint a thickness T that is less than approximately 25 um. Embodiments may also include
an IMC barrier layer 535 that extends into the solder joint a thickness T that is less than
approximately 10 pm. Embodiments may also include an IMC barrier layer 535 that extends into
the solder joint a thickness T that is less than approximately 6 um. Accordingly, the remainder of
the solder bump 530 is substantially free from IMC growth. The IMC free portion of the solder

bump results in reduced stress on the ILD of the semiconductor die 510 and, therefore reduces
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the probability that the ILD will crack during reflow operations.

Furthermore, the reduced thickness of the IMC barrier layer 535 compared to prior solder
compositions, allows for thinner solder joints. For example, solder joints less than 15 pm are
possible. The thickness of the solder joint may be limited by factors such as solder resist
thickness, the need to reduce warpage of the package and dies during reflow (e.g., oven reflow),
or the like. The ability to minimize solder joint thickness without producing solder joints that are
completely comprised of IMCs, according to embodiments of the invention, therefore, allows for
the thickness of the solder joints to continue to be scaled down.

Figure 6 illustrates a computing device 600 in accordance with one implementation of the
invention. The computing device 600 houses a board 602. The board 602 may include a number
of components, including but not limited to a processor 604 and at least one communication chip
606. The processor 604 is physically and electrically coupled to the board 602. In some
implementations the at least one communication chip 606 is also physically and electrically
coupled to the board 602. In further implementations, the communication chip 606 is part of the
processor 604.

Depending on its applications, computing device 600 may include other components that
may or may not be physically and electrically coupled to the board 602. These other components
include, but are not limited to, volatile memory (e.g., DRAM), non-volatile memory (e.g.,
ROM), flash memory, a graphics processor, a digital signal processor, a crypto processor, a
chipset, an antenna, a display, a touchscreen display, a touchscreen controller, a battery, an audio
codec, a video codec, a power amplifier, a global positioning system (GPS) device, a compass,
an accelerometer, a gyroscope, a speaker, a camera, and a mass storage device (such as hard disk
drive, compact disk (CD), digital versatile disk (DVD), and so forth).

The communication chip 606 enables wireless communications for the transfer of data to
and from the computing device 600. The term “wireless” and its derivatives may be used to
describe circuits, devices, systems, methods, techniques, communications channels, etc., that
may communicate data through the use of modulated electromagnetic radiation through a non-
solid medium. The term does not imply that the associated devices do not contain any wires,
although in some embodiments they might not. The communication chip 606 may implement
any of a number of wireless standards or protocols, including but not limited to Wi-Fi (IEEE
802.11 family), WiMAX (IEEE 802.16 family), IEEE 802.20, long term evolution (LTE), Ev-
DO, HSPA+, HSDPA+, HSUPA+, EDGE, GSM, GPRS, CDMA, TDMA, DECT, Bluetooth,
derivatives thereof, as well as any other wireless protocols that are designated as 3G, 4G, 5G,
and beyond. The computing device 600 may include a plurality of communication chips 606. For

instance, a first communication chip 606 may be dedicated to shorter range wireless
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communications such as Wi-Fi and Bluetooth and a second communication chip 606 may be
dedicated to longer range wireless communications such as GPS, EDGE, GPRS, CDMA,
WiIMAX, LTE, Ev-DO, and others.

The processor 604 of the computing device 600 includes an integrated circuit die
packaged within the processor 604. In some implementations of the invention, the integrated
circuit die of the processor includes one or more devices, such as devices that include a first level
interconnect that include a barrier layer of Zn-based IMCs in accordance with implementations
of the invention. The term *“processor” may refer to any device or portion of a device that
processes electronic data from registers and/or memory to transform that electronic data into
other electronic data that may be stored in registers and/or memory.

The communication chip 606 also includes an integrated circuit die packaged within the
communication chip 606. In accordance with another implementation of the invention, the
integrated circuit die of the communication chip includes one or more devices, such as devices
that include a first level interconnect that include a barrier layer of Zn-based IMCs in accordance
with implementations of the invention.

Embodiments of the invention include a semiconductor device that comprises; a
semiconductor die with one or more die contacts; and a reflown solder bump on one or more of
the die contacts, wherein an intermetallic compound (IMC) barrier layer is formed at the
interface between the solder bump and the die contact.

An additional embodiment of the invention comprises a semiconductor device, wherein
the reflown solder bump includes a weight percentage of Zn that is approximately 0.6 weight
percent or greater.

An additional embodiment of the invention comprises a semiconductor device, wherein
the weight percentage of Zn is approximately 2.0 weight percent or greater.

An additional embodiment of the invention comprises a semiconductor device, wherein
the weight percentage of Zn is between approximately 0.6 weight percent and 5.0 weight
percent.

An additional embodiment of the invention comprises a semiconductor device, wherein
the IMC barrier layer includes CuZn.

An additional embodiment of the invention comprises a semiconductor device, wherein
the IMC barrier layer includes CusZns.

An additional embodiment of the invention comprises a semiconductor device, wherein
the IMC barrier layer is less than approximately 10 um thick.

An additional embodiment of the invention comprises a semiconductor device, wherein

the IMC barrier layer is less than approximately 6 pm thick.
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An additional embodiment of the invention comprises a semiconductor device, wherein
the die contacts are copper.

An additional embodiment of the invention comprises a semiconductor device, wherein
an organic surface protectant (OSP) is formed over the die contacts.

An additional embodiment of the invention comprises a semiconductor device, wherein
the die contacts are less than 5 pm thick.

An additional embodiment of the invention comprises a semiconductor device, wherein
the die contacts are less than 2 pm thick.

An additional embodiment of the invention comprises a semiconductor device, wherein
the die contacts are less than 2 pm thick.

An additional embodiment of the invention comprises a semiconductor device, wherein
the solder bumps are first level interconnects.

Embodiments of the invention include a method of forming a solder interconnect,
comprising: forming a die contact on a semiconductor die; forming a solder bump on the die
contact, wherein the solder bump is a Sn-based solder that includes a barrier forming element;
and reflowing the solder, wherein the barrier forming element reacts with the die contact to form
an intermetallic compound (IMC) barrier layer.

Additional embodiments of the invention include a method, wherein the barrier forming
element is Zn and the die contact includes Cu.

Additional embodiments of the invention include a method, wherein the IMC barrier
layer includes CuZn and/or CusZns.

Additional embodiments of the invention include a method, wherein the solder bump
includes a composition of between approximately 2 weight percent Zn and 10 weight percent Zn.

Additional embodiments of the invention include a method, wherein the solder bump
further comprises one or more of Al, Au, Ag, and Cu.

Additional embodiments of the invention include a method, wherein reflowing the solder
bump includes a plurality of reflows.

Additional embodiments of the invention include a method, wherein reflowing the solder
bump includes five or more reflows.

Additional embodiments of the invention include a method, wherein the IMC barrier
layer is less than approximately 10 um thick.

Additional embodiments of the invention include a method, wherein forming the die
contact includes forming the die contact to a thickness less than approximately 5.0 pm.

Embodiments of the invention include a semiconductor device, comprising: a

semiconductor die with one or more die contacts, wherein the one or more die contacts are less
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than approximately 5 um thick and include copper; and a reflown solder bump on one or more
of the die contacts, wherein the reflown solder bump is a Sn-based solder that includes between
approximately 2 weight percent Zn and 10 weight percent Zn, and wherein a portion of the Zn
reacts with the copper from the die contact to form an intermetallic compound (IMC) barrier
layer comprising CuZn and/or CusZns at the interface between the reflown solder bump and the
die contact.

Additional embodiments include a semiconductor device, wherein the IMC barrier layer
is less than 10 pm thick and the reflown solder bump is less than 25 um thick.

Additional embodiments include a semiconductor device, wherein the reflown solder

bump further comprises one or more of Al, Au, Ag, and Cu.
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CLAIMS
What is claimed is:
1. A semiconductor device, comprising:

a semiconductor die with one or more die contacts; and

a reflown solder bump on one or more of the die contacts, wherein an intermetallic
compound (IMC) barrier layer is formed at the interface between the solder bump and the die
contact.
2. The semiconductor device of claim 1, wherein the reflown solder bump includes a weight
percentage of Zn that is approximately 0.6 weight percent or greater.
3. The semiconductor device of claim 2, wherein the weight percentage of Zn is between
approximately 0.6 weight percent and 5.0 weight percent.
4. The semiconductor device of claim 2, wherein the weight percentage of Zn is

approximately 2.0 weight percent or greater.

5. The semiconductor device of claim 1, wherein the IMC barrier layer includes CuZn.
6. The semiconductor device of claim 1, wherein the IMC barrier layer includes CusZns.
7. The semiconductor device of claim 1, wherein the IMC barrier layer is less than

approximately 10 pm thick.

8. The semiconductor device of claim 7, wherein the IMC barrier layer is less than
approximately 6 um thick.

9. The semiconductor device of claim 1, wherein the die contacts are copper.

10. The semiconductor device of claim 9, wherein an organic surface protectant (OSP) is

formed over the die contacts.

11. The semiconductor device of claim 10, wherein the die contacts are less than 5 pm thick.
12. The semiconductor device of claim 11, wherein the die contacts are less than 2 pm thick.
13. The semiconductor device of claim 1, wherein the solder bumps are first level
interconnects.

14. A method of forming a solder interconnect, comprising:

forming a die contact on a semiconductor die;

forming a solder bump on the die contact, wherein the solder bump is a Sn-based solder
that includes a barrier forming element; and

reflowing the solder, wherein the barrier forming element reacts with the die contact to
form an intermetallic compound (IMC) barrier layer.
15. The method of claim 14, wherein the barrier forming element is Zn and the die contact

includes Cu.
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16. The method of claim 15, wherein the IMC barrier layer includes CuZn and/or CusZns.
17. The method of claim 16, wherein the solder bump includes a composition of between
approximately 2 weight percent Zn and 10 weight percent Zn.
18. The method of claim 17, wherein the solder bump further comprises one or more of Al,
Au, Ag, and Cu.
19. The method of claim 14, wherein reflowing the solder bump includes a plurality of
reflows.
20. The method of claim 19, wherein reflowing the solder bump includes five or more
reflows.
21. The method of claim 14, wherein the IMC barrier layer is less than approximately 10 pm
thick.
22. The method of claim 14, wherein forming the die contact includes forming the die
contact to a thickness less than approximately 5.0 pm.
23. A semiconductor device, comprising:

a semiconductor die with one or more die contacts, wherein the one or more die contacts
are less than approximately 5 pm thick and include copper; and

a reflown solder bump on one or more of the die contacts, wherein the reflown solder
bump is a Sn-based solder that includes between approximately 2 weight percent Zn and 10
weight percent Zn, and wherein a portion of the Zn reacts with the copper from the die contact to
form an intermetallic compound (IMC) barrier layer comprising CuZn and/or CusZns at the
interface between the reflown solder bump and the die contact.
24. The semiconductor device of claim 23, wherein the IMC barrier layer is less than 10 um
thick and the reflown solder bump is less than 25 um thick.
25. The semiconductor device of claim 23, wherein the reflown solder bump further

comprises one or more of Al, Au, Ag, and Cu.

16



000000000000000000000000000000

FIG. 2



WO 2016/161339 PCT/US2016/025652




WO 2016/161339 PCT/US2016/025652

36

no Cu-Sn IMC

(1 | @

IMC (Cu,Zn,)




WO 2016/161339

Total IMC Thickness (um)

Minimum wt. % Zn

45
40
35
30
25
20
15
10

PCT/US2016/025652

4/6

Total Intermetallic growth at 250C

Sp -0.7wt. % Cu

10 20 30 40 50 60 70
Reflow time (min)
R IMC Thickness = 3um
IMC
« A, Thickness
\ = 2um
A

......
.....
au,
eu,
va,
ey

/

.~~~ \}-/
IMC

)L N e .
W 4~ | Thickness
' = Tum
5 10 15 20 25 30 35

Total Solder Height (um)

FIG. 4B



WO 2016/161339 PCT/US2016/025652

56




WO 2016/161339 PCT/US2016/025652

6/6

CAMERA

COMMUNICATION
CHIP

PROCESSOR 606
604

COMMUNICATION
CHIP
606

CHIPSET
DRAM DRAM

GRAPHICS
AMP CPU

ANTENNA

ROM

TOUCHSCREEN
CONTROLLER

OPS COMPASS

MOTHERBOARD
602

TOUCHSCREEN

SPEAKER DISPLAY

BATTERY

COMPUTING DEVICE
600

FIG. 6



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2016/025652

A. CLASSIFICATION OF SUBJECT MATTER
HO1L 23/48(2006.01)i, HO1L 23/488(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HOI1L 23/48; B23K 35/26; B23K 1/20; HOSK 1/09; HO5K 3/40;, B23K 31/02; HO1L 23/488

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

cKOMPASS(KIPO internal) & keywords: solder, Zn, zinc, CuZn, Cu5Zn

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2014-0090830 A1 (NATIONAL CHIAO TUNG UNIVERSITY) 03 April 2014 1,9-14,19-20,22
See abstract, paragraphs [0006], [0015], [0021], claim 1 and figures 1A-1B.
Y 2-8,15-18,21,23-25
Y JAE-EAN LEE et al. Interfacial Properties of Zn-Sn Alloys as High 2-8,15-18,21,23-25
Temperature Lead-Free Solder on Cu Substrate. Material transactons.
15 November 2005, Vol. 46, No. 11, pp. 2413-2418
See abstract, pages 2414-2418 and table 1.
A US 2012-0146219 A1 (ANTHONY CURTIS et al.) 14 June 2012 1-25
See abstract, claim 1 and figures 1-2.
A US 2010-0155115 A1 (MENGZHI PANG et al.) 24 June 2010 1-25
See abstract, claim 1 and figure 1lc.
A US 2014-0361070 A1 (THE RESEARCH FOUNDATION FOR THE STATE UNIVERSITY OF 1-25
NEW YORK) 11 December 2014
See abstract, paragraphs [0028]-[0048] and figure 37.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

carlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later
than the priority date claimed

i

K

nQr

npr

e

'

myn

ng"

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search
14 July 2016 (14.07.2016)

Date of mailing of the international search report

15 July 2016 (15.07.2016)

Name and mailing address of the [SA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578

Authorized officer

CHOI, Sang Won

Telephone No.

+82-42-481-8291

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2016/025652

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2014-0090880 Al 03/04/2014 CN 103390565 A 13/11/2013
CN 103390565 B 02/03/2016
US 2013-0302646 Al 14/11/2013
US 8952267 B2 10/02/2015
US 8957323 B2 17/02/2015

US 2012-0146219 Al 14/06/2012 EP 2070109 A2 17/06/2009
EP 2070109 A4 14/04/2010
US 2008-0083986 Al 10/04/2008
US 8143722 B2 27/03/2012
US 8754524 B2 17/06/2014
WO 2008-118193 A2 02/10/2008
WO 2008-118193 A3 16/04/2009

US 2010-0155115 Al 24/06/2010 BR P10923647 A2 19/01/2016
CN 102171803 A 31/08/2011
CN 102171803 B 18/03/2015
DE 112009004935 Tb 27/12/2012
GB 2478892 A 21/09/2011
GB 2478892 B 31/07/2013
JP 2012-510184 A 26/04/2012
KR 10-2011-0063813 A 14/06/2011
RU 2011130867 A 27/01/2013
RU 2492547 C2 10/09/2013
SG 172368 Al 28/07/2011
TW 201039395 A 01/11/2010
TW 1515809 B 01/01/2016
US 8395051 B2 12/03/2013
WO 2010-074956 A2 01/07/2010
WO 2010-074956 A3 26/08/2010

US 2014-0361070 Al 11/12/2014 None

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - claims
	Page 17 - claims
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - wo-search-report
	Page 25 - wo-search-report

