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Introduction
When a product requires the bonding of two wafers or die, there are a number of methods that may be used. Not
only does the type of bonding process itself have to be selected, but it must also be determined whether the items
being bonded will be in wafer or die form. This paper will focus on wafer-to-wafer bonding, which has the highest
throughput compared to die-to-wafer and die-to-die bonding; it also has the potential to be the lowest cost option
if proper yields are achieved.
Bonding Methods
There are a few choices to make when it comes to bonding method. Although this study focuses on wafer-to-wafer
bonding, the alternatives (die-to-wafer and die-to-die) will also be covered briefly in this section. Note that a more
detailed cost comparison of die-to-wafer and wafer-to-wafer bonding has already been carried out [1]. This new
paper was developed to better understand the cost drivers of the wafer-to-wafer process, instead of only looking
at the results as they compare to a die-to-wafer process.
As stated in the introduction, the wafer-to-wafer process flow has some clear advantages. It has the highest
throughput compared to the other two methods and allows for the greatest alignment accuracy. Arguably the
most prominent disadvantage is yield. There is no ability to match known good locations on one die to known good
locations on another die, so yield is a significant cost driver. Another potential disadvantage is that only die of the
same size can be bonded, since the wafers are bonded together and only then diced.
In direct contrast to the wafer-to-wafer yield disadvantage above, both the die-to-wafer and die-to-die process
flows have a distinct yield advantage [2]. In both situations, known good die (KGD) can be utilized. In the die-towafer case, KGD can be placed on known good locations on the base wafer. In the die-to-die case, KGD can be
bonded together. In either case, most bad die are being scrapped before any further cost is lost later in the process
flow. Another difference is that, in both of these flows, different sized die can be bonded together, which can be
seen as an advantage depending on application. The disadvantage for both of these processes is throughput. A
wide variety of throughputs are achievable, depending on the size of the die and the alignment accuracy required.
Nevertheless, despite there being a range of potential throughputs, wafer-to-wafer will still tend to have the
highest throughput.
Wafer-to-wafer Bonding Technology
A generic wafer-to-wafer bonding cost model was built for this study; it includes enough variables to reflect
different bonding methods in use by the industry today. A few of those methods are discussed in this section.
One of the most common bonding methods is Cu-Cu thermocompression bonding. One advantage is that it’s a
well-understood and relatively mature process. Another major benefit is that the metal provides both a
mechanical and electrical connection at the same time [3]. One of the drawbacks is that the bonding time is not
short, and it requires both high pressure and high heat. The surface also has to be fairly uniform and flat before
bonding. From a cost perspective, this means cost is added due to the requirement for preparation steps.
Another option is direct bonding, also called fusion bonding. A few different processes fall into this category; the
one of most interest for wafer-to-wafer bonding is probably plasma activated direct bonding. The throughput for
the bonding process itself is much quicker than thermocompression. Traditional fusion bonding typically requires a
high temperature anneal after the initial bonding step, but plasma activated solutions currently on the market
reduce the temperature required during anneal, making this option attractive [4 ]. However, unlike
thermocompression bonding which requires both heat and pressure to complete the bond, a high temperature
anneal can be done on many wafers simultaneously in a low cost oven. One consideration to note is that having a

smooth, flat, and clean bonding surface is extremely important, which can drive up the cost of preparation steps
[5].
Adhesive bonding is also an option, though it’s not generally seen as the most popular choice in the industry today.
It can however be a candidate for a variety of applications, such as MEMS, power devices, and microfluidics [6].
One benefit of adhesive bonding compared to the two methods above is that surface uniformity requirements are
less stringent [5].
These separate methods will not be modeled directly because, rather than changing variables, some steps would
have to be changed entirely (removed or inserted), and that level of adjustment to the model is outside the scope
of this paper. Nevertheless, some inferences related to each bonding method can be drawn from the results.
The primary variables that will be evaluated through sensitivity analysis and used for cost and yield trade-offs are:
incoming wafer cost, incoming wafer defect density, time required for the bonding step, equipment cost for the
bonding step, and the yield of the bonding process.
Cost Model
Activity based cost modeling was used to construct the generic wafer-to-wafer bonding cost model. With activity
based cost modeling, a process flow is divided into a series of activities, and the total cost of each activity is
calculated. The cost of each activity is determined by analyzing the following attributes: time required, amount of
labor required, cost of material required (consumable and permanent), tooling cost, depreciation cost of the
equipment, and yield loss associated with the activity.
The generic wafer-to-wafer process flow can be described by the following steps/groupings of steps.
Step(s)
Incoming wafer data
Preparation steps

Bonding
Dice
Yield

Description
Cost and defect density are set for the top and bottom wafers
Both wafers go through a variety of preparation steps (oxide
removal, DI rinse, CMP, etch, and align); there are no variables
in these steps
The wafers are bonded (including an anneal step); the
throughput and equipment cost of the bond step are variables
There is an edge trim, then bonded wafers are diced
This step accounts for the yield of the bond process only

The costs explored in this study are all direct costs, which means no overhead to account for profit margin or
indirect costs is applied. All results are presented as a cost per two-die stack (i.e. the cost of the two die that have
been bonded together and then diced). In terms of factory assumptions, this flow assume a well-balanced and fully
utilized line. All steps in the process flow are set to industry standard equipment, material, and throughput values.
Sensitivity Analysis
A sensitivity analysis was carried out on each of the variables to study the level of impact each has on the resulting
bonded die cost. The assumptions used for these sensitivity analyses are presented in the following table. Unless
otherwise stated, everything except for the variable being analyzed for sensitivity is the value stated below.
Die size
Wafer cost
Defect Density
Bond equipment cost
Bond equipment throughput
Bond yield

10mm x 10mm
$2000
0.3 defects per square cm
$2M
15 minutes per wafer
98%

The impact of incoming wafer cost (graph below) is linear and relatively straight-forward. The impact is high
because the cost of an incoming wafer is a large portion of the resulting die cost—the wafer brings a cost with it,
and then processing costs are added on top of that. It’s essentially a huge material cost.
The impact of equipment cost is similarly linear, but it has a much lower impact. The graph shows the impact on
the resulting die cost when equipment changes from $1M to $4M, and the total difference is on the order of a few
cents only.

Bonding throughput has an impact similar to the that of equipment cost—the change between spending 5 minutes
per wafer (12 wafers per hour) or 30 minutes per wafer (2 wafers per hour) is only around ten cents.

The final two sensitivity analyses are both yield factors—one focuses on the defect density of the incoming wafer,
and the other on the yield of the bonding process. Defect density is related to the quality of the incoming wafer
and measured in defects per square centimeter. This is particularly important in wafer-to-wafer bonding because
there are defects to consider on both the top and bottom wafers. Good, defect-free areas on one wafer may
match up to bad locations on the other wafer. Defect density is a more important cost driver for a wafer-to-wafer
bonding process than for any other type of bonding (e.g. die-to-wafer).

Bonding yield, on the other hand, is measured in percentage. This is related to the bonding process itself. Simple,
clean bonding processes are likely to have higher yields, while those that introduce other elements—heat, high
pressure, or materials such as adhesives—have the potential to reduce yield.
While both defect density of the incoming wafers and the yield of the bonding process have an impact on the
resulting die cost, defect density has a much greater impact. Changing from 0.1 to 0.5 defects per square cm
essentially doubles the cost of the resulting bonded die. This means that working with high quality wafers is
necessary to keep the cost of a wafer-to-wafer bonding process low.
Cost and Yield Trade-offs
Now that the impact each variable alone has on the die cost has been analyzed, a few scenarios were developed to
study the impact of changing multiple variables at once. These can be used to mimic real life situations in which
trade-offs related to either cost or yield must be made.
Scenario 1
This is a very simple trade-off between equipment cost and throughput. The goal was to understand when it may
make sense to pay more for increased throughput. This example uses an 8mm x 8mm die.
Equipment Cost

Throughput (min per wafer)

Die Cost

$1M
$3M
$3M

30
10
5

$7.7569
$7.7558
$7.7315

The first two rows show a situation where the resulting cost is barely affected—when the cost of the equipment
increases by a factor of 3, resulting in a lower throughput (improved by a factor of 3), the die cost is nearly
identical. This is a situation in which either piece of equipment—the cheap one with the slower throughput, or the
more expensive one with quicker throughput—would suffice. The third row shows the cost of the die if the same
$3M piece of equipment was able to achieve an even faster throughput of 5 minutes per wafer (12 wph). In this
case, the die cost is reduced, but only by about 2.5 cents. Comparing the first and third rows is an example of when
it may not make sense to pay $2M extra for such an impressive throughput increase when the impact on the die
cost is limited.
Scenario 2
This scenario considers the relationship between the yield and the throughput of the bonding process. The
assumption here is that a more expensive piece of equipment may be used that brings with it the capability to
achieve higher yields at the expense of throughput. Throughput may be affected by factors such as the speed of
the temperature ramp for a Cu-Cu thermocompression bond process or the necessity of applying pressure.

Bond Yield (%)
94
95

Throughput (min per wafer)
5
10

Equipment Cost
$1M
$2M

Die Cost
$18.587
$18.440

96
97

15
20

$3M
$4M

$18.329
$18.252

Each row shifts from a lower yield associated with a cheaper piece of equipment and quick processing time to an
improved yield that comes with more expensive equipment and slower processing. Each of these steps results in
anywhere from 14 to 7 cents of improvement—in spite of the increase in both equipment cost and processing time
per wafer. This shows the importance of yield.
Scenario 3
This is not a direct comparison in the same way as the previous scenarios, but a deeper look at the relationship
between defect density and die size. The following chart shows changing defect densities for multiple die sizes.

The main takeaway from this chart is that larger die sizes are more sensitive to changing defect density. This is
because, when dealing with small die, a defect occurring only takes out a small part of the wafer—a small die.
When dealing with larger die, one defect can take out a larger portion of the wafer, therefore increasing cost more
quickly.
Conclusion
There are a few conclusions that can be drawn from this analysis. The major takeaway is that wafer-to-wafer
bonding is heavily dependent on defect density. For wafer-to-wafer to compete with processes that allow for use
of KGD, the wafers must have a low defect density. This leads to a related conclusion that wafer-to-wafer bonding
is particularly suitable for smaller die sizes, because sensitivity to defect density increases as die size increases.
As for the impact of different cost drivers, both equipment cost and throughput were shown to have a limited
impact. The impact of both of these variables is on the order of around 10 cents from one end of the range to the
other. Incoming wafer cost had a very high impact, due to the fact that it is essentially one big material cost. The
cost of the bonded die is most sensitive to the defect density of the incoming wafer, with die costs changing by
multiple dollars as defect density worsens, while the yield of the bonding process also contributes on the level of 7
to 14 cents per percentage decrease.
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