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1 Integration of Through Silicon Vias (TSV) in MEMS

The number of electronic devices available on the market is increasing. In addition they
are becoming more complex and the demand for smaller devices is increasing. For instance,
a cellular phone in 1990 weighed around 2.4kg and was approximately 25cm by 17cm by
8cm. Today’s smallest cellular phone weighs only 55g and is 5.7cm by 2.1cm by 1.3cm.
One can perform office applications, take pictures or even browse the Internet in addition
to placing a call. In order to keep the requested higher system performance the transistor
density inside the electronic device must increase. Gordon Moore predicted 1965 that the
implemented transistors on a chip would roughly double every two years [I], whereas the
device size should remain the same. This prediction is called '"Moore’s Law’.

The conduction line width and the spacing between two conduction lines are important in
order to maximize the transistor density. The first integrated circuits were produced with
a line width of 25um (25um node) [2], whereas the present processor generation is fabri-
cated in the 32nm node [3]. This change in the node allows placement of several thousand
transistors effectively increasing the transistor density. The fabrication technologies used
must be improved in order to realize a change between the nodes. Technological solutions
to change technology nodes were found despite enormous investment cost. Nevertheless,
Thompson et al. have shown that the transistor costs decreased by seven order of magni-
tudes from 1970 to 2000 despite an increase of the investment costs [4]. A chip production
with a high throughput and yield is still economically useful in big foundries. Moore’s Law
can be followed up probably straight forward for another decade by decreasing the line
width [5]. Physical device limits are reached if the line width size reduction is continued
[6]. For instance, the electron mobility inside the metallization is reduced in smaller con-
duction lines due to a higher surface scattering. The device performance will be limited
in the future. Other ways of increasing the transistor density must be found in order to
follow the demand of higher system performances.

G. Moore predicted 2001 that there is certainly no end of technological creativity to follow
Moore’s law in the future [5]. New technologies like multi-gate transistors are under de-
velopment [7], but there are still issues regarding the quality and reliability. There are so
far no technological solutions to solve this problem during the chip fabrication. Therefore,

the process flow must be changed after the fabrication of the chips in order to increase



the transistor density. A change of the system architecture solves this problem. The elec-
tronic devices are placed next to each other in actual system designs and require a large
foot print on the electronic board. A 3D integration allows a reduction of the foot print
by the number of stacked devices. Memory stacks of eight dies are realized and will be
commercialized in the near future [8]. A stack of different devices allows a spreading of
,Moore’s Law", because different devices can be placed on top of each other and improve
the system performance. Figure [I.1] shows a comparison of a conventional lateral and 3D

integration of four dies in respect to the required board.

Substrare

Substrate

(a) 10-25% (b) >100%

Figure 1.1: Lateral and 3D integration approaches.(a) Lateral chip integration (b) 3D in-
tegration approach of four electronic chips on a substrate. The given SPEs are

typical values of each approach.

The silicon packaging efficiency (SPE) describes quantitatively how many chips are placed
on a certain board area. The SPE is given by the ratio of the silicon area used for all

implemented chips in respect to the required board area

> SiArea;
SPE = Board Area (1.1)

Figure [1.1] shows typical SPE values of the integration approaches. This definition allows
SPE-values above 100% for multi stacks. Different integration approaches are possible
with vertical interconnects. The Chip-to-Chip technology (C2C) describes a stacking of
two or more distinct chips. High system flexibility is possible, because different chips can
be assembled at certain stack levels. This technology is called Chip-to-Wafer (C2W), if the
first layer is replaced by a wafer. A high yield processing is possible for C2C and C2W,
because only functional chips or wafers are used. International research projects like the
European Union founded project ,,Downscaled Assembly of Vertical Interconnect Devices®
[9] are developing key technologies for these stacking approaches. A stacking of complete
wafers (W2W) is an other way to increase the system density. The system flexibility is
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limited, because only wafers of the same size and chip type are possible to stack with this
W2W technology. Samsung has shown stacks of eight memory dies with this technology
[8] as mentioned before.

Vertical interconnects, also called through silicon vias (T'SV) [10], are the key element in all
described 3D integration approaches. TSV connect the front-side and back side of a wafer
by a hole etched through the wafer and subsequent deposition and structuring of suitable
films (isolation, metallization and passivation) as shown in figure This configuration

allows not only better SPE values, but improvements in the
e Electrical performance
e Power consumption
e Noise generation

e Functionality

Front side pad

c-Si

Isolation

Back side pad Passivation

Metallization
Solder ball

Figure 1.2: Basic concept and elements of a Through Silicon Via.

The electrical resistance, capacitance and inductance (parasitic effects) of TSVs are lower
compared to wire bond based packages. For instance, the electrical resistance of the wire
bond is ten times higher than comparable TSV [I1]. The signal propagation time between
two devices such as a microprocessor and a memory is shorter in vertical stacks. In addi-

tion, systems with a high data transfer between components can change from sequential



(through bond wires) to a parallel (through TSV) signal processing and improve the real
time performance of the system [I2]. Camera sensors (imagers) and memory devices are
the drivers for TSV development, because both applications require fast processing of nu-
merous data. Both devices allow a wafer thinning, which reduces also the parasitic effects
and simplifies the TSV fabrication. The required technologies for the T'SV fabrication like
etching or metal deposition are easier to perform for <50um deep TSVs compared to TSV
for full thick wafers.

Micro-electro-mechanical systems (MEMS) gain also from TSV integrated inside their pack-
ages. The MEMS concept is based on the realization of devices in which electrical and
mechanical components are integrated within a single silicon chip. Systems like sensors,
actuators, power producing devices, chemical reactors and biomedical devices are realized
on this concept by using a high volume production based on established technologies of
the microelectronics industry. Actual MEMS packages like shown in Figure [1.3] are based
on wire bond processes between the MEMS, ICs and lead frames, respectively. This ar-
rangement consumes large areas on electronic boards. A preferable approach is a direct
placement of the MEMS on top of the IC. Figure [1.3| shows that the sensor chip is much
smaller then the IC. This size mismatch allows a placement of several sensor chips on top
of the IC, if the IC operating capacity is large enough to handle several sensor signals. A
maximum number of MEMS is placeable if TSV are integrated inside MEMS. The plac-
ing accuracy of the bond tool defines the distance between two MEMS and therefore the
package density or the SPE value. A proper connection between all MEMS and the IC
requires a planarization of the IC topography and an implemented redistribution layer.
An additional TSV integration inside the IC increases also the SPE value. A solder ball
process on the IC wafer back-side and a molding process create a compact ball grid array
package (BGA) of an multi sensor module. Literature calls this stacking approach also
,2More than Moore“ [13].

In addition, TSV enhance MEMS performance in several designs. For instance, capacitive
operating devices like accelerometers are sensitive for parasitic effects caused by connec-
tion wires. The electrical parasitics are minimized by a TSV implementation as mentioned
earlier [IT]. Mass flow sensors for liquid or gaseous medias are a second example which
implies a better system performance by a TSV implementation. The flow sensor function-
ality is described in chapter The actual sensor design from the Fraunhofer Institute
for Silicon Technology is connected by wire bonds with the electronics. Wires and the
complete interconnect area are covered by an organic protection material (globtop). Sen-
sor structures and the protected interconnect area are in a direct connection with the

media investigated during measurements. A diffusion of the media investigated between
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Figure 1.3: MEMS package of an inertial measurement unit (Source: SensorDynamics).

the globtop and the substrate was observed during field tests resulting in bond pad corro-
sion. Thus, measurements of liquid and gaseous media prefer a separation of active MEMS
sides and interconnect areas [I4]. Connection pads formed on the wafer back-side are pro-
tected from the media investigated and a possible corrosion is eliminated. Figure [I.4]shows

schematically a TSV integration in mass flow sensor.

Mass flow sensor TSV

Figure 1.4: Example of Through Silicon Vias in a MEMS package, which allows an opera-
tion in harsh environments without a direct contact of the interconnects with

the media investigated.

Wafer thicknesses of <50um would change the performance of MEMS significantly due
to their high sensitivity to bending stress effects . These effects will even increase with
decreasing the wafer thickness. Thus, MEMS require a TSV implementation in thick wafer
(> 300um). Different fabrication technologies and process sequences are necessary for a

TSV integration in MEMS packages compared to TSV for electronic devices like memories.



Aim of the thesis

The previous paragraph showed the requirements of new packaging technologies in order to
follow the demand of higher transistor densities in new devices. 3D stacking and thinning of
chips allow an integration of several devices by using small foot prints. Through Silicon Vias
(TSV) are key elements inside these new technologies. Several approaches were developed
or investigated for integrated circuits (IC). The functionality of MEMS is increasing by
TSV integration inside MEMS-packages. The challenges of TSV integration approaches in
MEMS packages are different compared to TSV in IC and can be summarized as followed:

e MEMS are stress sensitive. Wafer thinning changes the MEMS device performance.
Thus, TSV must be integrated inside wafer with a full wafer thickness or in mod-
erately thinned wafers (> 300um), whereas pad sizes of 100um are common. The
required processes or process parameters for these TSV geometries in MEMS are not
comparable to processes used in TSV approaches for IC. In addition, TSV integrated
in hybrid chip scale packages (CSP) of MEMS chips and ASIC wafer require a TSV
implementation in IC wafer. Wafer molding of the CSP must be performed during
the assembly and puts the system under high pressures. TSV structures inside the
IC must resist these forces. Thus, thick IC wafers should be targeted in order to
increase the reliability of TSV and consequently of the CSP.

e Several MEMS like resonant sensors require vacuum environments for their proper
functionality. The process flow must be designed in such a way that no open holes
are created during processing. TSV formed in MEMS packages must show a hermetic

barrier against several gases or liquids during device lifetimes.

Some requirements for TSV in IC are also valid for MEMS packages. The core challenges

are:

e Maximum process temperatures used are limited by the IC itself. IC metalization
layers are commonly AlCu or AlSiCu. A chemical reaction between theses materials
and the Si substrate can arise at process temperatures above 400°C. A development
of a post-CMOS compatible TSV process sequence results from this temperature

specification.

e Some devices are sensitive regarding parasitics effects like the electrical resistance
of the TSV formed. A small electrical resistance of the TSV should be targeted for
MEMS.
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These specific requirements for a TSV integration in MEMS packages define the aim of the

thesis:

Development and characterization of fabrication technologies for an integra-
tion of hermetic Through Silicon Vias in MEMS packages where post-CMOS

compatible processes are used.

Structure of the thesis

The thesis is divided in four major parts. The first part explains basic concepts for a
3D integration of chips based on existing packaging technologies and possible TSV imple-
mentation in IC. Existing TSV approaches in MEMS packages are presented and possible
TSV approaches for MEMS packages at the Fraunhofer Institute for Silicon Technology
are discussed.

The second part shows specification for the TSV targeted. Functional elements of the TSV
are discussed and a test design for the TSV development is presented.

The third part evaluates fabrication technologies required for the TSV development. Com-
mon [C and MEMS technologies are shown and their applicability for post-CMOS com-
patible TSV is evaluated.

The fourth part shows a process sequence for a TSV integration in MEMS packages. Im-
plementation aspects of TSV in a CSP package and in a mass flow sensor are discussed.
Lastly the thesis is summarized and an outlook of further work for a TSV implantation in

MEMS packages is given.






2 3D advanced packaging

2.1 3D packaging

Packaging is an key technology in all fields of micro-electronics and MEMS. Devices need
always an electrical connection path to other elements. Different techniques like wire
or flip chip bonding were developed and are commercially used. These techniques are
based on a lateral device placement on substrates. The combination of devices placed
and the electrical connection paths between these devices form functional systems. This
arrangement is characterized by silicon package efficiencies (SPE) of 10% ... 25%. A 3D
placement of chips on top of each other allow higher SPE values.

Chip stacking began with mounting of smaller chips onto larger chips. This first approach
of increasing SPE-values on chip level was limited due to system and tool complexity.
Bond wires provide the electrical paths between chips and boards. Routing of these bond
wires between chip levels is challenging especially for those chips with high interconnect
densities. In addition, chip sizes in higher levels must be smaller compared to lower levels.
Thus, the system flexibility is limited by chip geometries. Chip arrangements like shown
in Figure (Die stacking) are not always possible for systems targeted. A placement of
larger chips on top of smaller chips requires an implementation of passive chips (interposer
chips). The vertical distance between two chips increases by the implementation of these
interposer chips, which allows the use of bond wires for interconnect purposes between two
layers. This 3D integration approach needs larger interposer chip thicknesses compared
to bond loop heights. Chip multi-layer stacks (CMLS) have been archived using these
variations and are now available in high-volume productions.

Package stacking is a second way to increase SPE-values. Two or more CMLS are stacked
on top of each other and form a new package in this 3D stacking technology. Connectors
recognize the electrical conduction paths between stacking level. Each CMLS is tested
before finally assembled. This testing allows high system yields and low cost production of
high-volume products even when additional costs for connectors increase. Figure[2.1]shows
two different package assembly methods. Package in a package (PiP) assemblies use a face
to face orientation between two CLMS and a back to face orientation is used for package on

package (PoP) architectures. The described approaches have the following disadvantages:
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e All presented 3D stacks are based on wire bonds. Typical electrical resistances of
bond wires are in the range of 150mf). This value is too high for several modern

systems. It is not possible to obtain a fast signal propagation.

¢ Final packages are molded before they are used as an electronic device on electronic
boards. Package molding introduces stress to wire bonds and the reliability risk

increases during the device life time.

e Chips (silicon) and adhesive bond materials (organic based) have linear thermal ex-
pansion coefficients of 2 - 107K~ and 60...100 - 107K, respectively. This mis-

match puts thermal stress on the system and operating temperatures are limited.

50y rssons
’

’-PPackage in Package Wire Bonding 3D IC with TSV

—»Package on Package

=

Figure 2.1: Advanced 3D stacking technologies. The text describes the technologies in
detail.
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2.2 Through Silicon Vias

Vertical interconnects through chips, also called Through Silicon Vias (T'SV), can overcome
the described problems in chapter Basic concepts for packages with TSV will be
discussed in chapter 2.2.1 However, TSV must have simultaneously several advantages
over CMLS and package stacking technologies before semiconductor vendors change their
chip assembly. Key factors for a possible technology change are summarized below and the

advantages of TSV are discussed [12].

e The electrical performance is driven by the gate and interconnect delay at chip level.
Interconnect delays (RC-delay), which are given by interconnect wires between tran-
sistors, device pads and bond wires, dominate in actual technology nodes used com-
pared to transistor gate delays due to small gate dimensions of modern technology
nodes. RC-delays decrease by TSV integration, because the interconnect length is
shorter in TSV based packages compared to wire bond based packages. Linder showed
that electrical resistances of TSV are 10 times smaller compared to similar wire bonds
[11].

e Interconnect wires consume a significant portion of the electrical power. The power
loss is reduced by TSV, since TSV shortens interconnect lengths. In addition, shorter

wires reduce noise, which allows handling of low signal levels.

e Modern applications have a higher demand to integrate more functions in one device.
In addition, package footprints should not be changed or even be reduced. Stacked
chips reduce foot prints on boards by the number of stacked levels. The SPE increases

to values above 100% by TSV integration.

e The access time between logic devices and memories is the bottleneck in several mod-
ern devices. The limited number of bond wires does not allow a parallel processing
of all data between these two devices. The sequential data transmission, which is
alternatively used, reduces the system performance. TSV allow a parallel processing

between the two devices and the system gains functionality.

2.2.1 Concepts

TSV based 3D-integration approaches are divided in a prearrangement of the substrate,
the TSV fabrication itself and a final assembly in a package. Technologies used are mostly

independent from the developed concepts. First, wafer thinning is performed depending
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on the concept after the TSV formation or beforehand (wafer prearrangement). A hole
is formed inside the wafer and is followed by a subsequent deposition of an isolation and
metallization layer. Processes needed are discussed in chapter Walfers or chips with
integrated TSV are aligned to each other and bonded in a final assembly step.

Developed TSV concepts use different process flows. A simultaneous processing of TSV
and IC structures is a first method of TSV integration. No temperature limits arise for
processes used, because TSV are integrated before metallic layers are present. Process
temperatures above 400°C result in a reaction of the metal used (mostly Al) and the sub-
strate (Si). Fabricated TSV with a maximum process temperature used of 400°C are also
called post-CMOS TSV. Thus, the electrical conducting material is doped poly-crystalline
silicon (Poly-Si). Poly-Si shows a higher electrical resistance compared to metals, which
limits the application area of this technology. However, research groups and companies
have developed process flows for this TSV technology.

Garrou and Bower [15] discuss several post-CMOS TSV process sequences. They divided
the technologies in ,pre via“ and ,post via“ sequences. TSV are formed in IC wafer before
a thinning and bonding to other IC or handle wafer in ,pre via“ approaches. Wafers are
first bonded to handle wafers and thinned before TSV are implemented in ,,post via“ flows.
Figure shows an overview of different TSV technologies. Detailed process flows are
shown in figure 2.3] Garrou and Bower show a total of nine different TSV approaches.
Kroéninger [16] and Joly [17] show summaries about wafer thinning and bonding technolo-

gies, respectively. These processes are not in the scope of this thesis.

2.2.2 Commercial Activities

Imager chips and memories are key drivers of TSV developments. The demand of imaging
devices (imager) has increased during the last decade due to the integration of cameras in
cellular phones. Only conventional CMLS packages are used in camera packages so far,
because the sensing side of imagers must be oriented to the outside of the package. Sanyo
and Toshiba introduced a glass wafer bonding to the active imager side [I8]. The glass
wafer was used as a handle wafer during TSV processing and was afterwards a part of the
camera package.

First, Toshiba bonded imager wafers to glass wafers by using organic adhesives. Then, im-
ager wafers are thinned with standard back-grinding and polishing processes to thicknesses
around 100um. TSV holes were formed by laser ablation. A 15um thick organic isolation
was deposited and opened only at the hole bottom also by laser ablation. 10um thick Cu
liners formed the metalization layer.
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Sanyo used different technologies and materials for a similar TSV process sequence. Wafer
thinning was performed in the same way as the Toshiba’s approach. Holes were formed
by physical etching of Si. An inorganic isolator (SiO,) was deposited twice in order to
maintain the required film thickness. The isolator was opened by an anisotropic etching
of the isolator. A seed and barrier layer was deposited inside the holes and on wafer back-
sides followed by a 5um thick Cu-liner. Other companies have developed similar sequences
for TSV in imager wafer [19][20].

The space is limited in new applications like cellular phones, whereas the same or even
more data must be processed. Several memory producers develop memory stacks based
on TSV in order to solve this problem. Samsung was the first company which announced
in 2006 that they had developed a TSV technology for NAND flash memories. A memory
stack of eight memories was shown in [§]. They showed in 2007 that their TSV technology
was transferable to DRAM memories [21]. The foot print of TSV based memory stacks is
15% smaller compared to conventional packages and the stacks are 30% thinner compared
to wire bond solutions [18]. Cellular phones are potential markets for these memory stacks
made to height limitations inside the phone. Holes were formed by laser ablation and
completely filled with Cu. Wafers were bonded to a carrier wafer before thinned to 50um
and an etch back exposed the deposited Cu. Wafers with the same dimensions and chip
sizes were bonded on top of the exposed Cu.

Other companies like Tezzaron & Chartered, Micron and NEC are also developing TSV
technologies [18]. NEC used a via first technology. A passivation and Poly-Si were de-
posited in holes with diameters of 2um and a depth of 50um. This hole dimensions allowed
a fast and complete filling with Poly-Si. Chemical mechanical polishing (CMP) provided
a smooth surface for subsequent memory fabrication.

IBM [22] and INTEL [23] introduce TSV in their next generation of microprocessors or
wireless communication devices. Latency times between microprocessors and memories was
Intel’s driver for their TSV development. TSV reduce this time as mentioned before. Their
approach was based on a via last sequence. Intel’s TSV have a diameter of approximately
5u and a depth of 10um. Lower power consumption in TSV based packages is a driver for
IBM. A detailed TSV process flow of IBM is up to now not known.

NXP implemented TSV in passive integration and connecting substrates (PICS) [24]. Dif-
ferent devices were bonded in a C2W process on both sides of PICS in order to overcome
size mismatches. Signal routing between devices was achieved through lateral and verti-
cal (TSV) interconnections. This 3D integration approach was also called interposer-wafer
approach. PICS allowed also an integration of passive components like resistors and capac-

itors (RC-elements) close to devices like microprocessors by forming these elements directly
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on the interposer wafer. RC-elements are required to stabilize device functionalities or set
certain device parameters. The interconnect length in CMLS architectures is much longer
compared to these interposer solution. In addition, the fabrication technologies of available
SMD RC-elements show variances up to 20%. IC technology processes have a much better
process robustness and minimize the value variation. Thus, systems based on this PICS

technology gain performance and the SPE value increases.

2.2.3 TSV in MEMS packages

Micro-electromechanical systems (MEMS) benefit from TSV, too. Several MEMS devices
measure capacitance variations. The signal level is relatively low and is noise sensitive. The
parasitic capacitance resulting from interconnects is reduced by using TSV. In addition, a
better signal to noise ratio is predicted [12]. Process sequences for TSV in MEMS devices
are not comparable to TSV in IC devices like shown in previous chapters. Wafer thinning
during the TSV fabrication is limited due to the stress sensitivity of MEMS. The MEMS
functionality changes by stress introduced by wafer thinning.

SINTEF introduced TSV in cap-wafers, which are mandatory for resonant working MEMS
due to their vacuum requirement (see also chapter . Holes were formed through the
entire wafer and a 1pm thick thermal oxide was grown afterwards. Poly-Si was deposited by
LP-CVD on both wafer sides simultaneously and doped in the gas phase with phosphorus.
The electrical resistance of these TSV formed were in the order of 5 to 15 €2. Deposited
Al on both wafer sides improved the contact to the Poly-Si. Al and Poly-Si are patterned
by dry etching using dry resists. This process sequence of a TSV formation in a cap wafer
allowed a hermetic capsulation of the MEMS [25]. In addition, they placed a logic device
on top of the cap wafer by conventional wire bond processes.

Heschel et al formed only one hole by wet etching (KOH) and patterned Al inside this
cavity. He called this Si-wafer an intermediate structure. MEMS and IC’s were bonded
to this intermediate structure subsequently [26]. Kutchoukov et al presented a similar
intermediate structure [27]. Linder showed the capability of wet etched cavities for TSV
and presented a comparison between wire bond based packages with equivalent TSV [11].
Silex prearranged Si-wafers before MEMS are fabricated. Highly doped Si wafers were
used as substrates. Dry etched cylindrical or rectangular rings defined the TSV structure.
The rings formed were completely filled with an isolator. A final CMP process defined
the Si surface on which MEMS can be fabricated. A metallic redistribution layer on the
MEMS wafer back-side allowed solder balling to substrates or bonding directly on top of
logic devices [28]. The doping level defines the electrical resistance of the TSV formed.



2. 3D advanced packaging 17

Lin et al presented TSV in silicon on isolator (SOI) MEMS. MEMS layers were deposited
and structured but not yet released. Holes of a diameter up to 300um were formed by
laser ablation through the entire wafer. A thermal oxide was grown for isolation purposes.
This SOI wafer was glued to a handle wafer, on which a metallic seed layer was already
deposited. Then the hole was completely filled by a metal electroplating process in a so
called bottom up process. A back-side contact was also formed by electroplating after
the handle wafer was removed [29]. This approach allows similar to the Silex approach a
high SPE value and short interconnects. A value of the electrical TSV resistance was not
reported.

Rasmussen presented a TSV process flow for use in hearing aids [30]. 100pum wide and
380um deep holes were formed through the entire wafer by wet etching or dry etching.
S5pum of Parylene was deposited in the gas phase and was used as isolation material. A
TiN (200nm), Cu (1pm) metalization was deposited by metal organic CVD and patterned
by wet etching using electrophoretic resists. An electrical resistance value of 160m{2 was

obtained. TSV formed by this process flow are not hermetic.

2.2.4 Application examples

Example A Several MEMS modes of operation require vacuum environments. Resonant
oscillating structures do not work under ambient atmosphere due to a high damping of
the sensor structure. Therefore, an encapsulation of these MEMS structures is mandatory
to achieve proper device function. Encapsulation processes on wafer-level are developed
and several MEMS products using this technology are commercially available [31]. A
MEMS wafer is bonded to a cap-wafer in this technology, whereas standard cap-wafers
are electrically passive. They protect the MEMS structures during the following processes
like dicing and maintain vacuum levels inside the cavity formed during the device lifetime.
Detailed explanations of bond processes are presented in [32]. Bond wires form the electrical
contacts between MEMS, ICs and lead frames. Figure [2.4(a) shows an actual design
realized at Fraunhofer ISIT. Interconnect lengths and SPE-values are critical for several
new applications planned.

The Fraunhofer Institute for Silicon Technology (ISIT) develops new processes in order to
improve MEMS functionalities. The project Downscaled Assembly of Vertical Interconnect
Devices (DAVID) [33], which is founded by the European Union, targets a direct placement
of MEMS devices on top of an application specific integrated circuit (ASIC). This direct
stacking allows a realization of short interconnects between MEMS and ASIC. The cap-

wafer is not passive anymore, which results in a higher SPE value. A direct bonding of a
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MEMS wafer to an ASIC wafer (W2W) is a promising process for high volume products
due the fully developed bonding process. Costs of this process are manageable for new
devices, because wire bonds are replaced and the system gains performance. A bonding
of MEMS chips to ASIC wafer in a C2W process is very challenging. The technologies
required are still under research [9]. However, C2W technology is an interesting technique
to bond MEMS and ASIC wafer in prototype phases, low volume products or for costly
MEMS. Electrical testing of MEMS and ASIC before bonding allows a 100% production
yield.

In addition, TSV integration inside ASICs improves the performance for systems creating
using the DAVID approach. The TSV formation must be performed before MEMS chips
are bonded to ASICs. A signal redistribution on the ASIC back allows an integration of
solder balling processes. Wafer molding [34] and device separation allow an integration of
this so called system in the package (SiP) in printed circuit board designs. Figure (b)
shows a scheme of the DAVID approach for the C2W approach. Functional elements
presented in figure [2.4(b) are discussed in [35].
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Example B ISIT has developed a mass flow sensor for gaseous and liquid media. The
sensor operates on the hot wire anemometer principle combined with calorimetric princi-
ples. The primary sensor of this mass flow sensor is a heated wire that is exposed in a
media flow (either gas or fluid). A second sensor is used to measure the ambient (media)
temperature. The heating sensor shows a low electrical resistance (50-90 2) and the refer-
ence sensor shows a high value (2 k2). As the flow passes over the hot wire, it carries away
heat. The heat loss depends on the mass flow rate, the heat capacity of the media, and
the temperature difference between the wire and the media. Since the heat capacity of the
media is known and the temperatures are monitored in real-time, the mass flow rate can
be determined from the heat loss (related to the electric resistance of the wire via Ohm’s
law) and the temperature coefficient « of the wire. The sensor principle is shown in detail
by [36]. Figure 2.5(a) illustrates a sketch of the sensor and (b) shows a sensor setup used

in field tests for water low monitoring.

\

Figure 2.5: (a) Sketch of an anemometric mass flow sensor developed at ISIT. (b) MAF

measurement setup used for water flow monitoring.

Field tests showed that corrosion of bond pads can occur after long measurement times
even though organic protection layers (glob top) were applied on top of bond wires and
pads like it is shown in figure a). Water infiltration between the glob top interface
area and the substrate was observed. A good example of a better performance of an TSV

integration in MEMS is the mass flow sensor for two reasons
e to avoid the observed corrosion and

e to prevent micro-turbulences.
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TSV fed the sensor signal to the wafer back-side. Redistribution layers on the wafer back-
side allow an electrical contact between the mass flow sensor and a substrate by solder
ball or bump technologies. Pads on the wafer front can be protected by inorganic films
deposited by standard LP- or PE-CVD techniques. Films deposited by these techniques
show a good chemical resistance against various media that were investigated. Therefore,
mass flow sensors with integrated TSV allow measurements of gaseous and fluid media
even in harsh environments [I4]. In addition, the measurement performance of the sensor
is improved by TSV implementation. The media investigated flows homogeneously over
the sensor using TSV, because turbulences of flowing medias caused by the bulky glob top
in the actual system integration approach can not occur by a TSV integration. The signal
to noise ratio and the sensitivity is thus enhanced by TSV integration in mass flow sensors.
Figure 2.6 b) illustrates a mass flow sensor with integrated TSV which prevents corrosion

and micro-turbulences.
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(b)

Figure 2.6: Conventional mass flow sensor package after field test and mass flow sensor with

TSV. (a) Mass flow sensor after field test and glob top removal. Corroded bond
pads were observed due to water infiltration at the glob top interface to the
sensor. (b) TSV integration in mass flow sensors developed at the Fraunhofer

Institute for Silicon Technology.



3 Specifications of TSV in MEMS-packages at
Fraunhofer ISIT

3.1 TSV process sequences

TSV carry electric signals from the wafer front- to back-side. Thus, electric conducting
films must connect electrical connection points (pads) of IC or MEMS front-sides with
pads on wafer back-sides. A direct connection of front-side pads from the wafer back-side

by using:
e a hole etched through the wafer,
and subsequently a deposition and structuring of,
e an electrical isolating material,
e an electrical conducting material and
e a protection material

is an appropriate TSV solution for MEMS packages. TSV etch processes required must
stop underneath the first metallization layer of the front-side pad in order to realize a
good electrical contact between deposited electrical conducting material and the front-side
metallization. In addition, hermetic TSV require stable pad-cells after TSV processing.
ASIC and MEMS pad-cell specifications have to be taken into account regarding these two
aspects. Pad-cell structures are discussed in sections [3.2.1] and [3.2.2] Electrical potentials

of metallization films deposited must be separated from the substrate by an electrical iso-

lating material in order to avoid cross talking between TSV and other functional elements
on the wafer. Thus, organic or inorganic films have to be deposited inside the holes etched
and on wafer back-sides. A structural dense film composition is necessary in order to
avoid leakage currents during the device lifetime. Isolating material deposited covers the
TSV hole bottom and hole sidewalls simultaneously and an anisotropic etching only at the
hole bottom opens again front-side pad structures. An appropriate electrical conducting

film, in general a metal, is deposited inside TSV geometries and on wafer back-sides for

23



24 3.1. TSV process sequences

electrical conduction purposes. Conventional metal deposition techniques does not allow
a void free filling of the TSV techniques. Electroplating is often used to fill holes com-
pletely with metals. However, a complete TSV filling inside the TSV holes with a depth
of >300um is economically and technologically not useful. First, Dixit et al have shown
that a complete filling of 400um deep holes takes 20 hours, which is economically unac-
ceptable [37]. Second, c¢-Si and the metal used (often Cu) have a coefficient of thermal
expansion of 4.2 ppm/K and 20 ppm/K, respectively. This mismatch introduces a large
stress inside the TSV system under any thermal treatment during TSV processing and is
larger for complete filled TSV structures. Thus, a ring metallization like shown in figure
[3.1] step 4 should be targeted for a TSV implementation inside MEMS packages with wafer
thicknesses >300um. This deposited film is the base material for the back-side pad-cell.
Thus, a structuring of the material deposited is necessary. Metallic films deposited inside
the TSV can not be structured in order to minimize the electrical TSV resistance. This
requirement creates a high challenge for the deposition of photoresists, because standard
resist deposition processes are not developed for this high topography challenge. The de-
position and partial opening of a passivation layer are final process steps of this TSV flow.
Figure shows schematically the described TSV fabrication flow.

This TSV solution requires direct access to front side pads from wafer back sides. This
is sometimes, especially for ASIC pads, hard to achieve due to implemented electrical
protection structures next or underneath the pad, see chapter A redistribution of
pads on wafer front sides overcomes this challenge. A second pad which is electrically
connected to the original pad must be implemented which fulfills requirements of a TSV
implementation inside CMOS or MEMS wafer.
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Step | Process sketch

Process description

1 .
SR, "9—5

CMOS or MEMS wafer with
active structures (brown)
and front side pad (gray-

green)

Etched hole through the
entire wafer defines the
TSV  geometry. The
etch processes must stop
underneath the first metal-
lization level of the CMOS
or MEMS wafer (red:
photoresist).

Deposition of an insulating
material (turquoise) inside
the TSV geometry and the
wafer back side. Material
deposited on the hole bot-

tom is removed afterwards.

Deposition of a conduction
material (black) inside the
TSV geometry.

Structured conducting ma-
terial with photoresist (red)
on top of this film.

Deposition and structuring

of a passivation layer (blue).

Figure 3.1: Basic process flow of a post-CMOS compatible TSV.
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3.2 Pad-cell requirements

3.2.1 CMOS pad-cell

CMOS pad-cell architectures are not standardized. Electrical device performance defines
pad-cell layouts. For instance, pads in high frequency application devices require much
thicker isolation layers between two metal layers in order to avoid cross talking compared
to direct or low frequency signal devices. In addition, pad-cells used must withstand
mechanical forces during subsequent processes like wire bonding or soldering. Broken pads
reduce system yields and this results in higher production costs. Thus, all CMOS wafer
vendors have developed their own pad-cell designs. Design rules used are confidential.
However, all pad architectures are based on the same functional elements and fabrication
technologies.

First, isolating materials are deposited onto wafers in order to isolate the silicon wafer
electrically from pad structures or other functional elements. These layers or layer stacks
are called pre-metal dielectric (PMD) and are based on silicon oxide or nitride variations
like un-doped or doped silicate glasses. Metallic films are deposited on top of the PMD in
order to connect functional elements on the wafer. These films must fulfill the following

criteria due to reliability issues:

e Materials deposited must show good adhesion.

e Diffusion of any material inside other structures or functional elements must be

avoided.

e The electrical conductivity must be minimized in order to reduce parasitic effects.

Thus, transition metals like Ti are deposited on top of the PMD and react with the surface.
Ti does not diffuse through the PMD or other isolating materials. The electrical conduc-
tivity of Ti is not high enough for conduction purposes in CMOS devices. Therefore, high
electrical conducting metals preferred Al, Cu or AlCu alloys, are integrated. The adhesion
of these metals is good on Ti, but their diffusion inside oxides is not negligible. Diffusion
barriers like TiN or TaN are deposited between adhesion promoters and metallization lay-
ers to avoid material transport. All three different films are sputtered. This film stack
made out of an adhesions promoter, a diffusion barrier and a metallization is called 1%
level metallization. Pad-cell specifications defines the pattern of the metal deposited.

High transistor densities in modern CMOS devices need more than only one metallization

level to make the system function. A passivation layer, also called inter metallic dielectric
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(IMD), is deposited on top of the 15 level metallization. A planarization of this film is
performed by chemical mechanical polishing in order to define a planar level for the next
process. Via holes are etched inside the IMD and then filled with W completely. These W-

2" metallization level. The process

plugs allow an electrical connection between the 15 and
sequence for the deposition of the 2" metallization level is the same as described above for
the 1% level metallization. These processes are repeated until the last metallization level
is reached. Some CMOS devices need six to nine metallization levels.

TSV implemented in CMOS devices require a planar 1% level metallization surface in
order to achieve a defined etch stop at the adhesion promoter. A mosaic design, which is
sometimes used in RF-applications, does not allow a defined etch stop, because oxides are
deposited between metal structures. These oxides will be removed during the PMD etching.
The metal remaining is possibly not mechanically stable after the oxides are removed.
Several functional elements on wafers are electrostatic sensitive and require protection
structures due to possible short electrical current pulses during testing or assembly. Thus,
electrical protection structures are sometimes implemented underneath the 15¢ metalliza-
tion level. These structures must remain stable during TSV processing. A placing of these
structures around pad cells allows a TSV process as described before. This is often not
possible due to design aspects. A pad extension like the one shown in figure is otherwise
required for a TSV integration. A complete chip re-design is not necessary in this case.
Figure shows also a top view of an ASIC design with an extended TSV pad-cell.

TSV implementation in CMOS devices limits the processes that can be used. For instance,
the thermal process budget is limited due to already implemented metallic films like Al
Higher temperatures cause a diffusion of Al into the Si substrate even if a diffusion barrier
is present. This diffusion can cause non-functional electrical circuits.

Alkali ions contamination may occur during an exposure of the wafer with etchants such as
KOH or photo-resist developers like NaOH. The main concern of alkali ion contamination is
the probability of positive alkali ions to diffuse to functional elements and change physical
parameters such as the threshold voltage of transistors. Suitable cleaning procedures are
necessary in order to remove all ions after wet etching processes. In addition, Al is etched
by some wet chemical processes. Process flows must be chosen in such a way that no

contamination and destruction of pad-cells appear.
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0 TSV mm PMD mE Metallization Bl W-Plugs
IMD and final passivation ESD structure

(a)

Figure 3.2: Pad-cell structure of CMOS devices. (a) Extended pad-cell allows an integra-
tion of TSV in standardized Pad cells without a re-design of ESD structures.
(b) Topview of an ASIC by ST Microelectronics with conventional bond and
extended TSV pads.
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3.2.2 MEMS pad-cell

Different technologies and process flows were developed for MEMS fabrication. Thus,
standard MEMS designs are not realized. Several projects tried to find a solution for
this challenge, but each MEMS vendor is still using different machines or technologies to
produce MEMS. These different technologies have influenced MEMS pad-cell designs. No
standard pad-cell designs are available. However, a pad-cell design for a mass flow sensor
from ISIT will be presented here. The entire process flow of this mass flow sensor has to

be explained for this purpose. The major process steps can be summarized as follows:

1. The mass flow sensor is a membrane sensor and this membrane is based on a three
layer stack composed of a silicon nitride, a silicon dioxide and an additional silicon
nitride layer. This optimized stack shows a small tensile stress and does not show

any buckling after release etch.

2. The sensing structures are made by a stack of TiN, Ti, TiN and Al. Al has to be
deposited in order to form a pad on which a wire bond process can be applied. The
TiN protects the reactive Ti during further process steps and during measurement

cycles.

3. Silicon nitride deposited on these structures protects the Al against corrosion forced

by the media investigated. The nitride is only opened at the pad-cell area.

4. A wafer processing from the back-side is followed, which is not important for the

pad-cell design. A complete process description is given by Melani et al. [36]

Figure |3.3| shows a cross section of the realized sensor.

Aluminum Titan (TIN/TI/TiN)

(Pass.)
(1000nm

Membrane
(1000nm)

Figure 3.3: Cross section of the realized mass flow sensor at Fraunhofer ISIT.
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3.3 TSV hole geometry

Pad-cell geometries and orientations on IC- or MEMS-wafer limit possible TSV hole ge-
ometries. Pad-cell geometries of 90um x 90um are common in actual IC layouts and are
placed at chip corners. Common designs uses distances of 40um between pads and chip
edges. Pad-cells are placed often next to each other with an equidistant spacing (pitch) of
150pum. This geometrical view results in a maximum TSV hole geometry. Holes formed can
not be larger than pad-cell geometries at the hole bottom (underneath the front-side pad).
Larger hole diameters can destroy surrounding functional elements. This consideration is
based on vertical etched holes. Formation of tapered holes is limited by the positions of
placed pad-cells at chip corners. Large angles of tapered TSV holes will intersect dicing
lines and TSV formed will be destroyed by the final dicing process. The TSV hole slope

in respect to the planar wafer side is expressed by «.

(3.1)

( Walfer thickness )
O e = arctan

Pad2size +e— (a+b) _%

Factors used are indicated in figure Large o should be targeted, because deposition
processes are easier to perform for large « in deep holes. The maximum angle a,,q.
for different wafer thicknesses is given by equation and is summarized in table
Equation takes only the distance between the bond pad and the chip corner into
account due to the fact that this distance is much smaller compared to pitch sizes.

Wafer thickness / [um] | 50 | 100 | 300 | 508 | 675 | 760
TSV angle a / [|°] ol | 68 | 82 | 8 | 87 | 87

Table 3.2: Possible TSV profiles dependent on the wafer thickness

3.4 Mechanical Aspects

3.4.1 Wafer robustness

A conformal deposition of electrical isolating and conducting materials is challenging in
TSV geometries with high aspect ratios. A detailed explanation of the deposition processes
and their capabilities to deposit a conformal layer inside >300um deep TSV is discussed
in chapter 4.2 Wafers of 50um thickness or less are used in several TSV approaches in

order to simplify this deposition challenge. Wafer handling without carriers is not possible
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Figure 3.4: Possible TSV geometry at chip corners; a is a safety distance of 25um; b is given
by possible backside chipping (15um), c is the distance between the outside of a
pad and the dicing line (40pum), d is the contact window opening (here 10um).

for these wafer thicknesses due to the resulting high fracture probability. Thus, carrier
wafers fixed to thinned wafers are used during TSV fabrication. The processes needed to
fix and release carrier wafers are expensive. In addition, a TSV implementation in MEMS
wafer does not allow wafer thinning to thicknesses of 50um due to their sensitive stress
behavior. MEMS performances are changed or even destroyed by extreme wafer thinning
(50pm). The possibility of operating MEMS with thinned wafers to thicknesses of 300um
to 400pum exists. Previous investigations have shown that a wafer processing with these
thicknesses is possible without a significant yield loss [38]. This investigation was performed
on planar wafers without TSV. Therefore, handling limits for silicon wafers of different
thicknesses that contain TSV are discussed in the following mechanical simulations. The
work is performed together with Prof. Fiedel of the University of Wroclaw and is partially

presented in [39].
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Model description

A wafer handling description in a complete process flow is difficult to perform. For instance,
wafer holding systems (chucks) of processing machines are not standardized. A definition
of one universal mechanical loading force is not possible. Therefore, a normal loading
force applied at the wafer center is used as a mechanical loading force for all processes. In
addition, the loading area is taken into account as a system parameter. Figure |3.5| shows
the simulation model and the stress distribution inside the wafer while external load is
applied. In brittle crystalline materials such as Si, fractures can occur by cleavage as a
result of tensile stress acting normally to crystallographic planes with low bonding forces.
These planes are also called cleavage planes. Values of compressive strength are much
higher than the tensile strength in almost all materials. Therefore, crack initiation starts

preferably at the point in which the maximal tensile stress occurs (indicated as A in figure
3.5).

Load
(external force)

<+— Compression

neutral &2
_____________ Frmmmmmmmmm— 1
Load plane I
(external force) i
—  Tension

max, compressive
e = — SIEES -

A pgint

¥ A max. tensile |
v stress
A point ©

Figure 3.5: Simulation model for determination of wafer stability during processing and

stress distribution inside the wafer while an external load is applied

The fracture criterion is defined as follows. The flexural strength which is also known as
modulus of rupture, bend strength or fracture strength should be selected as the critical
material strength parameter in case of beam bending. Pecht et al show that the flexural
strength is usually less than 10% of the compressive strength [40)]. The compressive strength
of silicon is well defined with 6GPa, but literature shows a wide range of flexural strength
values for silicon. Values between 60MPa and 2.4GPa are reported [40][41]. Here, a
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maximum flexural strength of 200MPa is taken as a fracture criterion.
8 inch (100) Si wafers with a thickness of 200um and 300pm will be considered. Two

different wafer types are considered for the calculation of the mechanical strength:

Test A Blanket Si wafer without TSV.

Test B Si wafer with TSV oriented in-one-line along the x- and y-axis and in a staggered

orientation.

TSV hole diameters of 30um and a 80um pitch are defined in this model. These hole
dimensions are four orders of magnitude smaller compared to the wafer size. In this case
it is not possible to simulate the complete model (with all holes) with sufficient accuracy
(coarse mesh) or in satisfactory time (to many elements). Thus, the problem is divided in
two easier models. First, a coarse model uses only a few holes, but with a bigger diameter.
The sum of surface areas created is the same in the coarse and the original fine models.
This coarse model allows an interpretation of stability issues on wafer level. A sub-model
is created in a second step at the wafer center, because the loading force is the highest
at this point. Original TSV hole geometries are used in this model. In addition, wafer
symmetry allows calculations on only a wafer quarter. Sub-modelling and the wafer size

reduction reduces calculation times and show sufficient results.

Test A Kroenninger showed that chips with breaking strengths >20N allows a processing
with a sufficient yield [16]. This investigation is performed on chip level and the values
are obtained by three- and four-point bending tests. The maximum strength during wafer
processing is assumed to be lower than these measured values. Therefore, an external load
of 10N is assumed as a possible maximum force which will be applied to the wafer during
processing. Figure (a) shows the displacement in z direction at the point A dependent
on the external load. Wafer bows of 17.17mm or 5.21mm are observed for 200um and
300pm thick wafer, respectively. Figure (b) shows the predicted stress in point A in
dependent on the external load and indicates that an external load of approximately 2N
and 4N can be applied to the 200um and 300um thick wafer, before the predicted stress is
larger than the defined failure stress.

This investigation is based on a infinitely small (Omm) external applied load on point A,
but mechanical handling tools have certain dimensions. Thus, the external load is also
applied with a varying radii. A pressure is defined in such a way that the external load
at the extended area is the same compared to the concentrated force of 4N. Table

summarizes the predicted stress values and the wafer displacement in z-direction at point
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Figure 3.6: Displacement and stress dependent on the external load.

A for a 200pum and 300um thick wafer and a variation of extended areas. The principal
stress at point A decreases about 24% and 27% for the 200um and 300um thick wafer,
respectively. The displacement in z-direction is the same for all radii, because the applied
pressure is kept constant. All values predicted that principal strengths for 200um thick
wafers are larger than the allowed 200MPa, whereas the values of principal strength for the
300pm thick wafer are below the failure criteria. This prediction is in a good agreement
with previous investigations at the Fraunhofer ISiT [38]. It can be concluded that a wafer
processing with 300um thick wafer is possible without a significant yield lost and the
assumed flexural strength value of 200MPa for Si seems to be in a good agreement with

the experimental results at Fraunhofer ISiT.

Test B The following simulations show how the wafer strength changes with a TSV
implementation. Two different TSV orientations are tested. Figure indicates a TSV
orientation in-one-line along the x- and y- axes and an alternative staggered orientation.
The TSV dimensions are also indicated in this figure. In addition, the crystallographic
orientation of the x- and y- axes of the in-one-line oriented TSV is varied.

The failure criteria and the simulation parameters are not changed for these geometries.
Figure [3.8 shows predicted principal strength values for the in-one-line placed TSV and a
wafer thickness of 200pum. The maximum principal stress is 396MPa at the TSV entrance
on the wafer backside, whereas the TSV are placed in the <100> along x- and <010> along
y-axes. The same investigation on TSV placed in the <110> along x- and y-axes shows a

maximum stress of 397MPa. The crystallographic orientation of the TSV placement does
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Wafer thickness

Wafer thickness

h = 200um h = 300um
Radius Area Pressure oy, z-displacement oy, 2z-displacement

[mm]  1072[mm] [MPa] [MPa] [mm] [M Pal [mm]

0 0 — 402.6 6.87 184.6 2.08

0.1 3.14 127.3 375.8 6.87 160.4 2.08

0.2 12.56 31.9 346.5 6.87 152.7 2.08

0.3 28.27 14.1 323.0 6.87 143.9 2.08

0.4 50.26 7.9 306.4 6.87 136.6 2.08

Table 3.3: Influence of area radius R on the maximal principal stress and z-displacement

"

d
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Figure 3.7: TSV orientations on a wafer. The left illustration shows a TSV orientation in

one line and the right illustrations indicates a staggered orientation. a=30um,

d=80pm
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not influence the introduced stress.

In addition, the external load was varied as described above. Figure (3.9 shows the maxi-
mum stress dependent on the external load for both wafer thicknesses and TSV orienta-
tions. The stress predicted reaches the failure stress if an external load of 2N is applied
to a 200pm thick wafer. This value of the maximum allowed load is similar compared to
blanket Si wafer. A higher principal stress is predicted at the TSV sidewalls compared to
point A even if the same external load is applied. A principal stress of 200MPa is reached
on the TSV sidewalls if an external load of 1N is applied. Thus, the highest probability of a
cleavage fracture is given at the TSV entrance when an external load is applied. The TSV
were placed in one line in the previous investigations. A staggered arrangement like the
one shown in figure [3.8| was also investigated. The principal stress values are similar for all
investigated TSV arrangement. Table summarizes the predicted principal stress values
for 200pum and 300pm thick wafers and different TSV arrangements. It can be concluded
that the wafer stability does not change significantly by a TSV implementation.

Wafer thickness & Principal Stress [MPa]
TSV orientation Crystallographic orientation Point A TSV hole entrance
blanket Si wafer —— 402.6 ——
g in-line <100 > z,< 010 > y 390.6 799.3
§ <110 > xy 406.4 834.7
N staggered <100 > z,< 010 > y 386 788.9
< 110 > xy 400.3 846
blanket Si wafer —— 186.6 ——
£ in-line <100 > z,< 010 > y 170.7 325.7
§ < 110 > xy 176.2 350.1
™ staggered <100 > z,< 010 > y 173.7 327.6
< 110 > xy 180.9 354.6

Table 3.4: Predicted principal stresses at point A and on the TSV hole entrance under an
external load of 4N. The TSV are placed on the given crystallographic orienta-

tions.
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Figure 3.8: Predicted principal stresses of 200um thick wafer under an external load of
4N and a TSV placement in <100> along x- and <010> along y-direction. (a)
Principal stress values obtained by coarse modelling. (b) Principal stress values

obtained by fine modelling.
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Figure 3.9: Predicted principal stress at point A for 200um thick wafer dependent on an
external load. The crystallographic orientation of the TSV is indicated.

3.4.2 TSV system

Thermo-mechanical predictions of MEMS packages with integrated TSV are investigated
in the following chapter. Examples of MEMS package like shown in chapter require
different assembly technologies. The DAVID project targets a chip-scale package (CSP)
[35] as a final demonstrator. The integration of MEMS and ASIC is suggested in a direct
face-to-face bonding in a chip-to-wafer (C2W) approach like it is shown in figure m
Vertical interconnects and a metallic interface between the MEMS and the ASIC lead to
a wafer-level package that protects the device against particles, moisture and mechanical
stress and can even maintain a vacuum around resonant sensors. A getter film is integrated
on top of the ASIC in order to maintain the established vacuum during the device lifetime.
The getter film used needs an activation at temperatures of 400°C [32]. A TSV technology
is targeted to connect ASIC pad-cells with external substrates. Therefore, solder balls are
placed on pad-cells formed on the ASIC back-side. Wafer molding of the ASIC - MEMS
stack with integrated TSV allows a direct integration of this measurement unit on other
substrates with a small foot print. A detailed description of the wafer molding process
in the DAVID-project is described by Gal [34]. Getter film activation at 400°C and the
moulding process apply the highest load to the package during the assembly. Thus, these
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two processes are investigated in the following.

Contact
Sealing

II|—||| 1

Getter Film
Wafer

|! Feedthrough ASIC Redistribution | |
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Figure 3.10: Cross section of the targeted CSP of the DAVID project. The functional

elements are described in the text.

Model description

The TSV model used is similar to the TSV obtained by the process flow described in
chapter 3.1} In addition, the DAVID project targets a TSV implementation inside ASICs.
Thus, a CMOS pad design as described in is used. Figure shows the model used.
The most material properties were treated as non-dependent on temperature. However,
some known properties are regarded as linear functions of temperature except for the
coefficient of thermal expansion (CTE) for Si, which is highly non-linear [42].

The W-plugs and the surrounding isolation material are replaced by a homogeneous anisotropic
material. Appendix [B]summarizes material parameters used. For most metallic materials,
also for Cu and AlCu, elastic deformation persists only to strains of about 0.5%. Therefore,
in this work the Bilinear Kinematic Hardening (BKIN) model of Cu and AlCu is used. In
this material model the tangent modulus was prescribed for the part of stress-strain curve
above the yield strength. Tangent modulus is usually taken as the slope of the stress-strain
curve at some specified level of stress. However, this portion of the stress-strain curve is
not linear. Therefore, in these calculations, the secant modulus instead off the tangent
modulus was used to describe the material behavior in plastic regions. The secant modu-
lus represents the slope of the secant drawn from the yield strength point to some given
point for large elongation, but before tensile strength point is expected.

The wafer equipped with TSV is subjected for bonding of MEMS to ASIC at temperatures

of 400°C which is necessary for getter activation. In addition, the molding process is done
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Front-side SiN Front-side PSG
X —— g Si0

(b) TSV bottom

(a) TSV overview (c) TSV entrance

Figure 3.11: TSV model used for thermomechanical analysis. Figure (a) shows an overview
of a TSV. Figure (b) shows the TSV bottom after complete TSV processing.
A detailed description of geometries and film thicknesses used is shown in ap-
pendix Figure (c¢) shows the TSV entrance after complete TSV processing.
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on the wafer level and the package is created afterwards by laser marking and scribing
for singulation of the devices. A full encapsulation of the silicon is reached by a transfer
molding process, which occurs usually at temperature of 175°C and at pressure of maximum
6MPa.

Stress distribution calculations within TSV structures were performed for two different

conditions:

Test A Molding conditions in order to evaluate the TSV pad-cell toughness at tempera-
tures of 175°C and simultaneously under high hydrostatic pressure (6MPa).

Test B Final bonding conditions when temperature reaches the highest value (400°C)

during device assembly in order to evaluate critical spots of the TSV system.

Test A Molding processes uses pressures in the MPa regime. These pressures applied to
MEMS packages like shown before are assumed to be critical for free standing pad-cells,
which can be treated as a membrane. Electric contacts between front-side and back-side
of TSV systems are made in this model a by Cu layer inside the TSV hole. This layer
additionally strengthens the fragile stratified pad-cell against molding pressures. It is
assumed that the Cu film thickness decreases about one third from 2.25pum at the TSV
entrance at the wafer back-side to 1.5um at the TSV bottom. Figure [3.12] (b) and (c)
show the most endangered region during molding at temperature of 175°C and a pressure
of 6MPa. The calculations predict the pad-cell structures used are strong enough to resist
molding pressures. However, the thermal expansion of the Cu layer causes a convex shape
of the pad-cell structure like it shown in figure m (b). A pad-cell displacement in z-
direction of 8.5nm is predicted at the center of the pad geometry. This value is negligible
for device reliability issues.

The large CTE mismatch between materials used cause large principal stresses especially in
front-side passivation layers. The maximum stress is identified just in the corner of front-
side passivation layers as shown in figure [3.12] Stresses inside films on the wafer back-side
introduced by the given molding conditions are not higher than their fracture strength.
It can be assumed, that the back-side films can withstand the external load. Figure [3.12
shows a maximum principal tensile stress of 1090MPa in the front-side SiN passivation
layer. In addition, a stress of 811MPa is predicted inside the PMD. Both values estimated
are higher than their fracture strength of 500MPa and are identified as weak point of this
TSV approach.
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Figure 3.12: Displacement and stress distribution of a TSV system during molding. Figure
(a) shows the pad cell displacement in z-direction (displacement scale: 50x).
Figure (b) shows the Mises stress distribution of the pad cell. Figure (c) shows
the Mises stress distribution at the TSV hole bottom.
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Test B Stress and strain in the TSV structure are even larger for temperature excursion
from room temperature up to 400°C compared to values obtained by molding. Such a
temperature excursion is necessary to activate the getter material [32]. The following
calculations were performed only at this temperature excursion. The system was not
loaded with pressure. A 200nm thick SiN layer was used for isolating purposes. This layer
shows an unacceptable maximum principal stress value of 1.08GPa at the TSV sidewalls
at 400°C. A film thickness enhancement up to 1000nm decreased the maximum principal
stress to 541MPa, which is still above the critical fracture strength. However, the SiN layer
should be as thick as possible since a 1000nm thick SiN layer does not cause a significant
change of the maximum principal stresses in the front-side pad-cell layers.

The larger deformation of the pad-cell during temperature excursion can be assumed com-
pared to values obtained from the molding calculations. A displacement in z-direction
of about 350nm was estimated like it is shown in Figure [3.13] Thus, primarily the CTE
mismatch causes the displacement or bending in z-direction. The pad-cell passivation on
top of the last metallization layer is still the critical point of this TSV design. Maximum
principal stresses over 1GPa were predicted for this point, which can cause yield losses.
However, the operating temperature of MEMS devices is normally not 400°C. Further ex-
periments must show how getter activation influences the MEMS functionality during the
device life time. In addition, experiments must show how the pad-cell displacement in

z-axis influences the hermetical behavior of the pad-cell structure.
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Figure 3.13: Pad-cell displacement due to temperature excursion from room temperature

to 400°C (displacement scale:5X).
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3.4.3 Hermetic criterion

Operation modes of several MEMS depend on vacuum levels established. For instance,
vacuum levels of 0.lmbar are established for resonant operating MEMS at Fraunhofer
ISiT. This vacuum level must be guaranteed for the complete device life time of 15 years.
Possible in-coming gases are gettered by deposited materials. However, free standing pad-
cells structures must be hermeticaly dense in order to allow a usage of MEMS packages
with integrated TSV for a defined life-time of 15 years. Reinert showed that wafer-level
based MEMS packages with a cavity of 1nl allow a leakage rate of 1.26 - 10~ *mbar - [/s
[32] to full fill this requirement. Thus, this leakage rate has to be targeted for hermetic
TSV in MEMS packages.
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3.5 Electrical Specifications

TSV are an electrical conduction path in electronic devices. Films deposited induce elec-
trical resistances and capacitances which contribute to parasitic effects of the complete
system. The following considerations show estimations of electrical TSV elements. The
last chapter showed that a wafer thickness of >300um should be targeted in order to es-
tablish a robust process flow without a significant yield loss. In addition, the chosen TSV
diameter is larger compared to the diameter used in the mechanical consideration. The
processes described in chapter {4 are easier to develop for larger TSV diameters. Thus, a

diameter of 80um is considered in the following description.

3.5.1 Dielectric film

TSV metallization layers are isolated from the Si substrate by an isolating material. This
layer structure gives a parasitic capacitance very similar to a capacitance of a metal oxide-
semiconductor structure (MOS) as shown in figure m Thus, the parasitic TSV capaci-
tance (Crgy ) is given by the series connection of the isolation capacitance (Crsoation) and

the semiconductor depletion-layer capacitance (Cpepietion) @s indicated in figure m

CIsolation : CDepletion

Crsy = (3.2)

CIsolation + CDepletion

&

Isolation

Isolation

)3

c-Si

Figure 3.14: Schematic of the parasitic capacitance in an insulated metal strip.

Clsolation 18 given locally even for the given TSV ring symmetry by

tlsolation
Clsolation - EA (33)
Isolation

where €, trsoiation a0d Afsoration are the permittivity (€ = €g - €1so1ation ), thickness and surface

area of the isolating material inside the TSV, respectively. Dielectric constants of silicon
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oxides and nitrides vary between 4-6 and 6-9, respectively. An isolating material with a
dielectric constant of 6 and a thickness of 1um results in a capacitance per unit area of

5.3nF/cm?. The depletion-layer capacitance is given by [43]

qeoesilNp
2 (222 —v)

CDepletion = ATSV (34)

Where €g; is the permittivity of silicon, Npg is the lightly doped bulk concentration, n; is
the intrinsic carrier concentration, k is the Boltzmann constant, T is the temperature and q
is the elementary charge. For zero bias voltage the depletion capacitance per unit area can
be calculated to 32.6 nF'/cm? (for Ng = 4-10®cm™3). Thus, depletion-layer capacitances

are larger than isolation capacitances. It can be concluded that

CvTSV ~ Clsolation (3 5)

Isolating and electric conducting materials should be deposited only in ring symmetry
due to fact that process times for a complete TSV hole filling are not acceptable. The

capacitance of ideal ring symmetry is given by

_2-7r-6-L

ln Tout

Tin

C (3.6)

where €, L, 75, and 7, are the relative permittivity (eo-€,), the TSV depth, the outer TSV
hole radius and TSV hole radius subtracted by the isolating film thickness, respectively.
Figure [3.15] shows capacitance values of various isolating materials and a TSV geometry of
80um in diameter and 400um in depth. This graph shows, for instance, that SiO layers of
1pm deposited inside TSV with a diameter of 80um have a parasitic capacitance of 8.7fF
per um hole depth. Table [3.5] summarizes electrical capacitance values per TSV length in
dependent on isolating materials used at a film thickness of 1um.

These calculations are performed for constant film thicknesses of isolating materials de-
posited. Literature shows that film thickness gradients occur especially for deep holes or
when low temperature deposition processes are used [44][45]. Equation changes to

2-m-e- L

O(ZE’) :/wdl' (37)
r(z)

where 7,y is now a function of the TSV hole depth. Equation (3.8) describes a possible

exponential profile of the isolating material deposited on the TSV hole sidewalls.

r(z) =do-e " (3.8)
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Figure 3.15: TSV capacitance dependent on film thickness and isolating material.

Relative capcitance

Material Dielectric constant [fF / pm]
Si0 3.9 8.7
SiN 7.5 16.7
SiON 9.5 12.2
BCB 2.65 5.9
Parylene C 2.95 6.6

Table 3.5: Dielectric constant values of various isolating materials and calculated capaci-

tance values per TSV length.
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where dy and 7 are the starting film thickness and the thickness when 63% of the decay is
reached, respectively. Applying equation (3.8) to (3.7) and introducing A = % results to

2-m-€e- L
Clz) = / I (1out) — In (do) — In (=) du
2.-m-€- L
®Cl) = /ln(rout) In(dy) + A - :r;dx
2-m-€e- L
&) = / N 0 (o) — Tn (dg)
e C@) = 2-m-e L ; A -2 4 In (rour) — In (do)|"=F (3.9)

Equation (3.9)) changes to

=L
\%@ - arctan (%) for ©>0
— %ixo
C(m) = 1, 2.7z +v—27—1/|6] " for ® <0 (3.10)
\/@ 2-y-x4+v—2-7+4/10| r=1x0

if a linear profile is observed for the deposition process used. The derivation of equa-
tion (3.10) and the definition of © are given in appendix . Knowledge of the deposition
profile is necessary for the calculation of the 'real’ capacitance value. Lower capacitance
values can be assumed for any film thickness profile compared to the ideal case. Thus, non
constant film thicknesses of the isolating materials results in a reduction of capacitive par-
asitic effects. However, films deposited must be structural dense for any deposition profile
in order to separate electrical potentials between the electric conducting TSV material and
the Si-substrate. The dielectric strength describes the quality of isolating materials. This
parameter is defined by the maximum electrical field which can be applied to isolating ma-
terials before a structural breakdown occurs. Literature reports values between 4MV/cm
and 12MV /em for different isolators, respectively [46][47]. Isolating materials inside the
TSV geometry must show similar values for the dielectric strength.
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3.5.2 Metallic film

Electric conducting materials are deposited inside TSV geometries and the wafer back-side
in order to carry electronic signals from pad-cells on the wafer front-side to new pads formed
on the wafer back-side. Metals with low resistivity values are preferably used, because the
TSV resistance formed influences electrical propagation times or sensor sensitivities. Some
applications does not allow TSV resistance values of 1000€2, which are reported for Poly-Si
TSV like it is shown in chapter 2.2.2] Therefore, metals like Cu, Al, Ag, Au and W must be
considered as conducting materials in TSV. Figure[3.16|shows values of electrical resistances
for ring metallization (Rpsetq; in a 400pum deep and 80um in diameter) in dependent on the

film thickness deposited. Different materials are indicated.

TSV resistance [mQ]

0 2 4 6 8 10
Flim thickness [pm]

Figure 3.16: Electrical resistance values for a ring metallization in a a 400pum deep and

80um in diameter TSV dependent on the film thickness deposited.

The calculations are based only on a deposition of materials indicated. Chapter [3.2.]]
shows that diffusion barriers must also to be implemented in metallization schemes. The
electrical resistance of this barrier Rpgg,rier contributes also to the complete TSV resistance.
Barrier resistance can be treated as a parallel resistance in an easy model and the TSV

ring metallization resistance R,;,, results to

RMetal : RBarrier
g RMetal + RBarrieT ( )
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Specific electrical resistances of barrier materials are commonly 100 times larger compared
to metallic conduction film like Cu. Thus, barrier materials carry only a small portion of
electrical signals and do not change significantly the value of the TSV ring metallization.
However, barrier materials are also deposited on the TSV bottom. Electrical signals have
to pass this layer. The electrical resistance of one complete TSV under the consideration

of barrier resistances results to

RTSV = Rring + Rbottom (312)

Ryottom 1s significant for TSV diameter in the range of 1um or less, because the resulting
resistance is in the order of several m{). TSV geometries targeted here (TSV diameter

>30pm) allow the assumption that
RTSV ~ Rring (313)

Resistance values shown in figure [3.16] are based on a ring metallization with a constant
film thickness. Plummer [45] or Baer et al [48] show that thickness gradients are observed
for different metallization processes used. In this case, ring metallization resistances are

given by:

Ryino () /L L1, (3.14)
ring\L) = metal — 7 5 5, AL .
’ o T 2 =2 ()

where ppetar, L, 72 and 72 are the specific electrical resistance of the metal used, the TSV
hole depth, the outer radii of the TSV hole and the TSV radii subtracted by the film
thickness of the deposited metal, respectively. r;(z) is a function of the deposition profile.

Ring metallization resistances result to

x=L

oL | Ve arctan ( NG ) o—zo for 6>0
R () =y (3.15)
g —W |, |Zmatzmb—/16] for © < 0
\/@ 2-m-x+2-m-b++/|0| r=20

for a linear decay function of r;(x) = m -z + b and the following substitution

O=4-m-(b*—r2) - (2-m-b)’ (3.16)
Equation (3.15)) changes to
Reng@) = 2L [2 4 T omlzy g et (317)
ring\L) = T TZ 9. rg nir, 0" € 0 :
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for an exponential decay function of r;(z) = dy - e~ ~.

Metal thickness gradients close to zero are preferred in TSV applications, because narrow
profiles increase electrical resistance values.

Section shows a mass flow sensor for liquid or gaseous media. The functional struc-
tures of this sensor are based on two resistive TiN,Ti,TiN lines with a resistance of 50¢2.
The standard variation of the resistance difference between two lines on one sensor element
is only 0.1%. This small variation allows precise flow measurements. Thus, TSV integrated
inside this sensor must show electrical resistance values below 50mS2 in order to allow pre-
cise flow measurements. In addtion, it is important that electrical TSV resistances on one
sensor elememt show also a small standard derivation. This electrical TSV specification is
for the mass flow sensor essential in order to maintain the system functionalty. It is not
useful to integrate TSV in this sensor if only the corrosion problem and micro-turbolences

are neglected.

3.6 Test design

The following TSV test design is developed based on the considerations of the previous
chapters. A pad-cell with only one metallization level is deposited on 6 inch (100) wafer.
Figure [3.17] indicates the different layers deposited. The pad-cell structure basically is
composed of isolation, metal and passivation layers. This film stack is in detail a Siz/N,
from low pressure chemical vapor deposition (LP-CVD), a phosphorus silicate glass (PSG)
deposited by plasma enhanced chemical vapor deposition (PE-CVD) and a low temperature
oxide (LTO) from a low temperature LP-CVD for the isolation layer. A sputtered Ti,
TiN and AlCu metallization film and a passivation layer of silicon nitride and silicon
oxide deposited by PE-CVD completes the pad-cell structure. Layer film thicknesses are
indicated in figure [3.17} This layer structure is similar to common pad-cell structures and
materials of CMOS designs and also consists of materials which are used for MEMS. Daisy
chain structures are formed on wafer front-sides in order to allow electrical measurements
from the wafer back-side. Pad sizes are varied between 100um, 150pm and 200pum. In
addition, a staggered placement of 150pum pads is tested.

Mechanical considerations showed that wafer thicknesses >300um should be targeted for
robust wafer processing. Therefore, wafer with thicknesses of 300pum and 400um are used.
This wafer thickness allows only hole geometries with an 90° angle in respect to the wafer
surface as shown in table[3.2] TSV hole diameters of 80um are used. Amorphous SiN-films
with incorporated hydrogen impurities (a-S,iN,:H) are used as isolation material due to

the good diffusion barrier characteristics against metals. For instance, Cu was not diffusing
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AlCu

PSG, LTO

c-Si

Figure 3.17: Film stack of a pad cell used in the test design (Film thicknesses: Si3N, 100nm,
PSG 250nm; LTO 750nm, Ti 40nm, TiN 100nm, AlCu 1.4pum, SiN 500nm,
SiO 500nm).

through a-Si;N,:H at the temperature range targeted during device operation. The PMD
and the isolation layer underneath the front-side metallization are removed by dry- and wet-
chemical etching processes. The metallization scheme consists out of an adhesion promoter
(T1), a diffusion barrier (TiN) and a highly electrical conducting film. Al and Cu are taken
into consideration as conducting film. a-Si;N,:H is used again as passivation film, because
silicon nitrides show good chemical resistance against water or moisture penetration inside
the material. This passivation film avoids metal corrosion.

A redistribution layer is formed on the wafer back-side based on the metallization material
deposited inside the TSV and the wafer back-side. Figure [3.1§ show the Daisy chain
structures realized on the wafer front-side and the designed wafer back-side redistribution

layer.
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Figure 3.18: Test design on wafer front- (left) and back-side (right). Daisy chain structures
on the wafer front-side allow an electrical characterization only from the back-

side.
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Chapter [3.1] showed a process flow for a TSV formation in >300pm thick wafer and conse-
quences for wafer geometries, films depositions and TSV system parameters. Technological
aspects based on these considerations are presented in this chapter. Processes needed can

be divided in three major key technologies:

e Hole formation
e Film deposition

e Pattern transfer

4.1 Hole formation

TSV hole formation needs a removal of the wafer material (c-Si) down to the PMD. In
addition, an electrical contact between the front-side pad metallization and the TSV met-
allization layer deposited is only possible if the PMD is removed completely. Figure (a)
shows a TSV implementation in MEMS or 1C devices with a vertical etched hole. Figure
4.1|(b) indicates required TSV etch profiles underneath the front-side pad. First, ¢-Si is
etched anisotropically. Second, an isotropic (red line) or anisotropic (red dotted line) etch
process removes the PMD. The following overview shows common etching techniques and
discusses the usefulness of these etch processes for TSV hole formation

There are mainly two methods used for the etching of silicon based materials or silicon itself.
First, is wet etching a simple and cheap method. Wafers are immersed into basins filled with
liquid etchants. Layers exposed are etched simultaneously even if several wafers are placed
into the basin. Wet etching processes were developed for all steps during semiconductor
device fabrication. For instance, hydrofluoric acid HF etches SiOs by a pure chemical

process. The chemical overall reaction is

SiOy + 6HEF — HySiFs + 2H,0 (4.1)

Reaction describes the typical reaction pathway of wet etching. Etchants (HF) react
with films immersed (SiOy) and form water-soluble byproducts (HySiFg) or gases. De-

pletion of etchants eventually occurs by forming byproducts. Thus, buffering agents like

95



56 4.1. Hole formation

AlCu
E
5 H :
% PSG, LTO
\ |
c-Si
B Si3N4 ¥ Active Structure ~ ® Frontside Pad
m Cu B Under Bump Metalization

(a) (b)

Figure 4.1: TSV etch profiles needed for the given specification. (a) shows a TSV imple-
mentation inside wafer with an vertical etch profile. The red marked area is
magnified in (b). Isotropic (red line) and anisotropic (red dotted line) PMD
etch profiles

ammonium flouride (NH4F) are added to stabilize the HF over time. This mixture is called
buffered oxide etch (BOE).

An indirect chemical pathway to etch ¢-Si is known. Chemicals like nitric acid (HNOj)
decompose in water to nitric dioxide (NyO), which oxidizes Si surfaces. Adding HF dissolves
the SiOs formed which is describe under equation . This isotropic ¢-Si etching process
based on a HF and HNOj3 mixture is given by

SiOy + 6HEF — H,SiFs + 2H,0 (4.3)

TSV geometries targeted require an >300um deep hole with an angle of 90° in respect to
the wafer surface. This wet chemical c-Si etch process can not fulfill these requirements.
First, etching rates of Si are in the order of 100nm min~! to 200nm min~! [49]. Thus, the
etch time is too long to form the TSV hole if an economically TSV approach is considered.
In addition, wet etching processes are predominantly pure isotropic and cause large under-
cut profiles underneath the hard mask or photoresist.

KOH etching is a second wet chemical way to remove c-Si. Etch rates are higher compared
to the previous described method. In addition, the etch rates depend on the crystallo-
graphic orientation of the ¢-Si. Si in the [100| direction is etched much faster compared to
the [111] direction, because the (111) planes are most closely packed and etch more slowly.
Cavities with an angle of 54.7° in respect to the (100) plane are formed. Linder [11] and
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Rassmussen [30] showed the capability of using KOH for TSV hole formation. The pad-cell
pitch in CMOS devices (see chapter does not allow the use of KOH for the TSV hole
formation due to the etch profile obtained. TSV holes formed by KOH etching will interact
with other TSV holes or dicing lines. A signal separation is not possible in this way.

Dry etching or plasma etching was developed in the 1970s to etch SiN passivation layer
on top of SiOy and Al, because wet etching processes known for SiN were not selective
enough to SiO, or caused large under-cut profiles [45]. CF, and O, gas mixtures in a
plasma atmosphere allow an SiN etching with high anisotropies and good selectivity to
SiO,. Similar processes were developed for SiO,, Si or even metals like TiN. The chemical
or physical behavior of plasma etching characterize the etch process used. Reactive neutral
chemical species, often free radicals, etch material in a pure chemical manner. Radicals
are transfered from the process chamber to the substrate and adsorb at surface sites. Free
radicals are neutral species which cause an isotropically arrival angle even under an applied
electrical field. In addition, free radicals like F* or CFj show low sticking coefficients.
Thus, the radicals tend to bounce around before surface reactions take place. Radical
fluxes underneath mask result from this low sticking coefficient. Thus, plasma etching is
not usable for the formation of the TSV holes. First, the under-cut is too large to etch c-Si
300pum deep hole. Second, plasma etching takes place in pressures regimes of 100mTorr
and 1Torr. The mean free path is too low at these pressures in order to observe a direct
movement of radicals to the TSV hole bottom. PMD are not attacked by plasma etching
like it is shown in figure [4.2]
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Figure 4.2: Cross section of a pad cell after a plasma etch process for SiO, etching. The

film is not eroded.

Ions can etch material in plasma systems by physical sputtering. Ions formed in the plasma
are accelerated by an applied electrical field and hit surfaces under anisotropical arrival
angles. Material is physically dislodged by incoming ions and pumped away. Anisotropic
etch profiles characterize this etch technique. Sputter yields defines etch rates of this etch
process. Coburn et al showed that etch rates increase if gases are also introduced to the
chamber [50]. However, TSV hole formation by physical etching is not possible. Possible
mask materials show a too low selectivity compared to ¢-Si to form a >300um deep hole.
PMD etching with an anisotropic etching process is preferred. Experiments showed that
the available equipment does not allow PMD etching by physical etch processes.

High energy lasers allow a removing of all materials used in this TSV approach. Focused
laser beams cause a sublimation of the material by an interaction with the material. The
c-Si in the gas phase is pumped away and the hole formation stops when the final hole
depth is obtained. The laser is moving to the next TSV position and forms the next hole.
The major advantage of this sequential process is the possibility to change the TSV hole
layout without immense costs. Thus, expensive photo lithography masks are not required.
Figure (a) shows a 675um deep TSV hole formed by laser ablation. Figure (b)
indicates the entrance area of the laser. A defined etch stop is difficult to realize due to the
non-selectivity of the laser process to certain materials. The probability that the front-side

pad-cell is partially removed is high. Thus, a hermetic dense TSV can not be guaranteed
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for the TSV hole formation by laser ablation.

(a)

Figure 4.3: TSV hole formation by laser ablation. (a) 675um deep TSV holes formed by
laser ableation. (b) Close up of the TSV entrance area. A Si redeposition is

observed.

The following sections show etch processes to form TSV holes for the given specifications
under chapter [3.3

4.1.1 Silicon and Silicon-nitride etching
Method

Laermer et al. have developed an anisotropic c-Si etch technique for high aspect ratio
profiles and a good dimensional control [5I]. This technique is called Deep Reactive Ion
FEtching (DRIE) and is based on an iterative deposition and etch cycle. An initial polymer
etch inhibitor, commonly octafluorocyclobutane C4Fg, is deposited on top of the wafer
and inside the pattern as it is shown in Figure 4.4, This polymer is etched preferably
anisotropically at the hole bottom during the etch cycle due to the accelerated SFg ions.
The c-Si underneath the polymer is etched isotropically after the polymer is removed in
this region. The etch parameters must be chosen in such a way that the polymer film
at the sidewalls is thick enough to protect the c¢-Si during the complete etch time. The
deposition step is repeated before the polymer is completely removed from the sidewalls.
This cycle continues until the desired etch depth is obtained. Cleaning processes like O,
plasmas remove remaining polymer residuals after the last etch cycle is performed. The
DRIE process chemistry used etches c-Si as well as SiN-layers [49]. Thus, the c-Si wafer
and the SigN, of the PMD are etched by DRIE in one process step.
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Figure 4.4: Etch cycles of deep reactive ion etching (DRIE).

Results and Discussion

The experiments are divided in two parts

Experiment A Etching of >300um deep holes in ¢-Si

Experiment B Si3N, etching at the hole bottom

Experiment A Pattern transfer inside ¢-Si needs masking materials on top of wafers.
Materials used must show high etch selectivity against the etchant used. SiO5 or photore-
sist are appropriate mask materials for etching processes based on SF; ions. The etch
selectivity between SiOy and c¢-Si is 1:100. This selectivity requires a >3um thick SiO,
layer to form >300um deep structures. Common deposition machines used in semiconduc-
tor foundries are not designed for such thick films. For instance, the long process time can
cause a material accumulation inside the exhaust pipes, which can result in plugged pipes.
Thus, a thick photoresist layer (10 um, AZ4562) was deposited on the wafer back-side for
use as an etch mask during DRIE. Wafer surfaces were primed prior to resist coating in or-
der to ensure proper photoresist adhesion. The wafers were exposed to hexamethylsilizane
(HMDS) at 90°C in a gas phase to remove hydroxyl groups from wafer surfaces. A spin
coating process deposited the 10um thick photoresist on the wafer back-side. A so called
soft bake at 90°C for 30min drove solvents out of the photoresist and enhanced also the film
adhesion. Literature shows that thick photoresist require absorbed moisture to enhance
the solubility of exposed parts during resist development [52]. The amount of absorbed
moisture did not change the lithography quality, during the experiments performed in this

work. The photoresist was exposed through a 7 inch wafer mask and afterwards developed



4. Key technologies 61

in a KOH based developer. A final photoresist bake in a convention oven at 80°C for 6h
minimized the resist erosion during DRIE.

The ¢-Si is etched by using DRIE via a patterned photoresist on the Alcatel 601 etch
tool. The process required to etch >300um deep holes is not a standard etch process.
The parameters are optimized in such a way that the etch rate is high as possible and the
sidewall surface roughness is low as possible. Figure [4.5] shows the obtained vertical etch

profile at different positions.

(a)Overview (b) Hole entrance

(¢) Hole bottom (d) Hole center

Figure 4.5: TSV hole formed by DRIE. (a) TSV etch profile obtained by using DRIE (b)
Cross section of the hole etched at the hole entrance (c) Cross section of the
hole etched at the hole bottom (d) Cross section of the hole etched at the hole
center.

Figure [£.5(b) indicates that 5um photoresist were eroded for an etch time of 50 minutes.

Longer etch times are possible without a critical ion interaction with the wafer surface.
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It is possible to obtain a final TSV hole depth of >300um with this resist. The TSV
sidewalls showed the DRIE characteristic scallops at the hole entrance area. The sidewall
topography changed at a hole depth of 120pm due to the SFg ion flux. The ions arrived
anisotropically at the wafer surface. However, there was a certain probability that ions
arrive with an angle different than 90° in respect to the wafer surface. These ions caused
an enhanced etching of the etch inhibitor on the sidewalls. Longer etch times did not
change the locations of the observed grooves. This showed that the quality of the inhibitor
was not time dependent. In addition, TSV holes etched with diameters of 50um have not
shown any grooves. Figure indicates that the incoming ion flux, which arrives at the
surface under the same angle «, hits sidewalls at higher hole positions for smaller hole
diameters. Thus, it can be assumed that the adhesion between sidewalls and the inhibitor

polymer varies with the hole depth.

SF, ion ﬂuxl l SF, ion ﬂuxl l

d 2d

Figure 4.6: Maximum possible depth of incoming SF ions which arrive under an angle of

Q.

Previous investigations were performed on 675um thick blanket c-Si wafer and the holes
were not etched through the entire c¢-Si, which is required for the TSV system targeted.
Thus, the DRIE process must stop on the PMD of the front-side pad. Isolating etch
stop materials will most likely result in notching effects. Notching effects appear during
overetching at the TSV hole bottom. The incoming ions charge the PMD electrically. This
effect causes scattering of the incoming ions to the sidewalls and enhance the lateral etch

rate at the c-Si — PMD interface. DRIE parameters used showed a maximum notching
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between 3um and Sum.

Wafer used were thinned to 300pum or 400pum in order to reduce the challenge of the
deposition processes. Wafer thinning was performed in different steps [16]. A coarse
grinding removed most of the silicon, before a fine grinding defined the back side surface.
A wet chemical stress release etch was required, because mechanical thinning introduced
different zones of damages. Handling without this etching resulted in low wafer yield due
to the introduced large wafer bow by the mechanical stress [16]. The wafers broke during
the handling in different process steps. However, a TSV processing with a stress release
etch after the fine grinding showed also a reliability risk. The DRIE etching behavior of
these thinned wafers was different compared to blank substrates. A chipping was observed
at the entrance of the TSV, like it is shown in Figure (arrow (b)). The arrow (a)
indicates the preferential grinding wheel direction. It can be assumed that the observed
chipping results from the wheel direction. To give a detailed explanation of the interaction
of the damage zones and the wheel direction is out of the scope of this thesis. It should
be mentioned, that the observed cracks are not comparable with Mouse-bits [53] created
during DRIE, because Mouse-bits are time related artifacts and the observed cracks are

also observable after short etching times.

Figure 4.7: Etched hole from the wafer back-side.

Previous investigations at ISiT have shown that etch inhibitor residuals on etched struc-
tures remained even after an appropriate cleaning procedure. These residuals are Teflon™®
based compositions, which degrade the adhesion of materials deposited on these surface
sites. TSV holes formed were cleaned by a combination of wet (RER and EKC) and dry

(Oq plasma at 250°C, bmin) processes. Outgasing measurements at 500°C showed no resid-
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uals after these cleaning procedures. Figure shows this outgasing measurement of a
sample with etched holes and without hole. The measured ion current is the same and it

can be concluded that no polymer residuals are in the cavities.
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Figure 4.8: Outgasing measurement of a sample with etched (DRIE process) cavity (red
curve) and without cavity (blue curve). The difference spectrum is zero and it

can be concluded that no polymer residuals are present after the DRIE etch
process.
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Experiment B The TSV flow targeted requires two silicon nitride etching processes. The
first PMD layer deposited (see chapter is a 100nm thick SizN, layer and it has to be
removed before the PMD oxides are accessible from the wafer back-side. In addition, the
isolation layer deposited inside the hole (see chapter is a-Si;N,:H, which has to be
removed subsequently only at the hole bottom. The etch chemistry used of DRIE has a low
selectivity to SiN films. However, an anisotropic etching of the SiN film at the hole bottom
is not a common process and was developed the first time in this work at the Fraunhofer
ISIT. The experiments were performed at the Alcatel 601. Figure (a) indicates that
the deposited a-Si,N,:H was removed only at the hole bottom and (b) shows a close up
of the hole bottom. Different materials are indicated. The process developed to etch c-
Si also removed SigN, at hole depth of 300um. The available analytics do not allow a
clear visual proof. However, electrical measurements in chapter showed an electrical
contact between the the front-side pad and the TSV metallization.

Pin-hole free isolation layers are essential to avoid electrical cross talking or leakage cur-
rents. Figure 1.9 does not show any changes of the surface morphology after this etch
process visually. However, pin-holes are often not visible by microscopic investigations.
Chemical perforation helps to indicate structural defects inside films deposited. Etchants
like KOH show a high selectivity between silicon nitrides and c¢-Si. Thus, silicon nitride
films immersed in KOH at 80°C were slowly etched, whereas c-Si was etched much faster.
Pin-holes allowed KOH to penetrate through the silicon nitride and the c¢-Si was etched
relatively fast. Figure shows an a-Si;N,:H film deposited in 300pm deep cavities after
a ten minute KOH immersion. Figure [4.10(a) shows a a:Si,N,:H with pin-holes and (b)
shows a pin-hole free film. A etch time of 3min and 30sec shows a complete a-Si,N,:H

etching at the hole bottom on the entire wafer.
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Figure 4.9: TSV holes after a-SiN:H deposition and spacer etch process. (a) Overview of
a TSV hole formed. (b) TSV Hole bottom.
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(a)

Figure 4.10: TSV holes after a-SiN:H deposition and ten minute KOH immersion. (a) Non
optimized spacer etch process. Pin-Holes are visible after KOH perforation

(b) Optimized spacer etch process. No pin-holes are visible.
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4.1.2 Silicon-dioxide

The PMD is mainly based on silicon dioxides as shown in chapter [3.6] Anisotropic etch
processes are preferred to remove the PMD underneath the 1% level metallization. Isolation
layers deposited show a better reliability if no under-cut is formed during the PMD etching.
Physical etch processes for silicon dioxides are available and often used in semiconductor
device fabrications. Fraunhofer ISIT has different etching machines available, but their
configuration does not allow an anisotropic silicon dioxide etching inside the given hole
specifications anisotropically. The following experiments show etch technologies which
allow a removal of the PMD.

Gas phase etching
Method

Holmes et al reported in 1966 a HF /Hy vapor etching technology, also called gas phase
etching (GPE), to etch silicon dioxides with high selectivities to c¢-Si, silicon nitrides or
metals [54]. This process has been extensively utilized since that time and replaces wet
etching processes often in modern MEMS fabrications. For instance, MEMS yields increase
by vapor etching of sacrificial oxides compared to wet etch processes. This etching process
defines freestanding MEMS structure elements, which are mechanically sensitive regarding
cleaning processes needed after wet etching. Front-side pad structures are similar to thin
membranes after PMD removal and are also mechanically fragile. GPE is therefore assumed
as a more sensitive TSV process step compared to physical etch processes. However, GPE
was not reported in the literature previously to etch the PMD from the wafer back-side
through a >300um deep hole. The etch model is given as follows [55].

It has been recognized that etching in a gas-phase regime takes place via a slow gas-solid
reaction that is catalyzed by adsorbed moisture on the oxide surface. GPE uses HoO(g) as
etch inhibitor (catalyst) and HF(g) as etchant. Both gases adsorb physically on exposed

surface

HyO(g) = Hy0O(ads) (4.4)
HF(g) = HF(ads) (4.5)

The adsorbed etchants react with each other to the point that HF is the most significant

species to etch silicon dioxides.

2HF (ads) + HyO(ads) — HFy (ads) + H30" (ads) (4.6)
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It is assumed that a substitution of O in the silicon dioxide by F of the HF; takes place
and SiF, is formed. The overall reaction of etching silicon oxides by HF /HyO gas phase
etching is given by:

SiOy(s) + 2HF; (ads) + H3O" (ads) — SiFy(ads) + 4H,0(ads) (4.7)

Both reaction products allow a desorption from the exposed surfaces

SiFy(ads) = SiFy(g) (4.8)
Hy0(ads) = Hy0(g). (4.9)

Several MEMS have shown sticking between functional elements after sacrificial oxide etch-
ing by using HoO based GPE systems. Water free etch inhibitors were introduced to solve
this problem. Different alcohols are used in MEMS foundries.

Results and Discussion

This gas phase etching technique was investigated in this work.

Experiment PMD was etched in a HF /Ethanol gas phase etching system after the c-
Si and the SisNy was removed by DRIE from the wafer back-side. Therefore, wafers
were placed in a Teflon” " container where only the wafer back-side was exposed to the
gas mixture. The gases and the process chamber were heated to 33°C, which showed etch
rates of 45nm /min for thermal silicon dioxides. However, various oxides show different etch
rates. Sacrificial layers like phosphorus-doped silicon glasses (PSG) etch 19 times faster
compared to a thermal oxide [54]. These etch behaviors resulted in a high vertical under-
cut. A even higher under-cut was observed if PSG is deposited on top of a silicon nitride
layer formed by LP-CVD. It can be assumed that a local stress between these two layers
enhances the vertical PSG etch rate. An under-cut over a 100pm distance was observed at
standard working conditions. A temperature increase during gas phase etching reduced the
under-cut. However, this under-cut destabilizes pad-cells during further processing. Figure
shows a high pad buckling of different pad sizes. A thicker front-side passivation layer
(500nm SiO, ) showed a stable pad-cell after GPE. This layer stack in combination with a
pad-cell size of 200um has not shown any film buckling.
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Figure 4.11: Pad buckling of a 200um (left graph) and 100um (right graph) wide pad. The
red curves (V) are with a SiO film on top of the pad structure.

Buffered oxide etching
Method

The method of etching silicon dioxides by liquid HF echants was already described in

chapter [4.1]

Results and Discussion

This isotropic etch process was tested to remove the PMD underneath the 1%¢ level metal-

lization of the front-side pad-cell

Experiment BOE (9:1) was used in this experiment. A etch rate of 63um/min was
measured for thermal silicon dioxides on a planar substrate. This etch process is a standard
etch process at the Fraunhofer ISIT, but it was never used before to remove material in a
>300mum deep cavity. An etch time of 15min was estimated in order to remove the 950nm
thick PMD. The PMD was only 50% etched under these conditions. It can be assumed
that the diffusion dynamics inside the TSV hole interferes with the reaction’s mechanisms.
A time of 30min. showed a complete removal of the PMD. The etch profile has not shown
any under-cut even though BOE etching is an isotropic etch process. It is out of scope of
this thesis to evaluate the etch mechanism of the PMD at the given TSV geometries.

BOE etching takes place in a basin. Thus, both wafer sides are immersed to the etchant

at the same time. The last film deposited on the wafer front-side is a silicon oxide film as
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indicated in figure and is etched as well as the PMD by BOE. A photoresist was then
coated on top of the front-side to protect the silicon oxide film. A 2pm thick photoresist

(HIPR) allows a wafer immersion over one hour in BOE without an etching of the front-side
passivation layer.

AlCu

PSG, LTO

PMD =

1st level metallization
~Passivation.. .. .

5000x 9mm 31.3.09 7:19:28 10kV F— S5pm —

(a) (b)

Figure 4.12: PMD etching by using BOE. (a) photoresist protects front-side pad structures

during PMD etching by using BOE. (b) BOE removed the PMD without an
under-cut.
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4.2 Deposition techniques

Different technologies were developed through the last decades to deposit electric isolating,
semi-conducting or conducting thin films. Chemical vapor and physical vapor deposition
techniques are predominantly used in CMOS and MEMS fabrication lines in order to

deposit these films. All deposition techniques are based on the same two steps:
1. Material transport from given material sources to substrates,
2. Material deposition on the substrate.

These process steps affect the quality of the deposited films at given process parameters.
Quality is defined in terms of composition, contamination levels, defect densities and me-
chanical and electrical properties. For instance, deposition temperatures used significantly
influence electrical properties of isolating materials. High temperatures allow a deposition
of stoichiometric SisN, with a low contamination level which corresponds to good electrical
properties in terms of dielectric strength.

Uniform film parameters are an important issue regarding system specifications. Films
deposited on wafers in CMOS or MEMS fabrication lines show the same film quality across
the wafer, from wafer to wafer and from run to run. Low device standard derivations for
MEMS and CMOS devices result from this deposition quality.

A special challenge arises for TSV deposition processes. Given geometries are indicated
by a highly non planar substrate. Film parameters inside the TSV geometry must show
similar properties compared to films deposited on planar substrates. Chapter already
indicated that step coverages <1 appear inside the TSV holes. TSV holes with >300um
depth and 80um in diameter are not comparable with common topographies known in
CMOS or MEMS fabrication. Thus, the following sections identify suitable deposition
techniques for electric isolating and conducting thin films for the given TSV geometry.
Figure 4.13| shows schematically a deposited film with a initial film thickness of dg, hole
depth of L and a hole diameter of d,,;. The deposition profile d;,,(x) depends on the process

used. Basic aspects which influence d;,(x) are discussed in the following.

The arrival angle distribution of the direct incoming flux just above the substrate is
defined in terms of the normal component of the incoming flux relative to a unit area on the
wafer. Literature shows that the normal component of the flux Fg;...:(©) is proportional

to the cosine of the vertical angle and is expressed by [45]

Fiirect(0) = FY - cos™0 (4.10)
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Figure 4.13: Geometry aspects of TSV deposition processes. L = TSV hole depth, dy.; =
TSV hole diameter, dy = film thickness at TSV hole entrance

where 6 is the angle variation from the vertical direction and F° is the flux at # = 0. The
factor n characterizes the isotropy of the incoming flux. Isotropic fluxes are obtained for
n=1. Thus, particles arrive from all angles equally. High pressure deposition systems are
an example for n values close to one, because more collisions of the particles in the gas
phase and shorter mean free paths lead to an isotropic arrival distribution. In addition,
large sources and small distances between sources and substrates also increase the isotropic
behavior. Values of n<1 narrow the distribution angle and lead to a more anisotropic be-
havior of the incoming flux in respect to the vertical direction. Anisotropic distributions
have longer mean free paths compared to isotropic distributions. Fewer particle collisions
take place and particle transport inside deep holes or trenches is possible. Surface sides
inside these geometries see fluxes arriving within a limited range due to geometrical consid-
erations and shadowing [45] for collisionless systems (complete anisotropism) occur. This
effect can lead to thicker films at hole orifices dy as indicated in figure [£.13]

Surface diffusion fluxes do not address atom diffusion during surface reaction processes,
but concerns long range diffusion in order to reduce surface energies. This occurs by min-
imizing the curvature of surface features. A thermal treatment during or after deposition
allows atoms to smooth surfaces. Mullins indicated that beside surface diffusion three

other mechanisms reduce the total surface energy [56][57]:

e Surface diffusion: atoms diffuse along the surface to region of lower chemical poten-

tials
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e Volume diffusion: atoms diffuse through the volume of the material deposited

e Evaporation/condensation: atoms evaporate predominantly at surface with high en-

ergies and condense at low energy surfaces
e Viscous flow: Flow of atoms or molecules similar to motion in liquids

Thus, it can be assumed that a heat treatment during or after deposition improves the step
coverage inside holes or trenches especially at temperatures close to the material melting

point.

The emission flux takes into account that not all species of the incoming flux sticks
immediately on surface sites where they arrived. The sticking coefficient S describes this
process and is defined by the ratio of the flux which reacts and stays on surface sites F,eqe

to the flux of the incoming deposition species Fipcomming

F’r‘eac
Sg = et (4.11)

Encoming
Sc depends on the deposition system used, substrates used and on the material to be

deposited itself.

The sputtered flux describes the removal of already deposited material by the incoming
flux. This process arises predominantly when accelerated ions hit the surface. Ions with
energies of several hundred eV are common for PVD processes like sputtering. A homoge-
neous film thickness contribution over the entire wafer is obtained by using this sputtering
effect.

Materials deposited inside holes or trenches tend to form film gradients like shown in
figure [4.13] The incoming high energy flux erodes more material at the hole orifice (x=0)
compared to deeper hole position (x>0). A better step coverage of the deposited material

is obtained by using this sputter effect.
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4.2.1 Isolation-layer
Conventional technologies

Electric isolating materials are commonly deposited by chemical vapor deposition (CVD)
processes [58]. The basic steps of film deposition, which are shown in the beginning of
this chapter, characterize also CVD processes. Thus, some CVD reaction mechanisms are
limited in terms of material transport to wafers [45]. Film thickness gradients are observed
on wafers if the chamber configuration is not adapted to each deposition process. Only
some wafers can be placed inside one chamber during film deposition. The introduction of
reaction limited processes allowed a film deposition on several wafer at the same time, even
if the wafers are placed vertical to the gas stream. The reaction velocity is the lower of
these technologies compared to the transport limited processes. This results in a gas excess
everywhere in the deposition chamber. High quality isolating films are deposited with these
techniques. For instance, low pressure CVD (LP-CVD) is nowadays the common technique
used to deposit PMD (silicon oxides and nitrides). In addition, isolating films deposited by
LP-CVD show good step coverages even at high aspect ratios. This results from sticking
coefficients in the range of 0.01 and an isotropic arrival distribution. However, LP-CVD
uses commonly temperatures above 400°C and is therefore not post-CMOS compatible as
required in this work.

Silicon dioxide deposition by using organic precursor instead of gases like NoO and SiH,
have been developed in the last decade. These techniques allow nowadays post-CMOS
compatible silicon dioxide deposition with good step coverages in high aspect ratio geome-
tries. An example of silicon dioxide deposition by using the organic precursor Tetraethy-
lorthosilicate (TEOS) CsHO4Si is shown in chapter [£.2.2] However, this technology is
not considered as TSV isolation material due to the fact that silicon nitride was specified
in the beginning of this work. The following two techniques allow a deposition of silicon
nitride film under post-CMOS conditions.

Hot-wire chemical vapor deposition
Method

Wiesemann showed in 1979 an a-Si:H deposition by thermal decomposition of silane at
1600°C on tungsten or carbon foils [59]. This was one of the first investigation on the so
called hot-wire chemical vapor deposition (HW-CVD). The groups of Matsumura [60], Gal-
lagher [61] and Schropp [62] developed different processes for silicon-based films afterwards.

All processes based on this technique use a thermal decomposition of silicon-containing
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gases at a catalytic hot surface. This technique is also denoted as catalytic-CVD.

Hot surfaces, normally W or Ta wires, are placed in silicon-containing gas streams and the
gases are decomposed and radicals are formed. The decomposition is a two step process
[63]. For instance, silane and ammonium, which collide with the catalytic filament, react
with the filament and silicides (W,Si, or Ta,Si,, etc.) are formed. The highly reactive
hydrogen atoms subsequently evaporate from the filaments. Silicon can evaporate from the
filaments if the filament temperature is high enough (>1600°C). Lower temperatures make
the filament material brittle and wire breakage is often observed. The silane dissociation

process at the hot filament is based on a hydrogen abstraction mechanism via [64]

SiHy — StHs + H — SiHy 4+ 2H — StH 4+ 3H — S1+ 4H (4.12)

Ammonium is not completely decomposed by the filament. Thus, NH, radicals and NHj
molecules are both present in the gas phase. The created radicals react further in the gas
phase, where growth precursors are formed. For instance, silicon nitride films are commonly
deposited by a gas mixture of NH3 and SiH,. Si radicals, formed by SiH; decomposition,
react predominantly with unreacted SiH, to SiHj radicals [65]. A formation of aminosilane
is not observed [66]. Thus, the a-Si,N,:H formation must take place at the substrate
surface like in PE-CVD processes.

Low temperature deposition of silicon-based films is possible by HW-CVD in spite of the
high filament temperatures. Head radiation is inverse proportional to the fourth power of
the temperature. a-Si,N,:H deposition processes were reported were substrate temperature
around 250°C were obtained [67]. This low substrate temperature allows the deposition of
silicon-based films on temperature sensitive substrates. In addition, the catalytic reaction
on the heated filament does not form ions like in PE-CVD system. Thus, the deposition
process is much gentler to the substrate.

In this thesis, amorphous SiN-films with incorporated hydrogen impurities (a-Si,N,:H)
were deposited in a laboratory HW-CVD chamber in which 19 tungsten filaments were
mounted parallel underneath the substrates. During deposition, the filaments were resis-
tively heated. The substrate temperature was not controlled during deposition and a slight
temperature change was observed due to radiative heating by the filaments. Deposition of
SiN-layers was obtained from different NH3-SiH, gas mixtures. Process pressures between
1-10 Pa and starting substrate temperatures below 200°C were used to form the SiN-films

on top of the wafer.
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Results and discussion

The presented HW-CVD technique is evaluated at the Fraunhofer Institute for Surface
Engineering and Thin Films in order to realize the isolation film in the given TSV geometry.

Two different experiments were performed:

Experiment A a-Si;N,:H deposition on different rough surfaces in order to evaluate ma-

terial parameters on surface irregularities formed by DRIE.

Experiment B a-Si;N,:H deposition inside blind holes in order to evaluate the possibility
to use HW-CVD in TSV applications.

The results were presented at the MRS Fall Meeting 2007 [68)].

Experiment A The measurement of the dielectric strength of isolators with significant
surface roughness in a TSV was difficult to perform. Therefore planar Metal-Insulator-
Semiconductor (MIS) structures were used to measure the dielectric strength of the films.
To investigate the effect of high surface roughness, the SiN-films were deposited on the
non-polished side (side A) of a highly n-doped Si-wafer and compared to films deposited
on the polished wafer side (side B). Both wafer types were coated with SiN using the same
deposition cycle. Each deposition was repeated a second time. The wafers were cleaned
in a standard RCA process before 1 um thick Al electrodes were sputtered and structured
over the SiN-films. For electrical breakdown measurements a voltage ramp of 0.1 V sec™1
was applied with a limiting current of 3 mA. 90 different pad positions were measured on
each wafer.

The electrical measurements were performed on different substrate conditions and various
thicknesses and for two subsequent wafer lots (Batch 1 and 2). Table summarizes the
measured absolute breakdown voltages. The calculated dielectric strengths are significantly
lower compared to reported ones [46]. They reveal values of about 3 MV /cm, nearly
independently of the thickness of the layer and the underlying substrate. Also a large
scatter around this value is observed. SiN layers deposited in LP- or PE-CVD processes
show values in the range of 10 to 12 MV /cm. The deposition environment used and the
substrate surface condition before the SiN deposition are viewed as the major cause for the
lower values. The deposition equipment was not operating in a clean room and a surface
cleaning either by oxygen plasmas or by wet cleaning directly before deposition was not
performed. KOH pinhole-etching tests on the planar surface showed more pin-holes in the
films used than in tested PE-CVD films, which indicates a particle contamination on the

surface. This explains also the high standard deviation of the measured values, because
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the early breakthrough events due to the pin-holes are still in this statistic. The medium
and high breakdown events are assumed to be caused by pinhole like distortions in the bulk
which form only breakdown channels after electrical stress. These macroscopic distortions
are not observable in IR measurements which cover short and medium range order effects.
Films inside the TSV showed a higher etch resistivity against KOH in contrast to the
planar investigations, which means that only particles on top of the wafer were present,

thus the real breakdown voltage can be higher.

Breakdown Breakdown
voltage [V] voltage [V]
Wafer side SiN thickness [nm] Batch 1 Batch 2
Side A 10 not measurable  not measurable
50 13.8 &£ 0.6 151 £ 04
100 274 £ 12.1 274+ 1.21
Side B 10 2.8 £ 1.0 294+ 1.2
50 14.5 £+ 4.28 16.3 £ 0.4
100 32.6 £ 1.13 281+ 14

Table 4.1: Measured breakdown voltages vs. SiN film thickness and surface roughness
obtained by MIS-structure measurements (Side A: non polished wafer side; Side

B: polished wafer side: Replicate runs were performed: Batch 1 and Batch 2)

For the evaluation of the compositional properties of the HW-CVD film a comparison of
films formed in different deposition processes was useful. The left graph of Figure [4.14]
shows IR spectra of silicon nitride processed in LP-, PE- and HW-CVD. The LP-CVD film
is taken as a reference system, since high stoichiometry and minor amount of impurities
are well classified [69]. All films displayed a distinct main absorption band at about 830-
840 cm™!. The slight variation in position was interpreted as not significant enough to
indicate morphological changes. The half width of the principal band appears essentially
to be the same for all the films. That means the respective networks display very similar
variations in the tetrahedral (N-Si-N) and dihedral (Si-N-Si) angles. A slight shoulder
appears on the low frequency (1175cm™!) side of this peak and is attributed to an N-H
bending vibration. The oscillator strength (IR activity) of the 1175cm ™! mode is reported
to be high, which can explain its appearance in all of the films. The distortion at about

1107 cm ™! was caused by an interstitial oxygen absorption mode. However, the appearance
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of this oxygen band was subjected to the calculation of the difference spectra that display
different amounts of oxygen in the substrates and shall not be discussed here. However,
there appear to be striking deviations in the amount and bonding structure of hydrogen in
the different films. Besides the shoulder at 1175 cm™! (N-H) some distinct hydrogen related
absorption bands can be observed at 2300 cm™! (Si-Hn stretching) and 3400 cm™" (Si-NHn
stretching). The oscillator strength of these modes is reported to have medium strength
[70]. The appearance of the N-H stretching mode at 3400 cm™ is correlated to the N-H
absorption mode at 1175 ecm™!. Then also the Si-Si breathing mode at 460 cm™! is more
pronounced as shown in the right picture of Figure If the NH stretching mode is very
weak, then the Si-H stretching mode at 2400 cm ™! increases in absorption in conjunction
with a weakening of the Si-Si mode. For the PE-CVD film these N-H vibrations are more
pronounced and an additional Si-H vibration at 2300 cm~! appears clearly. This indicates
a high hydrogen content (up to 24 at %) [71]. For the HW-CVD films the appearance of
the N-H and Si-H vibrations depend on the deposition conditions, whether the SiH4/NH3
ration is large or small and from the rf-power. A large absorption area of N-H bonds at
3400cm ! corresponds to a small absorption area of S-H bonds of 2300 cm ™! and vice versa.
In addition, the appearance of this NH mode correlates with a more distinct appearance
of a so called Si-Si breathing mode at about 460 cm™!, compared to the above mentioned
films. Conversely, if the Si-H mode appears, the Si- Si breathing mode and the N-H modes
disappear, except a remaining partition at 1175 cm~!. It is beyond the scope of this work
to give a detailed explanation to different binding sites for hydrogen for the same deposition
process performed, however, under different conditions. The high structural order of the
HW-CVD films is in agreement with their index of refraction values. The measured values
were between 1.986 and 2 which is comparable with a value of 1.992 of the deposited
PE-CVD film. This value indicates a stoichometric Si3N4 film.

Experiment B Holes of 100 um diameters were etched by deep reactive ion etching
(DRIE) inside 6 inch Si-wafers in order to determine the capability of the HW-CVD method
as a deposition technique for the required isolation layer in TSV. SiN-films were deposited
on the wafer and thus inside the holes by the described deposition arrangement. Cross
sections of the samples were prepared with a wafer-dicing saw, where circle segments were
varied in order to reduce measurement errors during the following electron probe micro-
analysis (EPMA) measurements. The EPMA technique allows the indirect calculation of
the SiN-film thickness by comparison with a standard. Only the nitrogen signal was used to
determine the SiN-film thickness, because it is not possible to discern whether the measured

X-Ray Si-wavelength came from the SiN-film or from the Si-substrate. Figure 4.15| shows
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Figure 4.14: IR-Spectra of isolation layers deposited by HW-CVD, LP-CVD and PE-CVD.
Left graph: IR-Spectra of SiN films deposited by LP-, PE- and a HW-CVD.
Right graph: IR-Spectra of SiN films deposited by HWCVD under different
deposition conditions. (HWCVD 1: q(NH3)= 15 sccm; q(SiH4)= 200 sccm;
HWCVD 2: q(NH3)= 30 sccm;q(SiH4)= 1300 sccm)

the thickness of the material deposited versus the hole depth. It can be assumed that these
measured values are lower than the real values, because the film thickness estimation was

2 and a stoichiometric SizNy-film. The

based on the theoretical film density of 3.4 g cm™
expected lower film density of the deposited films will increase proportionally the real film
thickness, because the measured signal is proportional to the product of the film density
and the film thickness at a constant stoichiometry. Figure displays also a PE-CVD
profile obtained.

Equation shows the solution of the isolation capacitance if an exponential decay profile
like is assumed. Figure shows the best fit through the obtained film thickness
gradients by HW-CVD deposition. The deposition parameters are summarized in table

m. Equation ((3.8) changes to
r(z) = 510nm - e~ %/125mm (4.13)

by insertion of the fitted parameter values. The capacitance of the isolation material
deposited is given by equation and shows a capacitance value of 6.85pF for the given
deposition profile. This results in a relative capacitance of 22.9fF /um. This value is 2.6
larger compared to the theoretical value (8.7fF/um) at ideal ring symmetry as shown in
chapter 3.5.1
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Figure 4.15: SiN-film thickness in respect to the initial film thickness on the planar sub-
srtrate deposited by HW-CVD and PE-CVD as a function of the hole depth.
The best fit through the HW-CVD profiles is indicated. The initial film thick-

ness was 710nm.
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Plasma enhanced chemical vapor deposition
Method

Plasma-enhanced chemical vapor deposition (PE-CVD) is a widely used method to deposit
silicon-based thin films. Gases are dissociated in a rf-plasma, typically at a frequency of
13.56MHz and radicals, electrons and ions are formed. The plasma supplies additional
energy and reduces the temperature needed for this dissociation reaction. Common PE-
CVD systems work with temperatures between 300°C and 400°C and allow an post-CMOS
processing. For instance, silane and ammonium are decomposed into SiH,, NH, and H
radicals at temperatures of 350°C in the case of silicon nitride deposition by using PE-CVD.
Further gas phase reactions between species formed and other radicals, ions or gas molecules
are possible. However, film growth is driven by diffused radicals to the wafer surface. Re-
action mechanisms are difficult to predict due to non-equilibrium reactions in the plasma.
Non-stoichiometric films are usually formed by PE-CVD processes. In addition, H incorpo-
ration in silicon nitride films is possible. Silicon nitride films formed by PE-CVD processes
are often indicated with a-Si;N,:H.

Step coverage is a critical issue for using PE-CVD systems in TSV applications. The
relatively low temperature used does not show a significant material diffusion compared
to silicon nitride films obtained by LP-CVD systems at 800°C to 900°C. In addition, the
sticking coefficient is also higher in PE-CVD systems compared to LP-CVD. However,
films with sufficient step coverages are obtained by PE-CVD systems. This phenomena is
explained by the accelerated ions which hit the surface and sputter away already deposited

films. This effect improves as mentioned before the step coverage.

Results and discussion

A standard a-Si,N,:H deposition process (Delta Trikon 2001, 350°C, 1.1mbar) was eval-
uated in order to realize the isolation material in the given TSV geometry. Silane and

amonium were used as source gases. The following experiments were performed:

Experiment A a-Si,N,:H deposition inside blind holes in order to evaluate the possibility
to use PE-CVD in TSV applications.

Experiment B a-Si;N,:H deposition on blanket substrates in order to evaluate material

parameter.

Experiment A The same geometries (100um diameter and 300um deep) were used in this
investigation as in the HW-CVD experiments. Wafer were cleaned with a standard RCA
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procedure directly before a-Si,N,:H deposition was performed in order to obtain suitable
film adhesion between the a-Si,N,:H and c-Si substrate. Figure shows an example
of a a-Si;N,:H film deposited inside TSV holes. In this case, an initial film thickness of
850nm was deposited. The film thickness on the sidewalls is already at the hole entrance
only 50% of the initial film thickness. However, the film thickness remains constant up
to a hole depth of approximately 100um. The thickness decreases afterwards. Thus, it
is assumed that the a-Si;N,:H deposition mechanism inside the TSV hole is reaction and
diffusion limited. First, reaction limited deposition dominates from the TSV hole entrance
down to approximatly 100pum TSV hole depth. Diffusion limited deposition dominates
afterwards. Thus, a modeling of isolation film thickness profiles deposited by PE-CVD
inside the given TSV geometry is hard to achieve. A calculation as shown before for the
a-SiyN,:H deposited by HW-CVD will not be given here. In addition, a process parameter
variation has not shown a significant change of the profile. Therefore, a well characterized

a-Si; N, :H deposition process at Fraunhofer ISiT is used for the following investigations.
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(c) hole bottom

Figure 4.16: a-Si,N,:H films in 300pum deep blind holes (100um in diameter). Different
hole positions are indicated. The film thicknesses obtained are: (a) entrance:
430um, (b) center: 400um, (¢) bottom: 260um, initial film thickness: 850um.
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Experiment B Different parameters like the index of refraction, the dielectric strength
or the structural composition were determined for the deposition process developed in
experiment A of this chapter. Most parameters were already compared to results obtained
by using HW-CVD in the previous section. However, table[d.2]summarizes basic parameters
of the a-Si,N,:H deposited.

Paramter [Unit] Value

dielectric strength MV /ecm  >10

hydrogen content  at% =20

index of refraction 1 1.992

pin-hole density % no pin-holes observed

after KOH treatment for 1h

IR spectrum see figure |4.14

Table 4.2: Material parameters of a-Si, N, :H.
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4.2.2 Metalization-layer
Conventional Technologies

Metallic films can be realized by physical vapor deposition (PVD), which implies sputtering
and evaporation processes, and chemical vapor deposition (CVD). PVD works well for
depositing films on planar substrates. A conformal deposition on rough surface or even a
good step coverage inside the given TSV geometry are crucial issues for PVD technologies.
The mean free path A of these deposition techniques is too high in order to have enough
particle interactions inside the geometry. In addition sticking coefficients of PVD systems
are close to one. Thus, it can be assumed that standard PVD systems will not show a
sufficient step coverage for the TSV metallization. The figures (a) and (b) indicate
that a metal film can be deposited down to TSV depth of 150um by using a standard
magnetron sputtering technique.

Evaporation systems normally rotate the wafers around the evaporation flux in order to
achieve homogeneous film parameters on the entire wafer. A metal deposition by evapo-
ration inside a 3D structure like TSV results in a columnar film growth. The TSV hole
formation is often performed by a deep reactive ion etching (DRIE) process, see chapter
m, which produces a periodic surface pattern like is shown in figure m (c). Material will
nucleate mainly on top of the hills of this periodic pattern due to the given geometry. The
particles of the incoming flux nucleate at the hill and prevent further nucleation events
on the valley surface, because the growing film shadows the valley. Typical deposition
processes uses low temperatures which avoids surface diffusion. Therefore, columns are
growing on top of the hills. The column orientation is given by the TSV profile and the

angle of the incoming evaporation flux and can be described by the tangent rule [72]

tan(a) = 2 - tan(f) (4.14)

where v and (3 are the angle of the incoming evaporation flux and the angle of the growing
film in respect to the surface normal, respectively. Figure m (d) shows an evaporated Ti
film (adhesion promoter) inside a DRIE etched structure. Two different techniques were

investigated in this work to deposit the metallization-layer.

Gas flow sputtering (GFS)
Method

The GFS- technique is a special PVD technique, based on a hollow cathode glow discharge

[73] and a gas flow driven material transport. In contrast to magnetron sputtering, the
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Figure 4.17: Metal deposited inside 300um deep TSV holes. (a) Overview of a blind hole
with deposited AlCu inside the hole by using magnetron sputtering. (b) Close
up of (a) at a depth of 150um. (c) Typical DRIE etch profile. (d) Evaporated
Ti film on an oxidized side wall formed by DRIE.
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target is hollow and arranged perpendicular to the substrate. The shape of this sputter
source is either in the form of a tube or of two rectangular parallel plates facing each other.
The discharge current increases up to 3 orders of magnitude, mainly due to the charge
carrier confinement and merging of the negative glow from opposite cathode areas in an
appropriate pressure range. This is the so called hollow cathode effect. In the GFS sources,
cathode width and operating pressure usually are some centimeters and 0.1 to 1.0 mbar,
respectively. A high power density can be realized due to the hollow cathode effect and
the comparatively high operating pressure. This results in a high plasma density and an
intense sputter erosion of the target. High ion densities are also obtained on the wafer
surface by using this arrangement. Figure [4.18| shows a typical GFS setup. A detailed

description of the deposition chamber used is given by Jacobsen [74].

housing
Ar, inlet Anode

cooling

target
plasma
discharge substrate

—

Figure 4.18: Gas Flow Sputtering arrangement.

Jung et al. investigated the GFS-technique for film deposition on three-dimensional struc-
tures [75]. They described that the film deposition is based on two different transport
mechanisms. First, the intense gas flow indicates an anisotropic gas profile directly at the
sputter source outlet. On the other hand, the gas flow is getting more and more isotropic
on the way to the substrate surface due to the isotropic material out-diffusion from the gas
flow. Thus, GFS is a combination of physical and chemical vapor deposition. In addition,

high bias voltages and high temperatures can be applied to the wafer surface, which im-
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proves the step coverage. Thus, a partially isotropic emission flux, a high sputter flux and
a possible large diffusion flux characterizes the GFS method and is therefore considered as

a deposition technique to obtain the TSV metallization.

Results and discussion

Two different GFS-experiments were performed at the Fraunhofer Institute for Surface

Engineering and Thin Films:
Experiment A Deposition of Ti, Cu inside given TSV geometries.

Experiment B Deposition of Al inside given TSV geometries.

Experiment A Plummer [45] shows that PVD techniques tend to form voids during
filling of trenches due to the anisotropic emmision flux and sticking coefficients close to
one. Applied bias voltages to substrates improve the deposition profile regarding a better
step coverage. In addition, high pressures during deposition shorten the mean free path
which is also preferable to obtain a constant film thickness inside the TSV geometries.
Thus, the bias voltage and the operating pressure during Cu deposition were varied during
the deposition of Cu inside TSV holes with diameters of 100um and 300pm depth. Table
indicates the parameters used.

Pressure Bias voltage Initial film thickness

Process number  [mbar] [V] [pm]
1 0.38 50 2.5
2 0.38 25 2.5
3 0.38 0 2.5
4 0.22 25 2.5
5 0.70 25 2.5
6 0.38 25 5.0
7 0.70 25 8.0
8 0.70 50 8.6
9 0.70 0 12.0
10 0.40 25 10.7

Table 4.3: GFS process parameter variation used during Cu deposition
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All films obtained by processes 1 to 5 showed a non closed film at the lower part of the
TSV hole. However, it was observed that more material is deposited for higher pressures
used. In addition, all applied bias voltages do not show a significant difference in the film
thickness profile.

An initial film thickness of 5um, as deposited in process 6, showed a closed film even after
an KOH etch test. KOH etches Si but does not attack Cu. Figure [4.20] (a) shows a cross
section of the Cu film deposited by using process 6. The additional figures are close ups
as indicated in (a).

However, the pressure was fixed to 0.7mbar and the bias voltage was varied during further
experiments. The initial film thickness was increased to 10pum to 12pm. This thickness
allowed a film thickness measurement with the available instruments. A maximum film
thickness of 1.2um at the hole bottom was obtained by using process 8 (50V, 0.7mbar)
as expected from theoretical considerations discussed before. The film thicknesses at the
hole bottom were only slightly thinner for the other process variations. The film thickness
gradient of process 8 was parameterized by equation . The best fit results to

r(z) = 8.7um - e~ */646mm (4.15)

An electrical resistance of 320m(2 for the given TSV structure (100um diameter, 300um in
depth) was obtained by placing in . First electrical measurements indicated
that the electrical resistance of one TSV is in the range of 100§2. The morphology ob-
tained explains this higher value compared to theoretical values. Figure m (c) shows a
cauliflower film. Thus, a large Cu surface were formed and TSV geometry by using this
technique. Ti was also deposited inside the TSV geometry for adhesion purposes. EDX
measurements have not shown Ti on the sidewalls even at hole depth of 50um. Thus, it can
be concluded that the Ti film thickness gradient is large. A good adhesion of the deposited

Cu inside the TSV structure can therefore not be guaranteed.
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Figure 4.19: Film thickness gradient of Cu deposited inside 300um deep TSV structures

by gas flow sputtering. The different samples indicate deposition parameter

variations (Process 7: 25V Bias Voltage; 0.7mbar pressure, Process 8: 50V

Bias Voltage; 0.7mbar pressure, Process 9: 0V Bias Voltage; 0.7mbar pressure,

Process 10: 0V Bias Voltage; 0.4mbar pressure)
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Figure 4.20: Cross Section of a TSV after Cu deposition by using GFS (Process 8).
Overview (a) and film morphologies at different hole positions are indicated
((b) hole entrance, (c) hole center, (d) hole bottom).
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Experiment B The previous experiment has not considered diffusion fluxes for a better
material sidewall coverage. Surface diffusion is a significant process during film formation
for elevated deposition temperatures. Thornton defined qualitatively temperature regimes
in which different film formation processes occur [76]. Four zones of growth were defined
by the ratio of the substrate temperature T during deposition and the melting temperature
Ty of the material deposited. Cu was deposited in experiment A under conditions which
does not show surface diffusion T/T); <0.3 (Zone 1 and Zone T). Diffusion controlled
growth processes can be observed for T/T), > 0.3, whereas Zone 2 (0.3<T/T);<0.5) and
Zone 3 (T/Ty > 0.3) shows surface and bulk diffusion controlled growth, respectively.
The melting temperature of Al (T); = 933K) is lower compared to Cu (Ty = 1357K).
Thus, Al was deposited in this experiment by GFS at a substrate temperature of 400°C -
450°C inside the given geometry in order to study the step coverage of the deposited Al if
surface diffusion plays a significant rule during film growth. In addition, Al does not need
an adhesion promoter on silicon nitrides.

Experiment A has shown that a pressure of 0.7mbar and a bias voltage of 50V are prefer-
able for the deposition of the metallic layer inside the given TSV geometry. Thus, these
parameters were used whereas the substrate temperatures were varied. Figure shows
an example of the optimized Al deposition process. The TSV hole entrance is indicated
in figure [4.21] (a). A high surface roughness or even hillocks were observed, which was ex-
pected due to the Al stress relaxation during deposition. This relaxation occurs for T /Ty,
>0.4 for soft metals like Al [77]. Figure [£.21] (b) and (c) show cross sections at the hole
entrance and the hole bottom, respectively. Al film thicknesses of 52% at the hole entrance
and 9.6%at the hole bottom compared to the initial film thickness of 2.5um were measured.
Figure [£.21] (d) shows also a porous film morphology. Electrical resistances of TSV formed
were not measurable due to the porous film structure shown in figure £.21] (d). Samples

with thicker Al were broken during the following wafer processing.
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lum

(c)

Figure 4.21: Al film deposition inside TSV geometry by gas flow sputtering.

Al film deposited inside TSV geometry by gas flow sputtering (Deposition temperature:
400°C - 450°C, Pressure: 0.7mbar, 50V). (a) Top view of T'SV entrance (b) Cross section
of a deposited Al film at the hole entrance; (c) Cross section of the deposited Al film at
the hole bottom (d) Surface of the deposited Al inside the TSV geometry.
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Metal organic chemical vapor deposition (MO-CVD)
Method

Chemical vapor deposition is well known for the deposition of dielectric layers in micro-
electronics. Tungsten and tungsten silicide CVD are so far the only metallic based systems
which are commercially used. Tungsten is used in multi layer architectures to connect dif-
ferent metallic layers (tungsten plugs). Chapter shows that copper based metallization
systems are preferred in architectures with small feature sizes in order to reduce parasitic
effects. Cu- and TiN-CVD are developed in the last decade and are commercially available
NOW.

CVD processes require the material to be deposited in the gas phase. This so called pre-
cursor defines the film quality and the deposition parameters. Inorganic Cu halogenides
can be reduced with hydrogen to Cu. A temperature of 1000°C is mandatory to achieve
pure Cu films. This high temperature limits the process compatibility; post-CMOS pro-
cesses are not possible. Cu precursors can also be established by organic Cu compounds.
A thermal decomposition of bivalent Cu compounds require temperatures of 300°C to
400°C and the raw material is mostly available only as a solid material. The evapora-
tion of the material from the solid phase to the gas phase and the gas transport to the
reaction chamber is technically difficult to control. Such systems are not available on
the market. Different variations of monovalent Cu precursors are developed, but copper-
hexafluoroacetylacetonate-thrimetylviniylsilane (C1oHi3CuFgO028Si) is the most used precur-
sor and is commercial available. The company Schumacher sells this precursor under the

trade name CupraSelect. Figure [4.22| shows the chemical structure of CupraSelect.

\
P
HC ( \ u
\ CH
/

Figure 4.22: Chemical structure of CupraSelect (C1gH13CuFs0,S7%)

The literature shows also the name (hfac)Cu(TMVS) as a synonym of CupraSelect. This

notation allows a better formulation of the disproportionation reaction, which is given by
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the simplified reactions:

2TMVS — Cu— hfac — 2TMVS 1 +2Cu — hfac (4.16)
2Cu — hfac — Cu+ hfac— Cu— hfac 1 (4.17)

Equation describes the splitting of the TMVS from the precursor. This reaction
occurs at the surface or in the gas phase. Two of the resulting C'u — hfac molecules
undergo a disproportion reaction [72] as shown in equation . Two monovalent Cu
atoms change their oxidation state and one bivalent and one neutral atom are formed by
this reaction. The neutral Cu atom contributes to the film growth and the bivalent atom

desorbs. Figure |4.23| shows the described mechanism.
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Figure 4.23: Reaction model of Cu MO-CVD on surface-sides (Redrawn from [78§]).

Similar consideration must be taken into account for the TiN precursor selection. Liquid in-
organic precursors like titanium chloride are available and often used in micro-electronics.
Pure titanium or titanium nitride are obtained by this precursor. Temperatures above
600°C are necessary during the deposition in order to minimize the chlorine contamina-
tion inside the deposited films. Therefore, titanium chloride precursors are not practical
for post-CMOS compatible TSV. Organic titanium nitride precursors are available which
allow a deposition temperature below 400°C. Tetrakisdimethylaminotitan (TDMAT) is a
commercially available precursor for the deposition of TiN. TDMAT undergoes a pyrolysis

during the deposition process. The precursor is cracked and a film of Ti, N, C and a organic
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rest is formed. The film properties are not sufficient for a diffusion barrier in microelec-
tronics. Therefore, the TiN deposition is a time multiplexed process as shown in figure
[4.24] First, a low quality TiN film of 5nm is deposited by the pyrolysis process. Hydrogen
and nitrogen plasmas improve the film quality by removing almost all impurities. The film
thickness after this treatment is roughly 2.5nm. These steps are repeated until the desired
film thickness has been obtained. Some impurities still remain in the TiN film.

Chapter [3.2.1] shows that TiN is a diffusion barrier in Cu based metallization systems.
An adhesion promoter is normally required, between Cu and TiN. Riedel has developed a
treatment for the Cu, TiN stack, which shows good adhesion without an extra adhesion
promoter [79]. The wafers were deposited with TiN and Cu without a break of the vacuum
and afterwards directly tempered at 450°C in an argon atmosphere for several minutes. A
new layer forms between the Cu and the TiN during this treatment. The impurities inside
the TiN film are may be the reason for this film formation. An inter-diffusion between
the Cu and the formed film is possible and a good adhesion is obtained. This film stack
integrated in microelectronic systems is comparable with conventional sputtered Ti, TiN

films.

:rOCfss l:f Low quality Process 2: High quality
yrolese o TiN sma treatme TiN
TDMAT Thickness ~3nm Plasma treatment [Thickness ~2.5nm

Processes repeated
until film thickness
obtained

Figure 4.24: Process cycle of the TiN deposition by MO-CVD (Redrawn from [79]).
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Results and discussion

The presented process flow is evaluated at the Fraunhofer Research Institution for Elec-
tronic Nano Systems in order to realize the metallization in the given TSV geometry. Two

different experiments were performed:
Experiment A Deposition into blind holes with different aspect ratios.

Experiment B Deposition on wafer with the test design and enhanced surface roughness.

Experiment A TiN and Cu were deposited into 300um deep blind holes with different
aspect ratios (Applied Materials P5000, 150°C substrate temperature, 10Torr process pres-
sure). A Cu step coverage close to one was observed for all aspect ratios. The pressure used
was several orders of magnitudes higher compared to other CVD or PVD techniques. This
results in a low mean free path of the molecules and several reflections of the molecules
inside the TSV occur. A pressure gradient inside the TSV did not occur [80]. A constant
reaction rate on the entire TSV sidewalls was taking place. A TiN film thickness decrease
about 60% was observed. However, the TiN film deposited showed no pin holes even at the
hole bottom and can be considered as a sufficient diffusion barrier for the TSV targeted.
Figure [4.25(a) shows an overview of a TSV with an aspect ratio of 3.75. The close ups of
figure show the deposited film at the TSV entrance (b), at 150pum depth (c) and at
the TSV bottom (b).

The electrical resistivity of the deposited Cu on the TSV sidewalls was measured indirectly.
A specific Cu resistivity of 3.1uQem + 0.3uf2cm was determined on top of a grinded wafer
surface (grid 2000). It can be assumed that the specific Cu resistivity inside the TSV is
comparable to this measured value. Both surfaces, the grinded surface and the sidewalls
inside the TSV, show a comparable roughness and the Cu grain structure was similar in
the deposited films. First electrical measurements showed an electrical resistance of 32m¢2
+ 8mf? for a 1um thick Cu layer deposited by MOCVD in a 300um deep TSV with a
diameter of 80um. This value is slightly higher compared to the theoretical value of 22m?
and can be explained by a non optimized electrical contact between the Cu deposited and

the 1% level metallization.
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Figure 4.25: Deposited Cu film inside the TSV obtained by MO-CVD.
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Experiment B Al was deposited by hollow cathode sputtering on the test wafer design
in order to increase the surface roughness of the substrate. Chapter [4.2.2] shows that
the surface roughness is enhanced by increasing the substrate temperature. This rough
surface simulates possible extreme surface irregularities from the deep reactive ion etching
process like notching or so called mouse-bits. Figure [1.26a) shows an overview of the
TSV entrance. The deposited layers are indicated. The close up of figure b) indicates
that TiN and Cu smooths rough surfaces. This smoothing phenomenon is not common
for other deposition techniques used in microelectronic device or MEMS fabrication. A
phenomenological explanation based on the idea that the residence time and hence growth

velocities are dependent on the curvature of surfaces is presented in the following.

Preparation
artefact

Figure 4.26: Cu deposition inside the TSV by using MO-CVD smooths surface irregular-
ities. (a) Cross section after AL TiN and Cu deposition. Al enhances the
surface roughness. (b) Close up of (a).

The impinging Cupra Select flux adsorbs and desorbs at a certain surface site as shown in
figure [£.23] Molecules remain a certain time at surfaces before they desorb. This residence

time is expressed by:

T, = —eFsT (4.18)

where v, F4.s. kg and T are the vibration frequency of an atom on the surface, the required
energy to desorb back into the vapor, the Boltzmann constant and the system temperature,
respectively. Molecules, which have not reacted to the surface, execute randomly. The res-
idence time is higher inside valleys according to a larger interaction probability of desorbed

molecules inside the valleys with other desorbed or new impinging molecules. The flux of
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Figure 4.27: Flux rates dependent on the surface location.

the desorbed species out of valleys is therefore much smaller compared the same flux on
the hills. This context is shown schematically in figure [.27]
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The Cu nucleation rate N

N=N' Aw (4.19)

is consequently also higher inside the valleys. N* w and A* are the equilibrium concen-
tration of stable nuclei and the neutral Cu atom impinge rate onto the nuclei critical area,
respectively. N* and A* are assumed to be constant. w is a function of the CupraSelect
impinge rate r,,, the residence time 7, and a surface diffusion related term D* and can be

expressed by

W="rp- T D* (4.20)

Thus, the nucleation rate is a function of the residence time and is therefore higher inside
valleys. Figure shows also that the formed Cu grains inside the valleys are much
smaller compared to Cu grains in other positions, which correspond to the theoretical
considerations. In addition, the higher nucleation rate and therefore the higher growth
velocity inside the valley tend to smooth surface irregularities. This effect is not common
for CVD processes. For instance, SiOy deposited with the precursor tetraethylorthosilicate
(TEOS) CgHy004Si deposited by low pressure CVD (LP-CVD) at 700°C covers rough
surfaces conformally, but the topography of the substrate is reproduced during the SiO,
film formation. The incoming and outgoing fluxes are balanced at the temperatures used.
S104 deposition with a TEOS precursor is also possible at lower temperatures, whereas an
ozone activated plasma (PE-CVD process) is used during the deposition process [81]. This
technique allows deposition at temperatures below 400°C. Figure [4.28 shows a comparison
of a LP- and PE-CVD Si0, film by using the TEOS precursor. The low temperature
process shows a smoothing, too. It can be concluded that a use of low temperature CVD
deposition processes and using organic precursor result in a smoothing of surface irregu-

larities.
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Figure 4.28: Deposited Si0, inside trenches whereas a TEOS precursor is used. The left
picture shows a ozone activated plasma enhanced CVD process at a deposition
below 400°C and the right picture illustrates SiO, deposited film by a low
pressure TEOS CVD process. Results from the Fraunhofer ENAS.
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4.3 Pattern transfer

Conventional technologies

Pattern transfer inside deposited layers by using photo lithography and etching processes
is a standard process sequence in all CMOS devices or MEMS. A photosensitive layer (pho-
toresist) is thereby spincoated on top of the layer to be structured. The pattern inside the
photoresist is realized by an exposure to light at a certain wavelength through a glass mask.
Glass masks are fabricated in such a way that the light only interacts with the photoresist
in defined positions. The light is adsorbed by a Cr-layer on the glass mask in the other
regions. Two different tones of photoresists are developed. Photoresist remains on exposed
areas after development by using so called positive photoresists, whereas the resist dissolves
in this areas by using negative tones. The photo sensitive part of photoresist (initiator)
changes their chemical stability against bases like NaOH during exposure. For instance,
initiators change to acids (carbonic acid) by light exposure in positive photoresists. This
acid reacts with the developer and forms a water soluble salt. Wafers are finally rinsed
and dried to stop the chemical reaction. This structured photoresist is used to form the

pattern in the underlying structure by etching processes.

Photoresist coating is the most crucial process for structures with a high aspect ratios.
Spincoating processes, which are predominantly used, are based on rotating wafers on
which liquid photoresists are dosed at the wafer center. A conformal resist thickness over
the entire wafer is obtained by rotating the wafer. This spinning does not cover holes or
even allow a conformal resist deposition on hole sidewalls. The resist does not cover the
hole entrance edges like it is shown in ﬁgurem (a). Thus, spincoating is not a appropriate
technique for the pattern transfer inside the deposited TSV materials. Cu deposited by
MO-CVD or other techniques is etched at the hole entrance during the following wet
chemical etching.

Therefore, spraycoating got a higher importance especially for MEMS, where high aspect
ratios occur. Photoresists are sprayed through a nozzle on top of the wafer. The wafer
is moving underneath the nozzle in x- and y-direction or vice versa until the wafer is
conformally coated with photoresist. The process time needed for spraycoating is longer
compared to spin coating. However, spraycoating allows a photoresist deposition in deep
structures like it is shown in figure (b). A 60um deep cavity is formed by KOH etching
and coated with a photoresist by using a spraycoating process. This performance makes

spraycoating interesting for industrial production. EVG announced in 2007 that they
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photo resist

(a) (b)

Figure 4.29: photoresist deposition by spin and spray coating. (a) Spin coated photoresist
on wafers with high topography like TSV holes. (b) Spray coated photoresist
inside a 60pum deep KOH etched cavity.

developed a spraycoating process for a 300um deep blind holes with a diameter of 100um.
Photoresist drops are formed by an ultrasonic nozzle in this technique. This creates small
drops and results in a fine photoresist mist. All surfaces exposed are covered by this mist.
The available spraycoating tool at Fraunhofer ISiT forms photoresist drops by a nitrogen
gas stream, which is blown inside a photoresist stream directly after the resist comes out
of a nozzle. The nozzle shape, resist type and the gas flow defines the drop size. However,
problems arise by using this drop generation technology in the TSV flow targeted. A
nitrogen stream blows inside the TSV holes and a back pressure is formed, which avoids
a conformal resist deposition at the hole sidewalls. A photoresist accumulation occurs
at the hole bottom. A complete photoresist stripping is hard to achieve if these resist
accumulations appear. Resist residuals can cause reliability problems of devices.

Electrophoretic photoresist deposition is reported in the literature as an alternative coating
technique [82]. The coating process is similar to electro-plating. The wafer is connected to
an electrode and placed into an electrolyte, which contains the photoresist. A voltage is
applied between the electrode which is connected to the wafer and a second electrode inside
the electrolyte. This allows a conformal deposition even if high aspect ratios are present
on the wafer. However, the surface on top of the wafer must be electronically conductive.
This technique allows a photoresist deposition on metals. The electrolyte condition changes
with time and must be regulated during batch processing. Available bath control units are

expensive. Thus, electrophoretic photoresist deposition is not used in CMOS or MEMS
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fabrication.
The use of a photo sensitive foil is a other to way to protect 3D structures like TSV holes

and will be presented later in detail.

Etching of metallic films like Cu or Al is often performed by wet chemical etching
techniques by using PWS (80% phosphoric acid, 16% water, 4% nitric acid + tensid) and
is a standard technique. The mutistep reaction meachanism occurs as follows [49]. Cu is
first oxidized by the nitric acid. The phosporic acid and water etch the resulting CuO. The
concentrations used allow an oxidizing and etching at roughly the same rate. The bath
must not be controlled over time. Metal alloys like TiN can be etched by physical etch
or wet chemical processes, whereas physical etch processes are commonly used in CMOS

fabrication lines.

Dry resist photo lithography and Cu etching
Method

Photosensitive foils are commonly used in the fabrication of printed circuit boards (PCB) to
protect vertical interconnects (vias) during Cu etching. The challenge of a 3D lithography
in the TSV sequence targeted is therefore comparable to PCB applications. Spincoating
processes as described before are not useful due to the rectangular PCB shape. Liquid
resists will not cover corners sufficiently enough in order to protect deposited films in fur-
ther etching processes. Thus, photosensitive foils are laminated on top of the PCB and
trimmed to the PCB shape. The further processing is similar to photo lithography steps in
semiconductor industry. First, the resist is exposed to light through a mask. An additional
heating step is not required in order to remove organic solvents. Dry photoresist develop-
ment can be accomplished using conventional spray developers with water based carbonate
solutions. The foils can be removed (stripped) after etching processes are performed from
the substrate by KOH- or NaOH based solutions.

Dry photoresist foils are delivered on a roll. Thus, protection foils are on top and below
the photo sensitive film in order to separate the layers on the roll. Figure m (a) shows
a typical three layer structure used of dry photoresist foils. Polyester films protect the
photosensitive polymer film from particles or other contamination during handling. The
composition of the photosensitive film is most likely confidential. However, they are based
on acrylate polymers. The backside foil is based on polyethylene polymer foil.

The lamination principle of dry photo sensitive foils to substrates or wafers is shown in
figure [4.30] (b). The resist roll is mounted on a rotating wheel and the foil end is placed
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between two heated rolls made out of rubber. The rolls are heated resistively up to tem-
peratures around 100°C ... 120°C. The polyester film is separated from the photo sensitive
foil in order to allow the contact between the substrate surface and the the photosensitive
layer. The elevated temperature is required in order to improve the adhesion between the
substrate and the photosensitive foil. Foils used are normally larger compared PCB or
Si-wafers. In this case the photosensitive foil sticks to the lower roll and the roll must
consequently cleaned after etch experiment. Thus, a protection foil is routed also between
the rolls to protect the lower roll. Substrates are placed between these two foils and the
rotating rolls and will be lead through the heated rolls automatically. Temperature, roll
velocity, contact pressure between the two rolls and the substrate itself are the process
parameters which determine the lamination quality.

The laminated photosensitive foil overlaps wafer corners. A radial cut around the wafer
is therefore required before further wafer handling steps are possible. The polyethylene
foils is still on top of the photosensitive foil, which allows a stacking of wafers on top of
each other without changing properties of the photosensitive foil. This is not important for
Si-wafers, because they are stored inside carriers in which wafers are not in contact. The
further processing is similar to standard photolithography process step [52]. The following
investigations show how dry photoresists can be integrated in the TSV process sequence
targeted.

Results and Discussion

This dry resist lamination technique is evaluated for the use in TSV flows. The following

experiments were performed:
Experiment A Dry resist lamination on wafer surface conditions.
Experiment B Evaluation of the maximum resolution.

Experiment C Protection of metallization inside TSV during metal etching.

Experiment A The dry resist KLL1015 from the company Kolon was used during the
experiments performed. Wafers were laminated by using different temperatures. The
contact pressure was not varied, because the instrument used (Rollenlaminator DH 360 XL
/ A3) did not allow a reproducible adjustment of the rolls. A variation of the lamination
speed has not shown a significant difference of the lamination quality. The adhesion of the
laminated foils on top of polished Si - wafers and grinded wafers (grid 2000) were compared

to the lamination on top of Cu films. The Cu films were deposited on top of polished c-Si
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Figure 4.30: Dry photoresist foil and lamination setup. (a) Dry photoresist foil composi-

tion. (b) Lamination setup.
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wafer by using magnetron sputtering and MO-CVD. Table shows a adhesion quality
rating of different experiments performed. The adhesion criteria was defined as followed:
The photosensitive foils were removed by hand similar to the peel tape adhesion test [72].
Very good adhesion (++) was marked when the foil was not removable from the wafer.
Good adhesion (+) was obtained when the foil was removed only at the wafer edges. Partial
adhesion (-) was rated when not more than 20% of the foil was removed and poor adhesion

(- -) was rated if more than 20% of the foil was removed.

Process Si Si
temperature polished grid 2000 Cu® Cu’ Comment
90°C - - + + +
100°C - - ++ + +
110°C - ++ ++  ++
110°C - + b
120°C + ++ ++ 4+ photo sensitive foil

changed color

Table 4.4: Adhesion quality of a laminated photosensitive foil on different surfaces. Ad-
hesion rating: ++ very good adhesion, + good adhesion, - partial adhesion, -
- poor adhesion. The rating criteria is explained in the text. ¢ deposited on
a polished wafer by magnetron sputtering, ® deposited on a polished wafer by
MO-CVD

Table shows that the foil adhesion is only not acceptable for polished Si. However,
a good adhesion on the polished surface was obtained by using a temperature of 120°C.
A color change of the photosensitive foil from light green-blue to dark blue was observed
during the lamination at this temperature. This color change was also observed during the
light exposure. Therefore, it can be concluded that the lamination temperature must be

below 120°C. In addition, the dry resist foil adhesion on each Cu film was sufficient.

Experiment B The maximum resolution of the photolithography depends on the re-
sist thickness and on exposure parameters [52]. Dry photoresist foil thickness are thicker
compared to conventional liquid based photoresists. Foils thicknesses up to 120um are
common. The thinnest available foil (154m) was used in this work. Figure [£.31] (a) shows
Cu conduction path obtained after PWS etching, whereas a dry photoresist foil was used.
The path width was 20pum. The path edges are not sharp. However, this is important for
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a reproducible redistribution layer on the wafer back-side. The path width must be there-

fore larger than 20pm. In addition, figure (b) shows that the maximum resolution is
around 9um for the dry resist used. This resolution is sufficient for TSV applications.

Figure 4.31: Pattern transfer in Cu by using dry photoresist foils and PWS.(a) Cu Con-
duction paths formed. (b) Maximum resolution of dry photoresist foil.
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Experiment C The protection of the deposited metal inside the TSV cavities is the
major lithography challenge. This experiment showed how dry resist foils prevent a Cu-
etching inside TSV cavities. First, 50um deep holes were formed and a Cu seed layer
was deposited inside these holes. The Cu thickness was enhanced to 2.2pm in order to
investigate possible Cu etching by PWS inside the holes with a optical microscope. A dry
photoresist foil was laminated on top of the of the wafer and further required lithography
steps were applied before the Cu was etched by PWS. Figure [£.32] shows the structure
described after Cu etching and resist removal. The Cu inside the hole was not attacked
and it can be concluded that dry photoresist foils allow a protection of the metallization
inside the TSV holes during back-side etching.

Figure 4.32: Cu film inside a 50pm deep hole after Cu etching and dry photoresist removing

PWS shows a high selectivity against TiN. This film was removed in a dip of HF based
etchants after resist removal. Figure [4.33] shows a obtained Cu redistribution layer on the
wafer back-side after the described treatment.
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Figure 4.33: Wafer back-side after PWS etching.
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4.4 Technology summary

The realization of TSV in wafer with thicknesses >300um implicate a high challenge for
several technologies required. Thus, the previous chapters investigated different technolo-
gies for their usability in the TSV flow targeted. This chapter summarizes the results.

A high anisotropic etch technique is required for the TSV hole/cavity formation. Laser
ablation showed good anisotropy and high etch rates. However, a selective etch stop on
the 1% level metallization was hard to achieve. Only deep reactive ion etching allowed
an anisotropic >300um deep c-Si etching. The instrument used in this work showed an
etch rate of approximately 5um per minute. Etch times over one hour were required to
form >300um deep cavities. This results in an expensive process. However, new DRIE
etch tools promise etch rates up to 20um a minute for the given TSV structures. DRIE is
therefore the best technique usable for TSV with a hole depth of >300um.

A PMD etching requires a combination of etch processes for silicon nitrides and oxides.
The first PMD layer is a silicon nitride layer which was removed in situ during the c¢-Si
etching by DRIE. LTO and PSG are the next PMD layers. The RIE tool used have not
shown any parameter combination to etch the 950nm thick layer stack. A buffered oxide
etch (BOE) of these layers showed the possibility to remove these layer stack, whereas no
under-cut was observed. The Ti diffusion barrier was removed to by using this technique,
which reduces the contact resistance with the deposited metallization film. Chapter [3.2.1]
showed an alternative approach to realize a proper electrical contact between the front-
side pad-cell and the TSV metallization by arranging a second pad-cell next to the original
pad-cell. This rearrangement was caused by existing ESD structures in the area of 1%
level metalizations. The PMD can be removed at the TSV hole positions from the wafer
front-side during the formation of these new pad-cell structure. Processes required are
standard and show a low reliability risk for the final device. Further processes to form the
pad-cell are identical as described in chapter [3.2.1] The DRIE etch process for TSV hole
formation will stop directly underneath the 1% level metallization in this case. In addition,
notching at the TSV hole bottom will be minimized, because Ti shows a better electrical
conductivity compared to the PMD layers used in this work. Thus, PMD or other isolating
layers underneath the front-side pad-cell should be etched from the wafer front-side during
the TSV implementation in thick (>300um) wafer.

The HW-CVD and PE-CVD techniques showed the possibility to deposit pin-hole free
a:51, N, :H isolation film inside TSV cavities. However, films deposited by PE-CVD showed
a better step coverage compared to HW-CVD films. Thus, PE-CVD films are used in the

following sequences.
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Two different metallization techniques were evaluated in this work. Gas flow sputtering of
Al or Cu showed the possibility to deposited material inside the given TSV geometry even
on the sidewalls, whereas a poor step coverage was observed. The surface morphology
showed a high porosity specially at the sidewalls near the hole bottom. The electrical
resistance measured was too high for the TSV requirements in this work. The MO-CVD
metallization process sequence developed by Riedel [79] allowed a deposition of TiN and
Cu inside the TSV targeted. Both materials were deposited inside the TSV hole with a
high step coverage, whereas a Cu step coverage close to one was observed. In addition, the
resistivity of the deposited Cu and the realized film thickness of 1um does not require a film
thickness enhancement by electroplating. The electrical TSV resistance measured showed
a sufficient value for several MEMS packages like describe in chapter [3.5] The MO-CVD
deposition process showed a smoothing of surface irregularities, which were formed during
the hole formation. Thus, MO-CVD is a deposition technique which allows the realization
of a suitable TSV metallization in thick wafer.

The structuring of the metallization layers (TiN, Cu) on wafer back-sides is one of the
last process steps in TSV process sequences. Cu deposited inside the the TSV holes must
be protected during this etch process. Conventional photoresist deposition techniques
(spincoating) does not allow a suitable coverage inside the holes. Spraycoating was was
developed to cover structures with high aspect ratios with photoresist. However, the spray-
coating tool used in this work has not shown a reasonable step coverage inside the TSV
holes. A lamination of photosensitive dry resist foils on wafer back-sides showed a good
protection of the deposited Cu films. This lamination technique is so far not a common
technique in MEMS or CMOS fabrication lines and should be considered as a useful com-
plementary technique. Photolithography processes were developed in this work based on

dry photoresist foils. All processes developed showed a fully post-CMOS compatibility.



5 Process Flow Integration

A proposed process flow of a post-CMOS compatible TSV integration in MEMS packages is
presented in this chapter. The flow chart developed is shown in figure[5.I]and is based on the
results of chapter @l In addition, the resist types used are indicated. Resist development,

resist stripping and further cleaning procedures are not shown.

v L 4
Photo resist SiN etch TiN etch
Spin Coating DRIE HF hascd
c-5i etch TiN, Cu deposition SiN deposition

DRIE MO-CVD PE-CVD
PMD etch Dry resist Dry resist
BOE lamination lamination

SiN deposition Cu etch SiN etch
PE-CVD PWS Plasma etch

| |

Figure 5.1: post-CMOS compatible TSV process sequence.

5.1 TSV in Test-Design

Initial wafer state

The test wafers were fabricated like described in section 3.6 and thinned to a final thickness
between 300um and 400um. This state shall be deemed to be the initial wafer state for

the following TSV sequence and is shown in figure [5.2]

Etching of c-Si and SisN,

The first step of the hole formation was performed by deep reactive ion etching. Figure

[5.3] shows this process step schematically and a graph of the obtained vertical etch profile.
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AlCu
o i

PSG, LTO

[

Figure 5.2: Initial wafer state of TSV process flow.

This process removed both materials (c-Si and SizNy) inside the TSV hole. Etch residuals

were not observed.

AlCu
I —

PSG, LTO

Fhe ISiT
DODTRT-R1.TIF

(a)

Figure 5.3: Hole formation by etching ¢-Si and Si3N, by using DRIE. (a) Schemata of the
etch profile. (b) Obtained etch profile in a 300um deep TSV cavity.

Etching of the PMD

The PMD was etched by a BOE based etchant. This process removed the LTO and the
PSG layer as well as the Ti adhesion promoter of the 15 level metallization. Figure
shows this step schematically as well as the obtained etch result. This process step can be
considered as critical. The wet chemical etching and the necessary cleaning can result in
residuals inside the TSV cavity and a reliability risk arises during the device lifetime. A

corrosion of the metallization is possible.
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AlCu

PSG, LTO

c-Si

(a) (b)

Figure 5.4: PMD etching by using BOE. (a) Schemata of the etch profile. (b) Obtained
etch profile in a 300pum deep TSV cavity.

Isolation deposition

An a:Si,N,:H isolation layer was deposited by PE-CVD. Figure[5.5|shows this step schemat-
ically and a deposited a:Si;N,:H film at the TSV hole bottom is indicated. The film showed
no pin-holes after a KOH-etch test which avoids cross talking between different TSV signals

or other functional elements.

Selective isolation etching

The isolation layer deposited must be opened selectively only at the hole bottom. An etch
process based on DRIE removed the a:Si,N,:H anisotropic as shown in figure The

remaining isolation layer on the sidewalls showed also no pin-holes.

Metallization deposition

The metallization layer was realized by a TiN,Cu layer stack by using MO-CVD. Figure
shows this process step schematically and a cross section of the test design is indicated.

Both materials showed a good step coverage.

TiN,Cu pattern transfer on wafer-backside

The deposited metallization was structured by using a dry photoresist foil to protect the
Cu inside the TSV holes during PWS etching. TiN was etched in a HF based etchant.
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Figure 5.5: Isolation deposition (a:Si;N,:H) by PE-CVD. Schemata and obtained films are
indicated. The pictures are rotated.
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:
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Figure 5.7: Metallization of TSV by using MO-CVD. (a) Schemata of the metallization

step. (b) Cross section of the obtained deposition.
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Figure [5.8] shows this process step schematically and a photo of the obtained back-side

redistribution layer.

Si0, SiN

AlCu

PSG, LTO
SiN,

(a)

Figure 5.8: Redistribution layer on wafer back-side. (a) Schemata of this pattern transfer

step by using dry photoresist foils. (b) Photo of the realized wafer back-side.

Passivation layer deposition and pattern transfer

This process step is a combination of the deposition of an a:Si;N,:H film similar to the
isolation layer and the pattern transfer by using a dry photoresist foil. This process step
was not finally evaluated. A layer of a:Si,N,:H must be deposited by PE-CVD and a dry
photoresist must be laminated on the wafer back-side. A standard plasma etch process for
SiN can be used to define the pad-cell positions on the wafer back-side. Figure [5.9| shows

this process schematically
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Si0. SiN

AlCu

PSG, LTO

B

Figure 5.9: Anisotropic etching of the isolation layer by DRIE.

Front-side pad-cell stability

TSV for MEMS packages shows a hermetic front-side pad-cell structure as mentioned in
chapter [2.2.4] Thus, the stability of the layer structure is important during the entire pro-
cess sequence and during device lifetime. Chapter showed that an implemented SiO
layer on the wafer front-side stabilizes the front-side pad-cell during PMD etching. How-
ever, further processes treat this layer structure with heat excursions or pressure gradients.
A pad-cell buckling of approximately 280nm was observed after the here described process
flow. Wafer pieces were placed in a vacuum system in order to control the hermeticity of
the realized TSV. The experimental setup and applied pressures on both sides are indi-
cated in figure A pressure increase on the vacuum side was not observed. It can be
concluded that the fabricated TSV are hermetic. However, further gas leakage and water
penetration tests must be performed in the future in order to guarantee the hermeticity of

the TSV under several measurement conditions.

10-*mbar Ibar

Figure 5.10: Experimental setup to control the hermeticity of TSV
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5.2 TSV in the David-project

The technologies and process sequence described in the previous chapters allow an inte-
gration in ASIC wafer. The entire process sequence is post-CMOS compatible. Chapter
showed that a redistribution of the pad-cell is sometimes necessary due to an existing
ESD-structure near the 1¢ level metallization. The new pad-cell formed should be placed
directly on top of the c¢-Si in this case in order increase the TSV process flow stability. Thus,
the PMD must be removed in this area before the 1! level metallization is deposited.
The DAVID approach (see chapter requires a final molding step to form a CSP.
Figure shows the experimental setup, which was used for the molding at Fico B.V. in
The Netherlands. A detailed process description is given in [34].

Top mold
Venting l
lI - aE II-
i pal

Partingline

sealing /'
Bottommold ¢ avity depth 880 um
Exposed MEMS and solderballs

Flunger

Figure 5.11: Experimental Setup for wafer molding

This process allows to fill TSV with mold compound. No voids were observed, whereas
an evacuation of the mold cavity is not mandatory. Mechanical considerations have shown
that the pad-cell cell is deformed marginal during this molding step, which is in agreement
with the obtained results like shown in figure [5.12] Thus, the developed TSV flow can be
integrated in thick ASIC wafer and they withstand additional loads applied by packaging

processes like molding.
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Mold compound

Figure 5.12: TSV filled with mold compound.

5.3 TSV in a mass flow sensor

An TSV integration inside a mass flow sensor from the Fraunhofer ISiT is also targeted
in order to improve the system reliability. Chapter [3.2.2] shows the pad-cell used in this
MEMS. A silicon dioxide layer is deposited underneath the metallization layers (TiN, Ti,
TiN). This SiO layer must removed for a TSV integration in this device. The process
required is the same compared to the previous described PMD etching and was
characterized as a critical process step due to reliability issues. Thus, a redistribution of the
metallization like shown in figure [5.13]is preferred for a TSV implementation, because the
the oxides are removed from the wafer front-side before the TSV are formed. The processes
required for this etching are standard in all MEMS or CMOS fabrication facilities.

SiN

Si0 ]

SN

c-Si

Figure 5.13: Redistribution of the metallization in a MEMS devices for TSV integration.

The further proposed process flow for a TSV integration inside a mass flow sensor is similar
to the earlier presented flow inside the test design. KOH etching of the required membrane
is an additional process step after TSV formation. Thus, the deposited materials must show
a high selectivity to KOH. Figure [5.14] shows the schemata of the MAF with integrated
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TSV. The next process step is the membrane formation by using KOH.

Figure 5.14: Mass flow sensor with integrated TSV before membrane formation by using
KOH.



6 Summary and Outlook

Through Silicon Vias (TSV) are a key technology for the realization of miniaturized elec-
tronic devices in the near future. A signal redistribution from the wafer front-side pad
to the wafer-backside is the basic idea of TSV. This allows a 3D stacking of electronic
devices directly on top of each other. The electrical path between two devices is achieved
by the TSV metallization, a back-side redistribution and an electric conductive bonding
between these wafers. The foot print of this system configuration is much smaller com-
pared to conventional packages based on the wire bond technology. Current TSV research
or commercial activities a mainly driven by CMOS devices. Imaging sensors or memo-
ries with integrated TSV are prevalent on the market. MEMS packages can also benefit
from implementing TSV. The functionality of the device will be improved. For instance,
a separation of the measurement and connection area is possible by a TSV integration in
mass flow sensors. This allows flow measurements in harsh environments. The challenges
of a TSV integration in MEMS packages is not comparable to TSV in CMOS wafer. TSV
for CMOS devices are integrated in 50pum to 100pum thick wafer which implies a wafer
thinning during the TSV production. This wafer thinning is not possible for MEMS due
to their stress sensitivity. Thus, the TSV fabrication technologies are different for MEMS
and CMOS devices. The major challenge is the development of etching, deposition and
pattern transfer processes in thick (>300um) wafer.

This work has taken up these challenges and has shown technologies for TSV in wafer with
thicknesses >300um. First, FEM simulations have shown that an external load up to 4N
can be applied to wafers with and without TSV before the flexural strength is achieved. A
wafer handling with wafer thicknesses >300um and integrated TSV is therefore possible
without a significant yield loss. In addition, this stability allows a T'SV fabrication without
using carrier wafers which are mandatory and imply extra process steps in several other
TSV approaches.

The front-side pad-cell passivation is a critical step regarding reliability issues during TSV
processing. Critical stresses can arise in this passivation layer during temperature excur-
sions up to 400°C or applied pressures up to 6MPa. However, calculation of the pad-cell
displacement during TSV processing has not shown a significant risk to maintain hermetic
TSV. This calculation is in a good agreement with the experiments.
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The TSV hole formation is obtained by a deep reactive ion etching process. Vertical
holes were formed with an etch rate of approximately 5um per minute. The process was
optimized in such a way that a notching of 3um to 5pm occurred. Two different technologies
were evaluated to remove pre-metal dielectrics (PMD) in a hole depth of >300um. Gas
phase etching (GPE) showed the possibility of etching these layers completely whenever a
large under-cut was observed. PMD etching by using a buffered oxide etchant removed the
PMD and the Ti underneath the 1°¢ level metallization. This isotropic etch process has
not shown any under-cut. It can be concluded that the flow dynamics of etchants inside
the TSV geometry influences the etch mechanism at the TSV bottom.

Isolation layers are required in all TSV in order to prevent crosstalking between two TSV
or other functional elements of the device. The hot wire chemical vapor deposition (HW-
CVD) and the plasma enhanced chemical vapor deposition (PE-CVD) techniques were
evaluated to obtain a-Si;N,:H films. Getting a pin-hole free layer inside the TSV hole was
possible by using both technologies. The dielectric strength of both films was measured on
planar substrates whereas different surface roughness was used in order to simulate surface
irregularities inside the TSV caused by the DRIE process. The a-Si,N,:H obtained by
HW-CVD showed a value in the order of 3MV /cm. This lower value compared to results
measured by PE-CVD films (>10MV /cm) can be explained by surface contaminations on
the wafer surface during the deposition. The HW-CVD deposition chamber used is not
located in a clean room. Higher dielectric strength values for a-Si,N,:H deposited by using
HW-CVD can be predicted in a stringent deposition environment. The a-Si,N,:H film
deposited by PE-CVD showed a better step coverage inside the TSV hole. However, a-
SizNy:H films obtained from both techniques allow their usage as isolation layers in TSV
application with wafer thicknesses >300um.

The a-SizN,:H was also deposited on the TSV hole bottom. This film must be selectively
removed at the hole bottom in order to allow an electrical connection between the TSV
and the 1st level metallization. Isolation material deposited on the sidewalls must be stable
in terms of a pin-hole free film after this etch process. A highly anisotropic etch process
was developed in this work based on the DRIE technology. The a-Si,N,:H deposited film
showed a KOH stability for over 1h after the a-Si;N,:H was etched at the TSV hole bottom.
This KOH test implies that the films are pin-hole free.

Electrical signals must be transferred from the wafer front-side pad to the electrical back-
side by metallic films. Two different techniques were evaluated. Ti, Al and Cu were
deposited by the gas flow sputtering technique. It was possible to deposit material to the
hole bottom, which is not common for physical vapor deposition techniques. However,
films deposited by using this technique showed a high porosity and therefore a too high
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electrical resistance. In addition, TiN and Cu were deposited by using the metal organic
chemical vapor deposition (MO-CVD) technique. This layer stack (TiN, Cu) was previously
evaluated as a possible metallization scheme which fulfills the required adhesion, diffusion
and electrical conductivity properties in TSV. A step coverage close to one was obtained for
both materials in the given TSV geometry. An electrical TSV resistance of 32m{2+ 8mf2
was measured for a 300um thick wafer by using a 1pum thick Cu ring metallization. This
value is sufficient for the targeted MEMS packages at the Fraunhofer ISIT. In addition, a
smoothing of surface irregularities inside TSV hole was observed during Cu deposition by
using the MO-CVD technique. This effect is explained by a higher nucleation rate inside
the surface irregularities caused by longer residence time of the molecules at these surface
sites.

A redistribution layer on the wafer back-side must be formed in order to allow a 3D stacking.
A conformal photoresist deposition onto the TSV hole sidewalls is hard to achieve with
common resist deposition techniques. A dry photoresist foil process was developed in
this work. A photosensitive foil was laminated onto the wafer back-side and it protected
successfully the TSV holes during the following Cu etching. In addition, photolithography
processes required were developed and showed a full post-CMOS and MEMS compatibility.
This lamination technique is so far not a common technique in MEMS or CMOS fabrication
facilities and should be considered as a useful complementary technique.

The key technologies developed in this work allow a TSV integration in hermetic dense
MEMS packages. A process flow was presented. It involved additional challenges for a
TSV integration inside ASICs and MEMS with wafer thicknesses >300um.

This thesis showed first steps for a realization of TSV in MEMS packages. The reliabil-
ity of the TSV developed must be shown in further electrical measurements. The TSV
reproducibility on the entire wafer, from wafer to wafer and from run to run has to be
evaluated and optimized before a TSV integration inside commercial MEMS products can
be targeted.

The isolation deposition processes showed sufficient step coverages for MEMS packages
based on 6° wafer. A critical film thickness of this layer can be predicted for a TSV
integration inside a full thickness 8 wafer in respect to the pin hole density and the film
thickness gradient. A new technique must be found in order to fulfill the requirement to
deposit an isolation layer inside the TSV structure by using low temperature (<450°C)
process.

TSV are mandatory to satisfy the high request of an integration of more functionality in one
device whereas the device size should remain constant or even decrease. A 3D stacking of

MEMS and logic devices is possible with this technique and reduces the required foot print
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significantly. The development of TSV technologies in wafers with the uncommon thickness
of >300um is required for MEMS. This work produced a view of TSV requirements and
possible process technologies in order to develop TSV for MEMS packages.



7 Appendices

A Capacitance as a function of the isolation thickness gradient

(linear decay)

The capacitance of a ring geometry is given by Equation (3.6

C(z) = / zmee b,

This equation changes
C(z) = / ilﬂTitde
%-m+do
if a a linear film thickness gradient of the isolation material inside the TSV is assumed.
Ad, dy, L are the isolation film thickness gradient, the starting isolation film thickness at
the TSV entrance at x = 0 and the TSV depth, respectively. An analytical solution of the

given equation is not possible. The term

flz)=In (%-aﬂrdo)

developed by a Taylor series of the second order at the position g = 0 results to

f(z) =1In(dy) + Ad x <Ad

2
. . 2
L dO-L) x° + R(x)

Putting the solution of the Taylor series in given capacitance function results to

C(:z:):/ 2-mee L dx

Av-z+7y-2?

Tout
A =1
n<d0)
Ad
dy - L

v o=

with

Vv = —
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The integral can be solved analytically [83] and results to

z=L

2 . 2:y-x4v—2-y
NG arctan (—\@ ) . for ©® >0
C(z) = ’
1 2-y-z+v—2v—1/|6]
In for ® <0
v/ 19| 2y z+v—27+4/|0O] o=

where O is defined as
O=4-v-A—12
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7. Appendices

B Material Data

The following table shows material data used for thermomechanical calculations. The data

is based on the personal data base of Friedel [42].
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C. Pad-cell model

C Pad-cell model

Pad cell- and TSV geometries used during simulations. Film thickness values shown are

taken as an example.

100pm |

Reduced to

300nm
2400nm 500nm
800mm 600nm
600nm
800nm

600nm
800nm
600nm

1 Si0, 200nm
750nm

1500nm

=500nm SiN 100nm

Passivation
Coating

80um

>
>

Model of an intermetallic dielectric layer. Tungsten plugs and isolation material are as-

sumed as one composite. Material parameters of these composite are summarized in ap-

pendix [B]
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