
Description Title of Invention: APPARATUS FOR
SPUTTERING AND A METHOD OF FABRICATING A METALLIZATION
STRUCTURE [1] The present application relates to
apparatus for sputtering and to a method of fab
ricating a metallization structure, in particular, a
metallization structure for a semi conductor chip. [2]
Semiconductor chips face constant development aimed at
increasing the performance of the circuits supported
by the chips while decreasing the overall physical
size of the chips. Physical limitations like power
dissipation in integrated circuits (ICs) and the
process technology for fabricating ICs on an ever
smaller scale have recently en couraged vertically
stacking a plurality of chips instead of further
increasing the lateral device density to enhance
performance. [3] Semiconductor chips which are to be
vertically stacked may be fabricated to include
through silicon vias to establish electrical
connections between the vertically stacked
semiconductor chips. The through silicon vias are
typically high aspect ratio holes in the semiconductor
chips that are filled or plated with a metal or
conductor to elec trically connect two or more layers
of circuit elements. [4] Semiconductor chips may also
be provided with a multi-level rewiring structure
which typically includes a number of electrically
conductive and dielectric layers fabricated on the
front side of the semiconductor chip. The multi-level
rewiring structure enables the integrated circuit
structures fabricated in the semiconductor body to be
connected to contact pads on the outermost surface of
the chip. Uniform coverage of the side walls of vias
extending between the different layers of the
multi-layer met allization is also desirable. [5] Vias
both as part of a multi-level rewiring structure as
well as through silicon vias extending through the
body of the semiconductor chip may have an aspect
ratio of at least 5 : 1, or at least 10 : 1 and
possibly even at least 20 : 1 or more in the future.
Aspect ratio is used to describe the ratio of the
height of the via to its width. However, high aspect
ratios make it difficult to cover the side walls of
the via with a layer of material which has a uniform
thickness over the side walls. [6] Additionally, the
use of copper in place of aluminum for the
metallization providing the rewiring structures on the
surfaces of the semiconductor chips as well as for
through silicon vias may enable additional
improvements in heat dissipation since copper has a
resistivity which is only about half that of
aluminium. However, copper has the disadvantage that
it diffuses into silicon and, if this occurs, can
damage the integrated circuits of the chip and impair
its performance. 



[7] US 6,91 1,124 B2 and US 7,253,109 B2 disclose a
structure including a lower Ta or TaNx layer, a middle
TaN seed layer and an upper Ta layer which aims to
prevent the diffusion of copper into the silicon
substrate. [8] However, tantalum metal has two
crystalline phases: a low resistivity (15-60 microohm-
cm) alpha (body centered cubic) phase and a higher
resistivity (150-210 microohm- cm) beta (tetragonal)
phase. The alpha phase is desired over the beta phase
for use as a barrier for electronic applications due
to its lower resistivity. However, the de position
conditions have to be carefully controlled in order to
avoid the formation of the higher resistivity beta
phase. [9] Therefore, it is desirable to provide a
metallization structure for a semiconductor chip which
can be reliably deposited with a low resistivity and
which is suitable for use with copper interconnects.
[10] A method of depositing a metallization structure
comprises providing a substrate and depositing a TaN
layer onto the substrate followed by depositing a
tantalum layer onto the TaN layer. The TaN layer is
deposited by providing a target formed at least in
part from tantalum to be sputtered onto the substrate,
supplying a sputtering gas comprising nitrogen and
inert gas and applying a power supply between an anode
and a cathode in a plurality of pulses, the cathode
including the target. The pulsed power supply is
applied with a high current and low duty cycle and, in
particular, the pulses have a frequency in the range
10 Hz to 1000 Hz, a duty cycle of between 0.01% and
20% and produce a current density of between 0.1 A/cm2
and 10 A/cm2 on the target. A magnetic field is
provided adjacent to a surface of the target. During
each pulse of the power supply, tantalum is reactively
sputtered from the target onto the substrate to form a
TaN seed layer. The Ta layer is deposited onto the TaN
seed layer by supplying an inert sputtering gas and
applying a power supply between an anode and a cathode
in a plurality of pulses, the cathode including the
target. As by the deposition of the TaN layer, the
pulsed power supply is applied with a high current and
low duty cycle and, in particular, the pulses have a
frequency in the range 10 Hz to 1000 Hz, a duty cycle
of between 0.01% and 20% and produce a current density
of between 0.1 A/cm2 and 10 A/cm2 on the target.
Furthermore, during deposition of the Ta layer, a
high-frequency signal is applied to a pedestal
supporting the substrate to generate a self-bias field
adjacent to the substrate. During each pulse of the
power supply, tantalum is deposited from the target
onto the TaN layer to form a tantalum layer. [11] A
method of depositing a TaN/Ta barrier layer structure
is provided which is suitable for use with copper
interconnects and which is deposited by physical
vapour de position, in particular, sputtering and more
particularly using a high current, low duty 



cycle pulsed sputtering technique.[12] The method
enables a tantalum layer with a low resistivity to be
deposited onto the TaN seed layer. The tantalum layer
may consist of alpha-Ta, i.e. tantalum with a body
centered cubic (bcc) structure which has a low
resistivity, or may comprise at least 95 vol% of
alpha-Ta. In an embodiment, the tantalum layer
comprises less than 20 vol% or less than 10 vol.% of
the tantalum phase having a tetragonal crystal
structure, also denoted beta- Ta, and a higher
resistivity. Furthermore, the use of a high current,
low duty cycle pulsed sputtering technique to deposit
the TaN layer enables the thickness of the layer to be
reduced so that the metallization structure as a whole
can be more quickly and cost-effectively fabricated
whilst providing a metallization structure with a low
resistivity. [13] The power supply may be a DC power
supply which applies a plurality of pulses of a DC
voltage across the anode and the cathode. As
previously described, the pulses of the DC voltage are
applied with a frequency in the range 10 Hz to 1000
Hz, with a duty cycle of between 0.01% and 20% and
produce a current density of between 0.1 A/ cm2 and 10
A/cm2 on the target. [14] In one embodiment, the
high-frequency signal is not applied to the pedestal
during deposition of the TaN seed layer. This method
encourages a further reduction in the formation of
beta-Ta, that is tantalum having a tetragonal crystal
structure, and an increase in the formation of
alpha-Ta in the subsequently deposited Ta-layer and a
further decrease in the resistivity of the
metallization structure. This embodiment may be used
for depositing thinner TaN layers, for example, TaN
layers having a thickness of less than 5 nm. [15]
However, in some embodiments, the high-frequency
signal is applied to the pedestal during deposition of
the TaN seed layer. For example, the high-frequency
signal may be applied when thickness TaN seed layers,
for example TaN layers with a thickness of 20 nm, are
deposited. [16] In an embodiment, the high-frequency
signal is synchronized with the pulses of said power
supply. This further improves the coverage of features
on the substrate having a high aspect ratio. [17] In
an embodiment, to deposit the Ta layer onto the TaN
layer, the power supply is applied between the anode
and cathode before the high-frequency (rf) signal is
first applied to the pedestal. This enables a thin
metallic layer to be deposited on the substrate before
the rf signal is applied to the pedestal. The thin
metallic layer acts as a shield and can prevent or at
least reduce damage to the substrate which may occur
as a result of the acceleration of ions towards the
substrate encouraged by applying the rf signal. 



[18] In one embodiment, during deposition of the Ta
layer, the high-frequency signal is initiated before
each pulse of the power supply is applied between the
anode and thecathode. The high-frequency signal is
then maintained while the power supply is applied
between the anode and the cathode and for a period of
time after the pulse of power supply between the anode
and the cathode is terminated. The high-frequency
signal is terminated only after expiration of a period
of time after the pulse of power supply between the
anode and the cathode is terminated. [19] This method
has been found to lead to an improvement in the
deposition rate of the Ta layer as well as enabling a
more uniform coverage of three-dimensional structures
such as vias with a high aspect ratio. [20] The
high-frequency signal may have a frequency within a
range of about 1 MHz to about 70 MHz. The
high-frequency signal may be provided by a power
source which supplies a signal of a single
high-frequency. The power source may also be tunable.
For example, a high-frequency power source may be used
which supplies a signal of 13 MHz and which is also
tunable in the range 12 MHz to 14 MHz. [21] The pulses
of the power supply may have a frequency, or in other
words a pulse repetition rate, in the range 200 Hz to
600 Hz during deposition of the TaN layer and/ or the
Ta layer. The same pulse repetition rate may be used
to deposit both the TaN layer and the Ta layer.
Alternatively, different pulse repetition rates may be
used for the TaN layer and the Ta layer. [22] In an
embodiment, the substrate is a semiconductor wafer,
for example a silicon wafer. In some embodiments, the
substrate includes at least one via and inner surfaces
of the via are coated with the TaN layer and the Ta
layer. The via may have an aspect ratio of at least 10
: 1 since the method enables the inner surfaces of a
via with such a high aspect ratio to be reliably
coated with the TaN and Ta layers. [23] The via may
extend through the body of the substrate and may be a
through silicon via. Such a via may be provided in
silicon substrates, such silicon chips or integrated
circuit devices, which are to be vertically stacked on
top of one another. [24] In a further embodiment, the
via forms a portion of a rewiring structure arranged
on a planar surface of the substrate. The rewiring
structure may be a multi-level rewiring structure
which includes a number of interleaved dielectric and
electrically conductive layers. The dielectric layers
may include one or more vias so as to lead the
electrically conductive interconnect structure
outwards from the integrated circuits of the semi
conductor substrate to the outermost metallization
layer which typically provides contact pads. [25] The
alpha-tantalum phase may be deposited without the use
of additional heating of the substrate during
deposition of the Ta-layer and without the use of
post-deposition 



annealing. This has the advantage that damage to the
substrate caused by high tem peratures can be avoided.
In one embodiment, the substrate is cooled during
deposition of at least one of the TaN seed layer and
the tantalum layer so as to further reduce therisk of
damage to the substrate. A gas flow, for example of
the sputtering gas or an inert gas such as argon, may
be applied to the rear of the substrate to provide
cooling of the substrate. [26] The thickness of the
TaN layer may be adjusted by adjusting at least one of
the frequency of the pulses, or in other words the
pulse repetition frequency, the duration of the power
supply pulse and the total deposition time so that the
TaN layer has a thickness of less than 5 nm or less
than lnm or around 0.2 nm. [27] In a further
embodiment, copper is deposited onto the Ta layer.
Copper may be deposited using sputtering and/or other
techniques such as electro-deposition. In the case of
electro-deposition, a copper seed layer may be
deposited first using a vapour deposition technique
such as sputtering. [28] A method of operating
apparatus for high power impulse magnetron sputtering
to fabricate a metallization structure is also
provided. The apparatus comprises a pedestal for
supporting a substrate during sputtering, a magnetic
assembly for providing a magnetic field adjacent to a
surface of a target formed at least in part from
tantalum to be sputtered onto the substrate, a first
power supply for applying power between an anode and a
cathode in a plurality of pulses, the cathode
including the target, and a second power source
electrically connected to the pedestal for applying a
highfrequency signal to a pedestal supporting the
substrate to generate a self bias field adjacent the
substrate. The pulses of the first power supply have a
frequency in the range 10 Hz to 1000 Hz, a duty cycle
of between 0.01% and 20% and produce a current density
of between 0.1 A/cm2 and 10 A/cm2 on the target. [29]
To fabricate the metallization structure, the
apparatus is operated so that the highfrequency signal
is not applied to the pedestal during deposition of a
TaN seed layer. In contrast, the high-frequency signal
is applied to the pedestal during deposition of a
tantalum layer onto the TaN seed layer. A pulsed power
supply, for example a DC voltage, is, however, applied
between the anode and the cathode during the
deposition of both the TaN and the Ta layer. The TaN
layer is deposited by reactive sputtering using a
sputtering gas comprising a proportion of nitrogen.
[30] This method of operating the apparatus for high
power impulse magnetron sputtering enables an
alpha-tantalum layer to be deposited on a TaN layer
having a thickness of less than 5 nm and even a
thickness of 1 nm and 0.2 nm. The TaN layer is
reactively sputter deposited using a pulsed technique.
This TaN layer deposited using this method appears to
encourage the growth of alpha-Ta over beta-Ta in the
overlying Ta layer 



and encourage the growth of a low resistivity
metallization structure. The first power supply may be
a DC power supply. The frequency of the pulses of the
first power supply may lie in the range 200 Hz to 600
Hz. [31] The invention also provides apparatus for
sputtering which comprises a pedestal forsupporting a
substrate during sputtering, at least one target
formed at least in part from electrically conductive
material to be sputtered onto the substrate and a
magnetic assembly for providing a magnetic field
adjacent to a surface of the target. The apparatus
further includes a first power supply for applying a
power supply between an anode and a cathode in a
plurality of pulses, the cathode including the target.
The first power supply is able to supply the pulses
with a frequency in the range 10 Hz to 1000 Hz, a duty
cycle of between 0.01% and 20% and produce a current
density of between 0.1 A/cm2 and 10 A/cm2 on the
target. The apparatus also includes a second power
source electrically connected to the pedestal for
applying a high-frequency signal to a pedestal
supporting the substrate to generate a self bias field
adjacent the substrate. The apparatus further includes
means for synchronizing the pulses of the first power
supply with the high-frequency signal applied to the
pedestal. [32] Synchronizing the pulses of the first
power supply applied across the anode and the target
with the high-frequency signal applied to the pedestal
improves the coverage of features on the substrate
having a high aspect ratio compared to the coverage
typically achieved by using a method in which the
first power supply without applying the highfrequency
signal applied to the pedestal as well as over a
method in which the pulses of the first power supply
are not synchronized with the high-frequency signal
applied to the pedestal. The apparatus is, therefore,
particularly suitable for the deposition of coatings,
such as a diffusion barrier layers, onto the inner
surfaces of vias and onto the inner surfaces of vias
having a high aspect ratio, for example, an aspect
ratio of at least 10 : 1. [33] In an embodiment, the
magnet assembly comprises a plurality of magnets which
may be rotatable. The magnetic assembly may also
comprise an electromagnet for providing a magnetic
field adjacent to a surface of the target. [34] In an
embodiment, the first power supply is a DC power
supply which supplies a DC voltage across the anode
and the target in a plurality of pulses with a
frequency, or pulse repetition rate, in the range 10
Hz to 1000 Hz, preferably 200 Hz to 600 Hz, a duty
cycle of between 0.01% and 20% and produce a current
density of between 0.1 A/ cm2 and 10 A/cm2 on the
target. The pulse repetition frequency of the first
power supply may be adjustable. [35] In a further
embodiment, the apparatus for sputtering further
comprises means for tuning the high-frequency signal
applied to the pedestal. For example, the
highfrequency 



signal may have a frequency of 13 MHz and may be
tunable within the range 12 MHz and 14 MHz. [36] The
apparatus may further comprise means for initiating
the high-frequency signal before each pulse of the
first power supply is applied between the anode and
the cathode, maintaining the high-frequency signal
while the first power supply is appliedbetween the
anode and the cathode and for a period of time after
the pulse of first power supply between the anode and
the cathode is terminated, and terminating the
high-frequency signal only after expiration of a
period of time after the pulse of the first power
supply between the anode and the cathode is
terminated. [37] Embodiments will now be described
with reference to the accompanying drawings. [38] Fig.
1 illustrates a metallization structure including TaN
which is reactively sputtered on the substrate and
alpha-Ta which is grown on the TaN, [39] Fig. 2
illustrates the metallization structure of Fig. 1
covering the side walls of a via, [40] Fig. 3
illustrates a schematic diagram of apparatus suitable
for fabricating the metal lization structure of
Figures 1 and 2, [41] Fig. 4 illustrates a method of
controlling the apparatus of Figure 3 used to deposit
the tantalum layer of the metallization structure of
figures 1 and 2, [42] Fig. 5 illustrates the
hysteresis of the average power and current when
adding nitrogen, [43] Fig. 6 illustrates the
hysteresis of the HIPIMS pulse peak current when
adding nitrogen, [44] Fig. 7 illustrates a theta - 2
theta XRD pattern of a 600nm Ta film deposited on a
IOnm TaN seed layer [45] Fig. 8 illustrates a detailed
view of Fig. 7, [46] Fig. 9 illustrates a XRD pattern
of a 600nm Ta film deposited on a IOnm TaN seed layer
(XRD using Grazing incidence diffraction), [47] Fig.
10 illustrates a detailed view of Fig. 9, [48] Fig. 11
illustrates a comparison of the XRD peaks of two
different Ta layers, deposited on TaN seed layers
deposited with and without applying an RF signal, [49]
Fig. 12 illustrates a detailed view of Fig. 11 showing
the formation of tetragonal (beta) Ta (Ta(002) peak at
2 theta = 33.3) when RF bias is applied during
sputtering of the TaN seed layer, [50] Fig. 13
illustrates an XRD pattern of ( 1 1 0) peak at 2 theta
= 38,472 indicating the alpha phase, and [51] Fig. 14
illustrates the resistivity of 600nm Alpha Ta layers
grown on TaN seed layers of various thicknesses. [52]
Figure 1 illustrates a schematic view of a
metallization structure 1 of a substrate 2 



which in this embodiment is a silicon chip. The
metallization structure 1 includes a SiO2 layer 3
positioned on the silicon substrate 2, a TaN layer 4
positioned on the SiO2 layer 3 and an alpha-tantalum
layer 5 positioned on the TaN layer 4. A copper layer
may be deposited onto the alpha-tantalum layer 5. The
TaN layer 4 has a thickness of less than 5 nm and may
have a thickness as small as 0.2 nm. The tantalum
layer may have a thickness of 600 nm.[53]
Tantalum-based thin films may be used as a diffusion
barrier and adhesion layer in Cu metallization due to
the chemical and thermal stability of the refractory
metal and its alloys. Tantalum metal has two
crystalline phases: the low resistivity (15-60
microohm- cm) alpha (body centered cubic) phase and a
higher resistivity (150-210 microohm- cm) beta
(tetragonal) phase. Due to the lower resistivity of
the alpha phase, it is a more desirable barrier for
electronic applications compared to the beta phase.
[54] Figure 2 illustrates a schematic view of a
portion of a semiconductor wafer 6 including a via 7
which extends from the front planar surface 8. A
metallization structure 1 as illustrated in Figure 1
including a TaN layer 4 and alpha-Ta layer 5 covers
the inner surfaces of the via 7 as well as the front
planar surface 6. The overlying copper metallization 9
is also illustrated in Figure 2. In some embodiments,
the via 7 extends through the thickness of the silicon
wafer 6 to provide a through silicon via. In some
embodiments, the via 7 forms an interlevel via
arranged in a d i electric layer of a multi-level
rewiring structure on the front surface 8 of the
silicon wafer 6. In some embodiments, the via has an
aspect ratio of at least 5 : 1, at least 10 : 1 or at
least 20 : 1. [55] The metallization structure 1
illustrated in Figures 1 and 2 may be fabricated using
a sputtering apparatus illustrated in Figure 3. [56]
Figure 3 illustrates a schematic diagram of sputtering
apparatus 10 which may be used in a high-power,
impulse magnetron sputtering method which is called
HIPIMS (also HPPMS, High Power Pulsed Magnetron
Sputtering). [57] The apparatus 10 also includes means
to synchronize the delivery of a high frequency signal
to a substrate to generate a maximum self bias voltage
adjacent the substrate that occurs substantially
simultaneously with a maximum DC current during a DC
voltage pulse applied across a target. This feature is
used when depositing the tantalum layer 5 of the
metallization structure 1. [58] However, during the
reactive sputter deposition of the TaN layer 4 of the
metal lization structure 1, a high-frequency signal is
not applied. By growing the TaN layer 4 without the
use of a high-frequency signal, it is found that the
alpha Tantalum phase can be more reliably grown on the
TaN layer 4. Furthermore, the thickness of the TaN
layer can be reduced to less than 1 nm and even to 0.2
nm without the specific re 



sistivity of the layer significantly increasing. This
enables the metallization structure to be deposited
reliably, quickly and therefore cost-effectively, as
well as with a low re sistivity. Furthermore, the
metallization structure is suitable for copper-based
rewiring structures. [59] A suitable apparatus and
method for HIPIMS is disclosed in US 11/954'507, US
11/954'490 and US 60/982' 817, which are incorporated
herein by reference in their entirety. The apparatus
and method may be used for magnetically enhanced
sputteringan electrically conductive material from a
source or target 12 on to substantially vertical side
walls 14 of through silicon vias 16 formed in a
semiconductor substrate 18, such as a silicon wafer.
However, the apparatus and method of operating the
appratus may also be used to deposit the structure on
a planar surface or as part of a rewiring
metallization or multi-level rewiring system of a
semiconductor chip. [60] In the HIPIMS technique,
pulsed plasma of very short pulses with very high
power, for example, up to several Megawatts, with a
low duty cycle, for example, between 0.01% to 10% are
applied to achieve a very high metal vapour ionization
of more than 90%. Besides improved film properties,
HIPIMS allows directional sputtering onto
three-dimensional features due to the fact that the
ionized metal can be accelerated by electric fields.
This advantage can be used to more uniformly coat the
inner surfaces of vias including vias having a high
aspect ration of at least 10 : 1. Apparatus suitable
for carrying out HIPIMS is illustrated in Figures 3
and 4. [61] The apparatus 10 includes a reactor
housing 20 defining a substantially enclosed chamber
24 in which deposition of the electrically conductive
material onto the semi conductor substrate 18 is to
take place. A pedestal 28 fabricated from electrically
conductive material such as a metal or an alloy, for
example, is exposed to, and op tionally extends at
least partly into the chamber 24 to support the
semiconductor substrate 18 at an appropriate position
within the chamber 24 during sputter deposition
operations. [62] In this embodiment, the substrate is
a semiconductor substrate 18, in particular, a
substantially planar silicon wafer having a top planar
surface 32 and a bottom planar surface 34 resting on
the pedestal 28 within the chamber 24. The vias 16
formed in the semiconductor substrate 18 can be open
at the top planar surface 32 and closed by the bottom
planar surface 30 to form a closed-end generally
U-shaped cross-section that extends partially into the
semiconductor substrate 18 along the depth dimension
D. Side walls 14 define the interior periphery of the
via 16. The side walls 14 extend to the depth D into
the semiconductor substrate 18 relative to the with w
of the via 16 to give the via 16 what is commonly
referred to as an aspect ratio of at least 10 to 1.
Aspect ratios are expressed here in as a ratio of the
depth of the via 16 to the width of 



the via 16. [63] The apparatus 10 includes a magnet
assembly 36 including a plurality of rotatable
permanent magnets 37 adjacent to an exposed surface 40
of the target 12 formed of the electrically conductive
material to be sputter deposited onto the substrate 18
including the interior surfaces of the via 16 such as
the side walls 14 and base of the via 16. The magnetic
field generated by the magnetic assembly 36 provides a
plasma near, or op tionally on the exposed surface 40
of the target 12. In this embodiment, the target 12
includes tantalum.[64] A reactive sputtering gas, such
as N2, is supplied from gas source 38 and an inert
gas, such as argon, is supplied from gas source 42 and
metered into the chamber 24 through a mass flow
controller which is operatively connected to
controller 44. [65] The apparatus 10 further includes
a HIPIMS generator 46 comprising a DC power supply
electrically connected to the target 12 across a
ground and a negatively biased cathode including the
target 12. The plasma is initiated by flowing a gas
into the chamber 24 and igniting it into a plasma by
selectively applying the DC voltage. [66] The
apparatus 10 further includes a rf power source 48
electrically connected to the pedestal 28 to apply a
high frequency signal to the pedestal 28 and generate
a DC self bias field adjacent to the semiconductor
substrate 18 supported on the pedestal 28 during
sputtering operations. The DC self bias field is
effective to accelerate ions of the electrically
conductive material ejected from the target 12 in the
direction per pendicular to the substrate 18, thus
promoting sputtering of the electrically conductive
material onto the side walls 14 of the via 16 having
high aspect ratios of at least 10: 1. The
high-frequency signal may have a frequency within a
range of IMHz to 70MHz, for example. [67] The
apparatus may optionally further include a frequency
tuner for adjusting frequency of the high frequency
signal from the rf power supply 48. [68] The high
frequency signal applied to the pedestal 28 and the
pulses of the DC power supply 46 applied across the
ground and the target 12 may be synchronized with one
another by synchronizing unit 50. [69] To fabricate
the metallization structure 1 illustrated in figures 1
and 2, the TaN layer 4 is deposited by reactive
sputtering using the apparatus 10 to supply power in a
plurality of pulses across the ground and target 12
which has a high-current and low duty cycle. A pulsed
power supply, in particular a pulsed DC voltage, is
applied between the anode or ground and the target 12
to remove tantalum from the target 12. This tantalum
is able to react with the nitrogen sputtering gas so
that a TaN layer 4 is deposited onto the substrate.
However, during deposition of the TaN 4 layer, the
highfrequency signal is not applied. 



[70] During sputtering of the overlying tantalum layer
5, the high-frequency signal is applied to the
pedestal 28 and synchronized with the pulsed DC
voltage as illustrated in Figure 4. [71] Figure 4
illustrates a method of sputtering using apparatus 10
for depositing the tantalum layer 5. Figure 4
illustrates, as a function of time, the voltage VDc
established across the ground and target 12, the high
frequency signal applied to the pedestal 28, HF, the
dc current IDC, and the variable plasma impedance
portion of the overall load across which the pulse of
the DC voltage is applied by the DC power supply which
is depicted by waveform ZL.[72] In summary, the
transmission of the high frequency signal HF to the
pedestal 28 begins before application of the DC
voltage pulse, continues during the application of the
DC voltage pulse, and ends after the DC voltage pulse
is discontinued. The high frequency signal is said to
be substantially simultaneously delivered to the
pedestal 28 for the entire duration of the DC voltage
pulse applied across the ground and target 12. The
pulse of the dc voltage applied between ti and t3 may
have a duration of around 130 microseconds for
example. A plurality of the DC voltage pulses and high
frequency pulses delivered to the pedestal 28 are
repeatedly applied to sputter material from the target
12 onto the side walls 14 of the via 16. [73] In more
detail, in region A of the graph illustrated in figure
4, the dc voltage is initially not established across
the anode or ground and target 12 by HIPIMS generator
46, which in this embodiment is a dc power supply, and
the high frequency signal is not initially being
delivered to the pedestal 28. Therefore, there is
little, if any, plasma ignited within the chamber 24
and any such plasma is the low density plasma with
relatively high impedance. [74] Prior to the
establishment of the pulse of the dc voltage from the
dc power supply 46 across the anode and target 12,
delivery of the high frequency signal from the
variable RF supply 48 to the pedestal 28 is initiated
at a time t0. The waveform HF in figure 4 depicts the
power of the high frequency signal from the RF power
supply 48. Delivery of the high frequency signal to
the substrate 18 generates a self biased field above
the substrate 18. [75] Subsequent to time t0, the
pulse of the dc voltage from the dc power supply 46 is
applied at ti, shown as zero seconds along the
abscissa in figure 4, across the anode and target 12
to ignite the plasma in chamber 24. The dc voltage
applied by the dc power supply 56 is depicted in
figure 4 as VDC. [76] The dc current supplied by the
dc power supply 46 increases from the value at time ti
over time due at least in part to the increasing
plasma density and, accordingly, falling impedance of
plasma, until it reaches a maximum at the time t2. The
increasing dc 



current is depicted by waveform IDC in figure 4. The
variable plasma impedance portion of the overall load
across which the pulse of dc voltage is applied by the
dc voltage power supply 46 is depicted, in figure 4,
by waveform ZL. [77] Both the pulse of dc voltage from
the dc power supply 46 and the high frequency signal
from the RF power supply 48 are supplied throughout
period C of the pulse cycle illustrated in figure 4
until, at time t3, the dc voltage from the dc power
supply 46 ceases to be applied across the anode or
ground and target 12. [78] Accordingly, the dc current
gradually decreases from its maximum and approaches
the dc current that existed prior to application of
the dc for voltage pulse. At time t3, however, when
the dc voltage is discontinued, the high frequency
signal is still beingdelivered to the pedestal 28 from
the RF power supply 48. [79] A plurality of dc voltage
pulses are to be repeatedly applied between the anode
and target 12 with a duty cycle within the range from
0.5% to about 10%. Each dc voltage pulse is completely
overlapped by a pulse of the high frequency signal
delivered to the pedestal 28. Thus, the high frequency
signal will be repeatedly delivered to the pedestal 28
in pulses having a duty cycle within a range from
around 2% to about 12%, so that delivery of the high
frequency signal to the pedestal 28 begins before ap
plication of the dc voltage pulse and is discontinued
subsequent to the removal of the dc voltage pulse.
[80] It has been found that using this method and
apparatus, very dense layers of tantalum can be
applied to the through silicon vias having a high
aspect ratio. This method was found to result in a
desirable improvement of the uniformity of the coating
of the side walls 14 by comparing thickness of the
layer the top portion compare to thickness of the
layer in the bottom portion of the via 16 compared
with conventional methods, as disclosed in US 11/954'
507. [81] In the following embodiments and examples,
the metallization structure 1 was fabricated on
8-inch-diameter, oxidized silicon wafers of 725mm
thickness having a layer sequence of Ta/TaN/SiO 2/Si
as illustrated in Fig. 1. TaN is first reactively
sputtered on the substrate, in particular on a SiO2
layer deposed on the substrate. Af terwards, alpha Ta
is sputter deposited on the TaN layer. [82] The Ta/TaN
structure was deposited by HIPIMS in a single
substrate tool (a so-called Cluster tool) with a
rotating magnet array under the following conditions:
[83] Target: Ta [84] Target diameter: 300mm [85]
Target/substrate distance:50mm [86] Target area: 700
cm2 [87] Several processes with a relative wide range
of process parameters as summarized in 



Table 1 were investigated. [88] For the TaN seed
layer, the ranges of the conditions investigated were:
[89] Sputtering Time: 1 - 15s, Thickness: 0,2 - 20nm,
Uset: 550 - 1000V, Pavg: 1 - 8kW, Frequency: 250 -
500Hz, Pulse Length: 20 - 200 ms, Pulse Peak Current:
70 - 600A, RF-Bias: 0 - 300V, N2-Flow: 45 - 100 seem,
Ar-Flow: 30 -150 seem, Ar Backgas Flow: 5 - 12 seem.
[90] For the Ta layer, the ranges of the conditions
investigated were: [91] Sputtering Time: 80 - 195s,
Thickness: 600nm, Uset: 550 - 1000V, Pavg: 7,8 -
18.5kW, Frequency: 250 - 500Hz, Pulse Length: 60 - 200
ms, Pulse Peak Current: 300 - 1250A, RF-Bias: 20 -
300V, N2-Flow: 0 seem, Ar-Flow: 30 -150 seem, Ar
Backgas Flow: 5 - 12 seem.[92] The specific
resistivity of the samples having a Si/SiO 2/TaN/Ta
structure was measured to lie in the range of 18 -
28mWcm (micro ohm centimetre). [93] For all of the
conditions investigated, intentional additional
substrate heating was not required in order to obtain
the alpha phase. In some embodiments, the substrates
were even cooled by a 5 - 12 seem Ar backgas flow.
Therefore the danger of damaging tem
perature-sensitive dielectric materials is avoided.
[94] The hysteresis when Ta is sputtered while adding
nitrogen is typically very small. This could also be
seen for the HIPIMS process. In Fig. 5 and Fig. 6
average power / average current and pulse peak
current, respectively, are plotted as the flow of
nitrogen is increased and decreased. In this
particular example, the voltage is set to a constant
value of 550 V. Figures 5 and 6 illustrate that there
is a relationship between the nitrogen flow rate and
the average power, average current and pulse peak
current. For higher flow rates, the average power,
average current and pulse peak current increases. In
this way, the deposition rate can be controlled by
changing the flow of nitrogen instead of changing the
voltage applied to the target. [95] First, a TaN seed
layer is deposited by reactive sputtering. If the Ta
is sputtered directly onto the substrate it grows in
the crystallographic beta phase. Upon the seed layer
alpha Ta is sputtered, also by HIPIMS. [96] The
presence of alpha-Ta or beta-Ta in the deposited films
was investigated in two ways. [97] Due to the large
change in resistivity between the alpha and the beta
phases, the main measurement technique used was sheet
resistivity. The specific resistivity was de termined
by using a four-point probe mapping system to measure
the resistance of the film and a step profiler to
measure the thickness of the film. The films deposited
by the method described herein were found, typically,
to have a resistivity within the range of 18 to 28
mWcm, which indicates that Ta has been deposited in
the alpha phase. 



[98] Secondly, X-ray diffraction (XRD) technique was
used to verify the crystallographic phase formed.
X-ray diffraction peaks of the samples are located at
alpha Ta diffraction peak positions (2 theta). [99]
For some samples, the existence of alpha Ta was also
confirmed by nanodiffraction in transmission electron
microscopy. [100] Fig. 7 illustrates a theta-2 theta
XRD pattern taken for a silicon wafer including a
600nm Ta film deposited onto a IOnm TaN seed layer.
The peaks can be indexed as tantalum having a bcc or
alpha structure. [101] Fig. 8 illustrates a detailed
view of a portion of Fig. 7. Figure 8 illustrates a
comparison of the ( 1 1 0) peak measured for a 600nm
Ta film deposited on three different TaN seed layers
of various thicknesses, in particular with a thickness
of 5, 10, and 15nm. The peak intensity is highest for
the lowest TaN seed layer thickness of5nm TaN and the
peak intensity is lowest for the 15nm thick TaN seed
layer. [102] Fig. 9 illustrates a XRD pattern obtained
using Grazing incidence diffraction for a 600nm Ta
film deposited on a IOnm TaN seed layer. [103] Fig. 10
illustrates the ( 110) peak of Fig. 9 obtained from
three 600nm Ta films deposited on TaN layers having a
thickness of 5nm, IOnm, and 15nm. [104] The
application of RF-bias during deposition of the TaN
seed layer was found to influence the structure of the
tantalum layer deposited on the TaN seed layer. It was
found that if RF-bias was applied during deposition of
the TaN seed layer, the proportion of the beta phase
in the tantalum layer was observed to increase. If,
however, the RF-bias was not applied during growth of
the TaN seed layer, the proportion of the
alpha-tantalum phase observed in the tantalum layer
deposited on top was found to increase and the
proportion of the beta-tantalum phase was found to
decrease. This is illustrated for two embodiments in
Figures 11 and 12. [105] When the seed layer is
decreased to very thin dimensions, the application of
RF-Bias during TaN seed layer deposition appears to
initiate the partial growth of tetragonal beta Ta, or
more particularly a mixture of alpha and beta phase on
the seed layer. Figures 11 and 12 illustrate the
partial growth of beta Ta in a Ta-film grown on a TaN
seed layer which was deposited with a rf signal
applied to the pedestal during its de position by
reactive sputtering. [106] Fig. 11 illustrates a
comparison of the theta- 2 theta XRD patterns obtained
for two different Ta layers, deposited on TaN seed
layers with and without RF bias applied to the
pedestal. [107] Fig. 12 illustrates a detailed view of
a region of Fig. 11 indicating the formation of
tetragonal (beta) Ta due to the emergence of the
Ta(002) peak at 2 theta = 33.3 when RF bias is applied
during the deposition of the TaN seed layer. The
underlying sharp 



peak comes from the Si substrate (Si(IOO)). The (002)
peak is not observed in the film grown on a TaN seed
layer which was deposited without applying a RF signal
to the pedestal. [108] EXAMPLES [109] The following
examples are intended to further illustrate the
invention and are not intended to limit the scope of
the invention in any manner. [110] Example 1 [111] The
process listed in table 2 was sputtered at a process
pressure of 3.9x10 6 bar. RFBias of 50 V was applied,
although not required for the deposition of the TaN
seed layer. The further deposition conditions are
summarized in table 2. [112] A specific resistivity of
23 mWcm was measured by a four point-probe mapping
system for this film. Together with the XRD peak at 2
theta = 38.472 illustrated in Fig. 13 which can be
assigned to the ( 1 1 0) peak of tantalum, the
crystallographicphase of example 1 was characterized
as the alpha (bcc) Ta. [113] Example 2 [114] In the
following example the TaN seed layer thickness was
varied. If HIPIMS is used, the TaN seed layer can be
reduced to a minimum of 0.2nm. The deposition
conditions are summarized in table 3. [115] For a 7.5
nm seed layer we sputtered 15s with 500 Hz. By
reducing the sputtering time to 10s and 5s we
deposited TaN layers of 5nm and 2.5nm. In order to
decrease the thickness to 1.25nm the pulse frequency
was halved from 500Hz to 250Hz by leaving the
sputtering time at 5s. We deposited a TaN layer of
0.5nm by applying a flash of N2 into the process
chamber for 2s with a pulse frequency of 500Hz.
Finally, a thickness of approximately 0,2nm by
sputtering for 2s with a frequency of 250 Hz. [116]
Fig. 14 illustrates the specific resistivity of 600nm
alpha-Ta layers deposited on different TaN seed layer
thicknesses in the range 7.5 nm to 0.2 nm. For TaN
seed layer thicknesses of 7.5 nm to 0.5 nm, the
resistivity of the tantalum layer remained below 20
mWcm. The resistivity of the tantalum layer increased
slightly to just over 35 mWcm for the layer deposited
on a TaN seed layer with a thickness of 0.2 nm. [117]
These processes have also been developed for growing
alpha Ta without using RFBias for depositing the TaN
seed layer. By applying an RF-Bias, accelerated ions
can possibly damage structures and layers whereon the
seed layer is being deposited. By applying HIPIMS
instead of PVD no RF-Bias is needed to deposit the
seed layer. Even with a 0.2nm TaN seed layer for the
deposition of alpha-Ta no RF-Bias was needed. As can
be seen in Fig. 14, even with these very thin seed
layers, alpha Ta is grown. Producing the first layers
of the metallization without RF-Bias has the advantage
of avoiding substrate and device damage. 



[118] In further embodiments, the power supply is
applied to the target for a time period before the rf
signal is applied to the pedestal. This enables a thin
metallic layer to be deposited onto the substrate
which acts as a shield and prevents damage to the
substrate when the rf signal is applied. Once the rf
signal is applied, it may be syn chronized with the
pulsed power supply applied to the target according to
one of the embodiments previously described. [119]
This method may be used to coat through- silicon vias
with an aspect ratio of at least 10 : 1, for example.
Here the sidewall and base coverage of the via is
reduced sig nificantly in vias with high aspect ratios
so that a very thin TaN seed layer may enable the
growth of alpha-Ta in the vias using the metallization
structure and method according to one of the
embodiments described herein. The method may also be
used to fabricate a diffusion carrier structure for a
multi-level rewiring structure of a semi conductor
chip with integrated circuitsClaims [Claim 1] Method
of depositing a metallization structure, comprising:
providing a substrate, depositing a TaN layer by
providing a target formed at least in part from
tantalum to be sputtered onto the substrate, supplying
a sputtering gas comprising nitrogen and inert gas,
applying a power supply between an anode and a cathode
in a plurality of pulses, the cathode including the
target, wherein the pulses are applied with a
frequency in the range 10 Hz to 1000 Hz and with a
duty cycle of between 0.01% and 20% and produce a
current density of between 0.1 A/cm2 and 10 A/cm2 on
the target, applying a magnetic field adjacent to a
surface of the target, during each pulse of the power
supply, reactively sputtering tantalum from the target
onto the substrate to form a TaN seed layer,
depositing a Ta layer onto the TaN seed layer by
providing a magnetic field adjacent to the surface of
the target, supplying an inert sputtering gas,
applying the power supply between an anode and a
cathode in a plurality of pulses, the cathode
including the target, wherein the pulses are applied
with a frequency in the range 10 Hz to 1000 Hz and
with a duty cycle of between 0.01% and 20% and produce
a current density of between 0.1 A/cm2 and 10 A/cm2 on
the target, applying a magnetic field adjacent to a
surface of the target, applying a high-frequency
signal to a pedestal supporting the substrate 



to generate a self-bias field adjacent to the
substrate, and during each pulse of the power supply,
depositing tantalum from the target onto the TaN layer
to form a tantalum layer. [Claim 2] Method according
to claim 1, wherein the high-frequency signal is not
applied to the pedestal during de position of the TaN
seed layer. [Claim 3] Method according to claim 1 or
claim 2, wherein to deposit the Ta layer onto the TaN
layer, the power supply is applied between the anode
and cathode before the high-frequency signal first is
applied to the pedestal. [Claim 4] Method according to
one of claims 1 to 3, wherein the high-frequency
signal is synchronized with said pulses of said power
supply.[Claim 5] Method according to one of claims 1
to 3, wherein during deposition of the Ta layer, the
high-frequency signal is initiated before each pulse
of the power supply is applied between the anode and
the cathode, the high-frequency signal is maintained
while the power supply is applied between the anode
and the cathode and for a period of time after the
pulse of power supply between the anode and the
cathode is terminated, and the high-frequency signal
is terminated only after ex piration of a period of
time after the pulse of power supply between the anode
and the cathode is terminated. [Claim 6] Method
according to one of the preceding claims, wherein the
high-frequency signal has a frequency within a range
of about 1 MHz to about 70 MHz. [Claim 7] Method
according to one of the preceding claims, wherein the
frequency of the pulses of the power supplied between
the anode and the cathode to deposit at least one of
the TaN layer and the Ta layer is between 200 Hz and
600 Hz. [Claim 8] Method according to one of the
preceding claims, wherein the substrate is a silicon
wafer. [Claim 9] Method according to one of the
preceding claims, wherein the substrate includes at
least one via and inner surfaces of the via are coated
with the TaN layer and the Ta layer. [Claim 10] Method
according to claim 9, wherein the via has an aspect
ratio of at least 10 : 1. [Claim 11] Method according
to claim 9 or claim 10, wherein 



the via extends through the body of the substrate.
[Claim 12] Method according to claim 9 or claim 10,
wherein the via forms a portion of a rewiring
structure arranged on a planar surface of the
substrate. [Claim 13] Method according to one of the
preceding claims, wherein the tantalum layer has a
body centered cubic crystal structure. [Claim 14]
Method according to one of the preceding claims,
further comprising cooling the substrate during
deposition of at least one of the TaN seed layer and
the tantalum layer. [Claim 15] Method according to
claim 14, wherein a gas flow is applied to the rear of
the substrate to provide cooling of the substrate.
[Claim 16] Method according to one of the preceding
claims, wherein at least one of the pulse repetition
frequency, the duration and deposition time is
adjusted to deposit the TaN layer with a thickness of
less than 5 nm or less than lnm or around 0.2 nm.
[Claim 17] Method according to one of the preceding
claims, further comprising depositing copper onto the
Ta layer. [Claim 18] Method of operating apparatus to
fabricate a metallization structure, the apparatus
comprising: a pedestal for supporting a substrate
during sputtering, a magnetic assembly for providing a
magnetic field adjacent to a surface of a target
formed at least in part from tantalum to be sputtered
onto the substrate, a first power supply for applying
a power supply between an anode and a cathode in a
plurality of pulses, the cathode including the target,
the pulses having a frequency in the range 10 Hz to
1000 Hz, a duty cycle of between 0.01% and 20% and
producing a current density of between 0.1 A/cm2 and
10 A/cm2 on the target, and a second power source
electrically connected to the pedestal for applying a
high-frequency signal to a pedestal supporting the
substrate to generate a self bias field adjacent the
substrate, wherein to fabricate the metallization
structure, the high-frequency signal is not applied to
the pedestal during deposition of a TaN seed layer,
and the high-frequency signal is applied to the
pedestal during deposition of a tantalum layer onto
the TaN seed layer. [Claim 19] Method according to
claim 18, wherein 



to deposit the Ta layer onto the TaN layer, the first
power supply is applied between the anode and cathode
before the high-frequency signal first is applied to
the pedestal. [Claim 20] Method according to claim 18
or claim 19, wherein the high-frequency signal is
synchronized with the pulses of the first power
supply. [Claim 21] Method according to one of claims
18 to 20, wherein during deposition of the Ta layer,
the high-frequency signal is initiated before each
pulse of the first power supply is applied between the
anode and the cathode, the high-frequency signal is
maintained while the first power supply is applied
between the anode and the cathode and for a period of
time after the pulse of first power supply between the
anode and the cathode is terminated, and the
high-frequency signal is terminated only after
expiration of a period of time after the pulse of the
first power supply between the anode and the cathode
is terminated.[Claim 22] Method according to one of
claims 18 to 21, wherein the high-frequency signal has
a frequency within a range of about 1 MHz to about 70
MHz. [Claim 23] Method according to one of claims 18
to 22, wherein the pulses of the first power supply
have a frequency in the range 200 Hz to 600 Hz. [Claim
24] Method according to one of claims 18 to 23,
wherein an alpha-tantalum layer is deposited onto the
TaN seed layer. [Claim 25] Method according to one of
claims 18 to 24, wherein the substrate is cooled
during deposition of at least one of the TaN seed
layer and the Ta layer. [Claim 26] Method according to
one of claims 18 to 24, wherein the first power supply
is a DC power supply and pulses of a DC voltage are
applied between the anode and the cathode. [Claim 27]
Apparatus for sputtering, comprising: a pedestal for
supporting a substrate during sputtering, at least one
target formed at least in part from electrically
conductive material to be sputtered onto the
substrate, a magnetic assembly for providing a
magnetic field adjacent to a surface of the target, a
first power supply for applying a power supply between
an anode and a cathode in a plurality of pulses, the
cathode including the target, the 



pulses having a frequency in the range 10 Hz to 1000
Hz, a duty cycle of between 0.01% and 20% and
producing a current density of between 0.1 A/cm2 and
10 A/cm2 on the target, a second power source
electrically connected to the pedestal for applying a
high-frequency signal to a pedestal supporting the
substrate to generate a self bias field adjacent the
substrate, and means for synchronizing the pulses of
the first power supply with the high-frequency signal
applied to the pedestal. [Claim 28] Apparatus
according to claim 27, wherein the magnet assembly
comprises a plurality of magnets. [Claim 29] Apparatus
according to claim 28, wherein the magnets of the
magnet assembly are rotatable. [Claim 30] Apparatus
according to one of claims 27 to 29, wherein the first
power supply is a DC power supply. [Claim 31]
Apparatus according to one of claims 27 to 30, wherein
the pulse repetition frequency of the first power
supply is adjustable.[Claim 32] Apparatus according to
one of claims 27 to 31, further comprising means for
tuning the high-frequency signal applied to the
pedestal. [Claim 33] Apparatus according to one of
claims 27 to 32, wherein the apparatus comprises means
for initiating the high-frequency signal before each
pulse of the first power supply is applied between the
anode and the cathode, maintaining the high-frequency
signal while the first power supply is applied between
the anode and the cathode and for a period of time
after the pulse of first power supply between the
anode and the cathode is terminated, and terminating
the high-frequency signal only after expiration of a
period of time after the pulse of the first power
supply between the anode and the cathode is
terminated. 


