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Abstract

Among many material processing related issues for successful scaling down of devices for the
next 10 years or so, the advanced gate stack and interconnect technology are two most critical
research areas, which need technical innovation. The introduction of new metallic films and appro-
priate processing technologies are required more than ever. Especially, as the device downscaling
continues well into sub 50 nm regime, the paradigm for metal nano film deposition technique
research has been shifted to high conformality, low growth temperature, high quality with unifor-
mity at large area wafers. Regarding these, ALD has sparked a lot of interests for a number of rea-
sons. The process is intrinsically atomic in nature, resulting in the controlled deposition of films in
sub-monolayer units with excellent conformality. In this paper, the overview on the current issues
and the future trends in device processing technologies related to metal nano films as well as the
R&D trends in these applications will be discussed. The focus will be on the applications for metal
gate, capacitor electrode for DRAM, and diffusion barriers/seed layers for Cu interconnect tech-

nology.

1. Introduction

According to ITRS roadmap, the Si semiconduc-
tor device processing technology entered 90 nm
technology node, which will reach 45 nm in 5~6
years.” Figure 1 shows the half pitch trends pub-
lished in ITRS 2003 roadmap. With the scaling
down of the devices, atomic layer deposition (ALD)
has been identified as one of the most promising
thin film deposition techniques to enable the nanos-
cale device fabrication, due to its benefits over
other conventional deposition techniques including
physical vapor deposition (PVD) and chemical
vapor deposition (CVD).>” The benefits include the
ability to control thickness at atomic scale, ability to
produce highly conformal films, and wide area uni-
formity.” Among these, the production of highly
conformal film on very small feature size has been
considered as one of the biggest benefits, especially
for back end of the line (BEOL) process. In contrast
to the FEOL applications, where the high k by
ALD has been intensively studied, the metal and
conducting nitrides are important materials group to
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Fig. 1. The half pitch trends in ITRS 2003.

be studied. In fact, the metal nano thin films also
have important applications for a front end process
as gate electrode for CMOS devices as well as
memory applications including capacitor electrode.
In this paper, I will discuss the overview on ALD
of metal nano films and the applications of these
materials in the fabrication of nano scale devices.
After brief introduction of the technology, some of
the typical experimental results and discussions will
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be given focusing on ALD of diffusion barrier and
seed layer for Cu.

2. Basics of ALD

Atomic layer deposition of metals and/or nitrides
consists of essentially four steps; 1) metal precursor
exposure, 2) evacuation or purging of the precursors
and any byproducts from the chamber, 3) exposure
of the other reactant species (non-metal precursor),
for example nitrogen containing reducing agents for
nitrides or reducing agents for metals, and 4) evac-
uation or purging of the reactants and byproduct
molecules from the chamber. While the primary
reaction between metal precursor and non-metal
precursor occurs during step 3), reaction byproducts
are also potentially formed at the metal precursor
exposure step (step 1). As an example of ALD pro-
cess, a schematic representation of TIN ALD using
TiCl, as metal precursor and NH; as the reducing
agent/nitrogen source, which has been one of the
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Fig. 2. The schematic representation of each pro-
cess step for TiN ALD using TiCl, and NH; precursors.
(a) TiCl, exposure, (b) pump out/purge, (c) NH,;
exposure, and (4) pump out/purge step.

(c) NH; exposure
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most widely studied nitride ALD processes, is
shown in Fig. 2. Most other metal or nitride ALD
sequences consist of generally similar process steps.

As a first step of TIN ALD, the nominally clean
initial surface is exposed to TiCl, for a given time
(Fig. 2a). For the case of a liquid source such as
TiCl4, the vapor pressure is high enough even at
room temperature such that the precursor can be
directly admitted to the chamber through a leak
valve. In the cases of the most solid precursors,
however, it is necessary to heat the chemicals to
produce an adequate vapor pressure. One of the
most important requirements for this first step is the
self-limitation for the precursor molecule adsorption
process, usually satisfied by the ligands bonded to
the metal atoms in the precursors, such as halogen
or organic ligands. This limits further adsorption of
the metal precursor by passivating the adsorption
sites after the saturation coverage, roughly one
monolayer or less, is reached. As Fig. 2a shows,
TiCl4 molecules do not adsorb on the surface sites
covered by Cl atoms.

At the second step, the remaining precursor gas
and any byproducts (TiCl, and HCI in this example)
in the chamber are evacuated. (Fig. 2b) Usually, a
purging gas such as argon or nitrogen is used to
help complete removal of precursors and/or byprod-
ucts. The use of purging gas also helps the elimi-
nation of potential CVD-like processes, which can
occur when the reactant gas is introduced in the
presence of the precursor in the gas phase. This per-
turbs the ALD growth mode and leads to potential
inclusion of byproduct species in the film, as well
as the loss of conformality. While the chemistry of
the CVD-like process is intrinsically similar to ALD,
the fundamental advantages of the ALD approach
in terms of thickness and composition control and
film uniformity are such that the CVD mode is gen-
erally avoided in most cases. At the third step, non-
metal precursor (NH3 in this example) is introduced
into the chamber. (Fig. 2¢) For these non-metal
reactant species, which are usually gas phases, MFC
or a switched leak valve is used for the control of
the flow. In this process, N atoms bond to the Ti on
the substrate, resulting in TiN deposition. For metal
deposition, a reducing agent such as atomic H is
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used for removing Cl from the surface generating
fresh surface for further adsorption at the next dep-
osition cycle. At the fourth and last step, all the
remaining NH; (or hydrogen) and HCI are swept
away by evacuation or purging (Fig. 2d).

There are many similarities between ALD and
CVD. For example, both techniques use often iden-
tical gas phase precursors and chemical reactions
between them are the primary thin film deposition
mechanism. Accordingly, the physical configuration
of the ALD and CVD reaction chambers is usually
very similar. [n fact, ALD can be thought as a mod-
ified version of CVD and for this reason ALD has
been also called Atomic Layer CVD (ALCVD).
However, the clear, distinctive features of ALD
include the self-limited growth mode and the alter-
nate, sequential exposure of the precursor and reac-
tants, resulting in several unique characteristics for
ALD which are not found in CVD.

For example, the growth rate as a function of
sample temperature or precursor flux shows clear
differences between the two deposition techniques.
For conventional CVD, the growth rate is a strong
function of substrate growth temperature at low
temperature, where the growth rate is determined by
surface reactions (surface reaction limited regime).
At high temperature, however, the growth rate
becomes constant with respect to the growth tem-
perature if the mass transport or gas phase diffusion
does not limit the process. (flux limited regime).
However, for a typical ALD process, the growth
rate as a function of growth temperature shows a
different trend (Fig. 3). For most cases, the growth
rate increases with increasing growth temperature at
low growth temperature (typically below 150~300°C
for most metals and nitrides ALD). This is mainly
because the precursor adsorption or reaction between
precursor and surface species is a thermally acti-
vated process. Thus, the saturation reaction is kinet-
ically limited with low thermal energy, which would
lead to impractically long reaction time.” For exam-
ple, deposition rate rapidly drops below 150°C for
W ALD from WF,, which was attributed to the
incomplete reaction.” When the metal precursors
condense on the substrate, however, the apparent
trend may show opposite behavior.
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Fig. 3. The typical trends of growth rate as a func-
tion of growth temperature for ALD process.

When the ALD process is operated at tempera-
tures providing high enough thermal energy for the
chemical reactions, the growth rate usually remains
constant with respect to the growth temperature.
This temperature range is often called as “ALD pro-
cess window”. However, this terminology could be
misleading, since the growth rates weakly depend
on the growth temperature even with self-saturation
for some cases. Thus, it should be noted that the
absence of constant deposition rate as a function of
growth temperature does not necessarily mean that
the reaction occurs through a non-ALD mode. This
almost constant growth rate for some range of
growth temperature during ALD provides better
reproducibility in film thickness compared to CVD.

At higher growth temperature above this temper-
ature range, however, the growth rate usually in-
creases again with growth temperature, due to the
disturbance of self-limitation caused by thermal
decomposition of the metal precursor; a “CVD-like”
process. While this thermal decomposition problem
is not of great concern for halide precursors due to
their relatively high thermal stability, metal organic
(MO) sources are usually decomposed at relatively
low growth temperature. For a few materials sys-
tems, the growth rates decrease with increasing
growth temperature, when the thermal desorption of
deposited materials occurs for example.

The most important benefit of intrinsic self-limi-
tation of ALD is excellent step coverage on aggres-
sive topographic structures, which is the main driving
force for the recent intensive interest in ALD for
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microelectronics. In an ALD process, the surface
saturation effect occurs on all surfaces, which receive
an adequate flux of the metal precursor. Thus, with
long enough exposure time, nearly 100% confor-
mality in very high aspect ratio (AR=feature depth/
width) structures is easily achievable. In contrast,
the conformality of PVD technique is intrinsically
limited by the directional nature of the sputtered
atoms and the near-unity (in many cases) sticking
coefficient for the metal atoms.” If PVD depositions
are made to be very directional as in case of colli-
mated PVD, poor sidewall coverage is resulted on
deep features. If the directionality is reduced, side-
wall coverage can be increased but there is a ten-
dency to produce overhangs in the deposited films
near the top corners of features, which can limit
subsequent process steps. Because of the directional
nature of PVD, conformality is limited to usually
less than 20%.

Although CVD can produce better conformality
than PVD in some systems, there is an intrinsic
flaw relating conformality to film composition or
continuity in very thin films. Due to the flux-con-
trolled nature of CVD, conformality in deep features
can only be achieved with a low reaction probabil-
ity (at low growth temperature of surface reaction
limited regime). This same feature inhibits film
nucleation and can result in poor continuity at the
sub-5nm thickness regime desired for many appli-
cations. In addition, the low reaction rate can lead
to impurity incorporation either from non-reacted
precursors or poor removal of byproducts.

Since ALD is inherently self-limited deposition
process by the alternate exposure of two or more
precursors, thickness and composition control is

feasible at the sub-monolayer or even atomic level.
Thus, ALD is an ideal deposition technique to con-
struct nanolaminate structures. ALD has been em-
ployed for superlattice structure formation of com-
pound semiconductors from the early history of
ALD.

Another characteristic of ALD is the generally
lower growth temperature compared to the parallel
CVD reaction. Since the adsorbed monolayer is
reacted to completion, there is often a much lower
impurity level in the deposited film compared with
CVD. This is related to the fact that the ALD pro-
cess occurs exclusively through surface reactions.
For CVD, except for several special cases (such as
UHV-CVD, for example), vapor phase chemical
reaction is the main reaction mechanism, which is a
common source of particle formation in CVD reac-
tors. In addition, since ALD occurs through surface
reaction, the selectivity of deposited materials could
be controlled by proper selection of precursors and
surface preparation.

The growth rate of ALD is very low compared to
virtually all other deposition techniques. In general,
the thickness/cycle in the typical ALD mode is lim-
ited to below | ML/cycle. For practical vacuum sys-
tems, the total time for 1 cycle (4 steps) is mostly
longer than 1 sec. This corresponds to the deposi-
tion rate of 1 pum/hr or below (a few nm/minute).
Moreover, the actual deposition thickness/cycle is
often a small fraction of a ML per cycle for most
metal and nitride ALD. In recent applications in
microelectronics, however, the required thickness of
metals and nitrides films has become very small, in
the low nm range, and this resulted in the low
growth rates of ALD more acceptable. For example,

Table 1. The comparison among PVD, CVD, and ALD

PVD CVD ALD
Reaction Physical adsorption Surface +vapor reaction Surface reaction
Growth temperature Low (RT) High (>600°C) to middle Low to middle (<500°C)
Step coverage Poor Good Excellent
Impurity Very low (<1%) A few % Low (<1%)
Thickness control >50 A >10A <a few A
Particle OK poor OK
Wafer uniformity Good Good Excellent
Growth rate Fast Middle Slow
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Cu diffusion barrier/adhesion promoter:
TaN, Ta, TiN, TasSiN, WN..

Cu seed layer: Cu
Direk{plating: Pd, Pt, Co,Mo..
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Fig. 4. The applications of metal nanofilms in nano-
scale devices.

for the 65 nm interconnect generation, the Cu dif-
fusion barrier thickness can be no more than 5 nm
thick, which can be deposited with less than 100
ALD cycles for most cases. Thus, the required film
can be grown within a several minutes, leading to a
wafer chamber throughput of perhaps 20 wafers per
hour (w.p.h.) or more. In summary, Table 1 com-
pares the characteristics of PVD, CVD, and ALD.

Due to these many benefits, ALD of metal and
metallic nitride films have been studied for many
important applications in nanoscale device fabrica-
tions. Figure 4 shows the applications of ALD
metal films in modern CMOS fabrications. Various
metal films have been deposited by ALD from var-

Table 2. Reported metals and metallic nitrides ALD
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ious precursors and Table 2 summarizes some of
the reported results.

3. Cu Interconnect Technology and ALD

Among many potentially important applications
of ALD metallic thin films, the applications in Cu
interconnect technology is one of the most widely
studied applications. As device scales down, RC
delay of the devices becomes more and more seri-
ous problem. In addition to the intrinsic delay of
devices themselves, the portion of interconnect delay
is considered to be more problematic. To reduce the
RC delay, low resistivity metal lines and low dielec-
tric constant dielectric materials should be employed.
Cu has low resistivity, which is second to none to
Ag, and the electromigration resistance has been
expected to surpass that of Al. Although the imple-
mentation of Cu interconnect has been intensively
studied from late '80s, the Cu interconnect technol-
ogy has been succeeded into mass production only
from late '90s. There have been several technolog-
ical enablers for Cu interconnects. The traditional
Al(Cu) interconnect has been done by Al layer dep-
osition on plane surface and subsequent RIE of Al
to make a pattern. For Cu interconnect, however,
reactive ion etching (RIE) has been very difficult
due to the lack of volatile halide for Cu. Due to the

Precursors Deposited materials
TaCls, TaBr; Ta, TaN, Ta;Ns, TaSi,N,
TiCl,, Til, Ti, TiN, TiSi,N,, TIALN,
. . WF, W, W,N, WC,N,
Inorganic (Halides) MoCl Mo, MoN,
NbCls NbN
CuCl Cu
Ni(acac), Ni
Diketonato complexes Pt(acac), Pt
Cu(hfac),, Cu(thd), Cu
. Ru(Cp),, Ru(Od),
Metal Cyclopentadieny Me(Cp)PtMe, Ru Pt Ni
organic compounds Ni(Cp),
Alkyl compound TMA Al

TDMAT, TEMAT TiN, TiSi\N,, TIALN,

Alkylamides TBTDET, PEMAT TaN
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difficulty of Cu etching, new integration scheme,
damascene technology, has been introduced. For Cu
damascene process, the deposition of Cu into pre-
patterned dielectric layer and global planarization of
Cu deposition are required. The deposition of Cu
into via/trench (which is often called gap filling)
has been realized by deposition of Cu using elec-
troplating, and chemical mechanical planarization
(CMP) has been successfully employed as effective
global planarization process.

Besides the introduction of novel integration pro-
cess, the Cu has additional difficulties to be used as
a wiring metal; Cu is a very fast diffuser and easily
go into Si devices or dielectrics and the adhesion of
Cu on most of dielectrics is poor. To prevent the
diffusion of Cu, effective diffusion barrier layer is
required, which should have a good adhesion prop-
erty also. Due to the same reason, Cu interconnect
requires sidewall protection against Cu diffusion. D.
Edelstein et al investigated various liners, in terms
of important barrier/adhesion layer properties includ-
ing diffusion barrier property, adhesion, and corro-
sion resistance etc.” The report has shown that TaN/
Ta is the most suitable liner, and currently this
bilayer structure is the most widely used. This is
mainly because while the adhesion between Ta and
Cu is good, the adhesion of TaN is superior to that
of Ta/dielectric interface. In addition to this liner,
the electroplating of Cu requires seed layer since
Cu cannot be electroplated directly on diffusion bar-
rier materials due to high resistivity. For this pur-
pose, thin Cu layer is deposited after liner deposition
before Cu electroplating.

So far, Cu diffusion barrier and seed layer has
been deposited by PVD for this purpose. To enhance
the conformality and ensure large enough sidewall
coverage, intensive technological improvement has
been done for PVD. Currently, ionized PVD (I-
PVD) is standard process for liner/seed layer depo-
sition. For the current 90 nm technology node, PVD
based deposition is being used and this might be
extended to 65 nm. However, in the near future,
especially for 45 nm and beyond, very conformal,
ultra thin film deposition technique will be required,
which may be achievable only by ALD technique.
Currently, the thickness of total liner prepared by
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PVD is in the region of 20 nm or so, which should
be decreased to few nm thickness in several years.”
The main reason is that as the metal pitch decreases
further, the volume fraction of higher resistance
liner becomes high. Also, as the line width reaches
50 nm or so, the inherent resistivity of Cu becomes
higher due to the size effects caused by electron
surface scattering.

Currently, Cu seed layer over 300 A thick (field
thickness) is deposited by [-PVD, to ensure thick
enough side/bottom coverage. But with 65 nm tech-
nology and beyond, much thinner conformal seed
layer is required. Cu CVD or ALD has not been
successfully developed yet, mainly due to the lack
of good metal precursor. Alternatively, Cu electro
deposition can be done on other low-resistance con-
ductor layer. The required material properties for
this purpose include nobility, formation of soluble
or conducting oxides, and insolubility in Cu batch.
Preferably, direct plating materials have good diffu-
sion barrier propertics as well as good adhesion to
dielectrics. A few metal layers have been identified
as candidates, which are mostly refractory metals
such as Ru, Rh, Co, Mo, Cr, and W. By the imple-
mentation of ALD of seed layer, all ALD based
liner/seed, which leads to very thin structure but
with high performance, will be viable.

4. Experimental Procedures

The detailed description of the ALD system is
given in previous reports.*” Ta-based materials
have been produced by plasma enhanced ALD (PE-
ALD) from chloride and metal organic precursor.
The metal organic precursor employed in this study
was Ta[N(Me),]; [pentakis(dimethyamino)tantalum,
PDMAT]. The solid TaCl; and PDMAT (powder)
source contained in a separate glass tube was used
as a metal precursor. The glass tube was maintained
at 100°C for TaCl; and 65°C for PDMAT to develop
adequate vapor pressure, and all the delivery lines
were heated to a little higher temperature than
source. Ar was used as carrier gas and the flow was
controlled by a leak valve upstream from the source
tube. Atomic hydrogen and/or activated N, are gen-
erated by a quartz tube connected to the sample
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Fig. 5. Schematic drawing of typical PE-ALD pro-
cess. Here, Ta PE-ALD from TaCl, has been shown
as an example.

chamber via a gate valve and hydrogen and nitro-
gen gases are supplied via a leak valve. The depo-
sition cycle consists of the following steps: exposing
the substrate to metal precursor vapor carried by Ar
gas for a given time, evacuating the chamber, open-
ing the hydrogen and nitrogen source valves and
initiating the RF plasma for a set time, and shutting
off the hydrogen and nitrogen sources and the
plasma, allowing the chamber to return to base
pressure. The schematic drawing for Ta PE-ALD
process is shown in Fig. 5 as an example. The over-
all process is almost same as that of thermal ALD,
except that plasma is turned on during the exposure
step of reactant gas, in this example hydrogen. For
TaN deposition, nitrogen is simultaneously intro-
duced to produce the mixture of atomic hydrogen
and activated nitrogen. For Ru ALD, the same pro-
cess chamber has been used although plasma acti-
vation was not employed. The Ru precursor was
metal organic precursor which has similar structure
with bis(cyclopentadienyl)Ru (Ru(Cp),). The Ru
ALD already has been demonstrated previously,
using bis(cyclopentadienyl)Ru and Ru(Od); [Od=
2,4-octanedionate] and molecular oxygen as oxida-
tive.'" The approximate exposure time for each
step was 2 sec Ru precursor, | sec of pumping out,
2 sec of oxygen exposure and | sec of pumping out.

The PE-ALD Ta or TaN films were deposited on
HF-dipped Si(001) or 5000 A thermally SiO, grown
on Si substrates. The film composition and thick-
ness were determined by Rutherford backscattering
spectrometry (RBS). In addition to measuring the
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N/Ta ratio for TaN, RBS was also used to deter-
mine impurity content, such as Cl, C and O. The
microstructures of the thin films were investigated
using X-ray diffraction and transmission electron
microscopy (TEM). Surface roughness was mea-
sured by atomic force microscope (AFM).

For Cu diffusion barrier measurements, a 200 nm
PVD Cu layer was deposited on top diffusion bar-
rier, without breaking vacuum, using a power level
of 1 kW (dc) in the UHV sputtering system. The
pressure during the Cu deposition was 5 mTorr. The
Ta or TaN films described above were deposited on
HF-dipped polycrystalline Si substrates. A SiO,
buffer layer placed between the poly-Si and Si
(100) was used to electrically isolate the Si(100)
substrate during the sheet resistance analysis. Cop-
per diffusion barrier failure was studied using three
different in situ techniques, including synchrotron
XRD, optical scattering, and sheet resistance mea-
surements, conducted simultaneously, while the
samples were annealed at a temperature ramp rate
of 3°C/s from 100 to 1000°C in He environment.
The detailed description of the analysis technique
can be found at the previous reports.'”

5. Results and Discussions

5-1. PE-ALD of diffusion barriers for Cu
interconnect technology

The PE-ALD of Ta and TaN from TaCls has been
previously reported by the current author.*” Here, 1
summarize the important aspects of the results. To
indicate the typical deposition characteristic, the
deposition rate vs TaCl; exposure time has been
shown in Fig. 6. Here, the deposition rate was rep-
resented by the number of Ta atoms/cycle, deter-
mined by RBS. Initially the deposition rate increases
abruptly with increasing TaCl; exposure time up to
about 1sec of exposure time. But with further
increase in exposure time did not increase the dep-
osition rate, saturating at 0.08 A/cycle. Similar results
were obtained for TaN PE-ALD from TaCly and
PDMAT, although the deposition rate at saturation
conditions were higher as 0.24 A/cycle and 0.31 A/
cycle, respectively. This saturation behavior is a
unique characteristic of ALD, indicating the self-
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Fig. 6. The deposition rate of Ta PE-ALD from
TaCls and atomic H as a function of TaCly exposure
time to illustrate the self-saturated adsorption of metal
precursor. The growth temperature was 250°C.
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Fig. 7. N/Ta ratio in PE-ALD TaN measured by RBS
as a function of nitrogen partial pressure during
plasma exposure. PDMAT process is denoted as
filled circle and TaCl; process is denoted as open
square.

saturated adsorption of metal precursor. Once the
saturation coverage is reached, no further adsorption
occurs.

One of the important results for TaN PE-ALD
from PDMAT and TaCls is the nitrogen content in
the film with increasing nitrogen flow during dep-
osition. The N/Ta ratios in the films, measured by
RBS, are shown in Fig 7. For TaCl; precursor, the
nitrogen content in the film is 0 with hydrogen only

butylimidotris(diethylamido)tantalum (TBTDET) and
atomic hydrogen.”” But with nitrogen plasma only,
the N/Ta ratio in the film is similar to that from
TaCls.

The deposition temperatures were about 300°C
for TaCly and 250°C for PDMAT, which were deter-
mined by separate deposition experiments at various
temperatures. In this standard condition, the CI con-
tent in the TaN from TaCly; was below 0.5 at%,
while the carbon content in the TaN from PDMAT
is about above 10 at%. This high carbon content is
attributed to the carbon incorporation from thermal/
plasma dissociation of methyl ligand in PDMAT. In
this study, we did not try to decrease the carbon
content, so it may be reduced further by optimiza-
tion. At stoichiometric composition, the resistivity
was 200~300 pQcm for TaCls, and 300~500 pQem
for PDMAT, which further increase to very high
value with increasing nitrogen content. The resistiv-
ity of thermal ALD TaN layer from MO precursor
and NH, was reported to be very high."” The low
resistivity of PE-ALD TaN from hydrogen plasma
is mainly due to the low nitrogen content in the
film, and possibly due to the formation of low resis-
tivity TaC phase, as reported previously.” For both
cases, the conformality was almost 100% for trench
structure with aspect ratio of 10: 1.

The microstructures of three cases, PE-ALD Ta
and TaN from chloride and TaN from PDMAT
(TaN films with N/Ta=1), were studied by XRD
and TEM. PE-ALD Ta films shows amorphous
microstructure, while TaN from TaCl, has well
developed polycrystalline structure. However, The
XRD and TEM results indicate that the PE-ALD
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TaN from PDMAT is mostly composed of cubic
TaN nanocrystalline, surrounded by amorphous matrix
of Ta rich. The size of nanocrystalline is about 2~
3 nm. For all three cases, the AFM .measurement of
surface roughness shows that the surface is very
smooth, with RMS roughness about 0.1 nm.

For Ta and TaN, the failure mechanism as Cu dif-
fusion barrier is known to be similar, mainly deter-
mined by Cu diffusion through the layer. The
failure of the PVD Ta barrier between Cu and Si is
first indicated by n” Cu,Si formation at the Ta-Si
interface caused by the diffusion of Cu through Ta
films, followed by accelerated Ta;Si; and TaSi, for-
mation."""® Similar to Ta layer, the Cu silicide has
been observed to form by Cu diffusion through TaN
layer.”"” Most of the reports on diffusion barrier
properties of CVD or ALD TaN layers have been
on nitrogen rich phases (such as Ta;N;) or TaN with
high impurity levels. For 10 nm cubic Ta(A)N(C)
films, deposited by ALD from TaCl;, NH;, and
TMA, the failure temperature determined by XRD
was found to be around 600°C for 15 minutes of
annealing time.”” For nitrogen rich TaN, layers
deposited by thermal CVD either from halide (TaBr;)
or MO (TBTDET) precursors, lower Cu diffusion
barrier failure temperatures were obtained compared
to PVD TaN_>'"* The poorer performance of CVD
TaNx was explained by the amorphous to crystal-
line phase (Ta;Ny) transition,”” or by the denser
structure of PVD TaN films with different preferred
orientation.”

Most recently, the diffusion barrier property of
stoichiometric PE-ALD TaN has been reported by
current author.”” Here, the comparison among PE-
ALD Ta and TaN from TaCl; and MO PE-ALD
TaN layers (TaN films with N/Ta=1) will be pre-
sented. As mentioned in section IIl, the barrier fail-
ure temperatures for PE-ALD Ta and TaN from
TaCl; and MO PEALD TaN layers were determined
by synchrotron XRD, optical scattering, and resis-
tivity measurement for layers with various thickness
raging from 2 nm to 15 nm. The barrier failure tem-
perature was determined using the disappearance of
the Cu 111 XRD peak; by taking the derivatives of
the integrated XRD peak intensity versus annealing
temperature, the minima obtained were recorded as
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Fig. 8. Cu diffusion failure temperature as a function
of barrier thickness for TaCl; PE-ALD Ta (triangle),
TaN (circle), and Mo PE-ALD TaN (square). The dif-
fusion barrier failure temperatures were measured
by synchrotron XRD as described in the text.

the barrier failure temperature. More detailed results
for PE-ALD Ta is found in the previous report.”
Without any diffusion barrier, the reaction between
Cu and Si occurs around 260°C, indicated by the
rapid increase of resistivity, optical scattering as
well as the disappearance of Cu XRD peak accom-
panied by appearance of Cu silicide peak. (Data not
shown) However, with the presence PE-ALD Ta or
TaN, the failure temperature is raised to 600~800°C
range, indicating that these layers are good diffusion
barriers. The failure temperatures as a function of
barrier thickness for three different PEALD films
are shown in Fig. 7. For PE-ALD TaN from TaCls,
the failure temperature decreases more rapidly with
reduced thickness compared to the other two cases.
Thus, at very thin films under 8 nm, the failure tem-
perature of PE-ALD TaN from TaCl; is lowest.
Activation energy for Cu diffusion for these bar-
riers were obtained by using simple kinetic equa-
tions, as described in ref. 9. The activation energy
for polycrystalline TaN from TaCls obtained from
the present study, 1.2 eV, is very close to that for
grain boundary diffusion (1.3 eV).'S) Thus, we con-
cluded that the Cu diffusion barrier failure for the
PE-ALD TaN layers from TaCl; in the present study
is dominated by grain boundary diffusion, which is
expected based upon their polycrystalline micro-
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structure. Meanwhile, E, for PE-ALD Ta from
TaCl; and PE-ALD TaN from PDMAT, which have
amorphous or nanocrystalline in amorphous matrix
structure, were estimated as 5.4 and 5.3 eV, respec-
tively. These high activation energy values indicate
that the Cu diffusion through these barriers is dom-
inated by bulk diffusion. Thus, we can conclude
that the microstructure of the barrier materials is
one of the most critical factors determining Cu dif-
fusion barrier performance and as the diffusion bar-
rier becomes thinner with the downscaling of the
devices, the control of film microstructure becomes
more important. And the bilayer structure composed
of PE-ALD nanocrystalline TaN barrier by MO pre-
cursor and PE-ALD Ta from TaCl; is very promis-
ing diffusion barrier for ULSI Cu interconnect
technology of 65 nm and beyond. With this combi-
nation, ultra thin, nano scale Cu interconnect would
be possible.

Additionally, we performed PE-ALD of TaN on
top of porous low k materials using PDMAT. One
of the biggest challenges for integration of ALD
barrier with porous low k materials is the penetra-
tion of liner into the nano pores. For example, W
ALD on top of porous dielectrics resulted in deep
penetration of W, which causes leakage and unac-
ceptable performance of the devices.” There have
been several different ways for pore sealing includ-
ing chemical treatment, plasma surface treatment,
and deposition of dielectric liners.”” Still, there has
been no clear solution for this problem. From TEM
study (data not shown) for PE-ALD TaN without
any surface treatment we did not observe any evi-
dence of TaN penetration into various porous low k
dielectris. The exact reason of penetration preven-
tion during PE-ALD is not clearly known. How-
ever, we can qualitatively explain the results based
upon the difference of reaction mechanism between
thermal and PE-ALD. For PE-ALD, the reactant to
remove ligands producing metal layer is atomic
hydrogen and activated nitrogen. It is known that
the hydrogen atoms rapidly recombine with the
existence of surfaces. In the inside of nano pores of
porous low k materials, the radicals will quickly
recombine, and only a small fraction of radicals
would reach deep into the pores. So although the
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metal precursor will go into the inside of pores, the
reaction does not essentially occur. Meanwhile, on
the outside surface, deposition continuously proceeds,
leading to closing of pores and self-pore sealing by
PE-ALD. Additionally, there may be pore sealing
effect by plasma used for ALD. Thus, PE-ALD
seems to have additional benefit over thermal ALD
in terms of integration with porous low k by effec-
tively reducing the linier penetration.

5-2. Ru ALD for seed layer

Recently, Ru is receiving intensive attention due
to its good properties as electrode in DRAM appli-
cations, and metal gate for CMOS in addition to the
application as a seed layer for direct plating of
Cu® A simple way of depositing metallic Ru by
ALD has been reported recently.'*'” Ru(Cp), and
Ru(Od), were used as a metal precursor which
reacted with O, to produce Ru thin films in an
ALD mode. The Ru ALD process was explained by
the oxidative decomposition of Ru precursor ligands,
producing CO, and H,O as byproducts. Polycrystal-
line Ru films with low resistivity (17~18 uQcm) were
deposited on in-situ grown ALD AlLO; and TiO,
layer.'” On a SiO, surface, however, the deposited
films were nonuniform with macroscopic defects.

. This was attributed to the difference in the surface

density of hydroxyl group, which promote uniform
nucleation of Ru films on an oxide surface. The
reported impurity levels in the films were quite low
(H, C, O<1 at%) and RuO, was not deposited with
the studied experimental conditions.

Ru ALD has been performed on PE-ALD TaN
layer. More detailed study has been reported in ref.
30. Here, only some of the essential results are
described. XRD spectra of ALD Ru thin films indi-
cated that only metallic Ru film is deposited with-
out any formation of Ru oxide. The nucleation of
Ru on top of PE-ALD TaN layer was good, and the
thickness versus number of cycles did not show any
indication of nucleation period. Previously, it was
reported that the Ru ALD requires AlL,O, or TiO, to
obtain films with good uniformity and without mac-
roscopic hole.'” Our results indicate that the freshly
grown PE-ALD TaN provides good nucleation sites
for Ru ALD, leading to quite uniform layer over



A16A 23, 2005

30
28+ Ru ALD
26 F
24 |
22
20 +
18}
16F
14+
12} o o
10 F
8| Bulk resistivity

6 1 i 1 i 1
0 10 20 30 40 50 60

Thickness (nm)

Resistivity (uQ2cm)

Fig. 9. The resistivity of ALD Ru as a function of
film thickness. The deposition temperature was 300°C.

200 mm wafers. The carbon content was below the
detection limit of RBS, and oxygen content was
very low, below 0.5%, at typical deposition condi-
tion of 300°C. The deposition rate was about 1~1.1
Alcycle, which is higher than the previous report,
probably due to the difference in Ru precursor. The
surface roughness was about 6 A for 200 A films,
which are higher than those for PE-ALD Ta and
TaN. Fig. 9 is the resistivity of ALD Ru films as a
function of film thickness. Up to thickness of 10
nm, the resistivity remains low at about 10~12
uCem. Although this value is higher than that of
bulk Ru, the resistivity is lower than typical value
of Ru deposited by CVD and previous reported
value deposited by ALD. Diffusion barrier test has
been performed for bilayer of 5 A TaN and 100 A
Ru layer, by the same analysis technique mentioned
above. The barrier failure occurs at about 700°C,
which is similar to 5 A thick TaN layer alone. Thus,
we conclude that the Ru layer itself is not an effec-
tive diffusion barrier. However, for 5 A PE-ALD
TaN layer alone, weak Cu silicide XRD peak was
observed at as low temperature as 450°C, indicating
local reaction between Cu and Si. For bilayer of
TaN/Ru, this local reaction was prevented, indicat-
ing the Ru layer at least improves the diffusion bar-
rier property for ultra thin TaN diffusion barrier.
Figure 10 is a cross sectional TEM image of PE-
ALD TaN/ALD Ru bilayer deposited on top of
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Fig. 10. 15 A PE-ALD TaN/200 A ALD Ru deposited
in trench structure of porous low k, showing the
possibility of all ALD based liner/seed structure.

porous SOD trench structure. 135 A TaN was depos-
ited first and 200 A Ru was deposited on top of
TaN. As shown in the figure, Ru layer was depos-
ited almost conformally in the structure, and TaN
layer was deposited without penetration to the porous
dielectric layer. This result shows that the integra-
tion of TaN diffusion barrier and Ru seed layer, all
deposited by ALD, can be integrated successfully
with porous low k materials. The initial Cu plating
results on top of this bilayer came out good. Thus,
ultra thin liner/seed layer by ALD is a viable option
for future Cu interconnect, which can lead to the
successful integration into 65 nm technology node
and beyond.

6. Conclusion

The need for ultra thin, highly conformal metal
nanofilms has driven the implementation of ALD
technology for nanoscale device fabrications. With
further scaling of devices into 65 nm and beyond,
the conventional PVD based liner/seed will be
slowly, but necessarily, replaced by ALD based lay-
ers due to its excellent property including excellent
conformality. In this paper, some of the essential
features of ALD/PE-ALD of typical metal nano
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films were summarized. PE-ALD Ta and TaN layer
has been developed for Cu diffusion barrier using
TaCl; and PDMAT as Ta precursors. Due to the
microstructure: difference, PEALD Ta from TaCl;
and PE-ALD TaN from PDMAT have produced
best combination in terms of diffusion barrier fail-
ure temperature. PE-ALD liner also has benefits of
little penetration into porous low k, which makes
possible integration of liner without additional pore
sealing process. Ru ALD has been applied to the
deposition of Cu plating seed layer. TaN/Ru liner/
seed layer was all prepared by ALD with good con-
formality and indicates the possibility of successful
integration into 65 nm technology and above.
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