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The thermal atomic layer deposition �ALD� of copper oxide films from the nonfluorinated yet liquid precursor
bis�tri-n-butylphosphane�copper�I�acetylacetonate, �� nBu3P�2Cu�acac��, and wet O2 on Ta, TaN, Ru, and SiO2 substrates at tem-
peratures of �160°C is reported. Typical temperature-independent growth was observed at least up to 125°C with a growth-per-
cycle of �0.1 Å for the metallic substrates and an ALD window extending down to 100°C for Ru. On SiO2 and TaN, the ALD
window was observed between 110 and 125°C, with saturated growth shown on TaN still at 135°C. Precursor self-decomposition
in a chemical vapor deposition mode led to bimodal growth on Ta, resulting in the parallel formation of continuous films and
isolated clusters. This effect was not observed on TaN up to �130°C and neither on Ru or SiO2 for any processing temperature.
The degree of nitridation of the tantalum nitride underlayers considerably influenced the film growth. With excellent adhesion of
the ALD films on all substrates studied, the results are a promising basis for Cu seed layer ALD applicable to electrochemical Cu
metallization in interconnects of ultralarge-scale integrated circuits.
© 2009 The Electrochemical Society. �DOI: 10.1149/1.3110842� All rights reserved.
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Although copper is now widely accepted as conductor material
for interconnect systems of ultralarge-scale integrated circuitry

1

temperatures between 360 and 425°C.19-21 These processes yiel
isolated Cu clusters only; due to the strong agglomeration tenden
�ULSI�, there is an increasing need for extremely thin, continuous
Cu films that are conformal in demanding nanoscale geometries.
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Cu exhibits especially on substrates such as silica, refractory metals,
or refractory metal nitrides.22-27 Therefore, such processes are prob-
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The conventional damascene technology applied for creating
metallization system of ULSI devices requires Cu seed layer
starting point for electrochemical Cu filling of vias and condu
lines embedded in patterned SiO2 or low k/ultralow k materia
Thus far, sputtering is the method of choice for depositing such
layers, but with reduced line width and increasing aspect ratio o
interconnect features, this method tends to fail due to its inhe
nonconformal deposition characteristic as schematically show
Fig. 1.

Gas-phase chemical deposition methods, such as chemical v
deposition �CVD� and atomic layer deposition �ALD�, are b
discussed as alternative methods in this respect.3-6 ALD, in par
lar, is a viable technique to obtain continuous, ultrathin films
very good step coverage in extreme geometries and on th
dimensional nanoscale objects due to the self-limiting film-gro
behavior.7,8

Because ALD relies on the reaction of a chemisorbed monol
of a metal precursor with a coreactant to form the desired mate
a suitable precursor combination must be found. In contrast to A
processes of noble metals, where also oxidizing agents can be
to obtain metal films,9-15 metallic copper films are only access
by ALD directly when the Cu precursor is reduced. This can
accomplished by plasma-enhanced ALD �PEALD� with atomic
drogen as the reducing agent.16-18 However, these approaches d
riorate ALD’s ability to conformally coat complex geometries
cause, especially, hydrogen plasmas tend to deplete down
nanoscale trenches and shadowed areas. As a consequence,
leads to reduced step coverage and nonconformal film growth, c
promising a major advantage inherent to ALD. From this poin
view, thermal ALD is generally favored.

Pure thermal approaches to form metallic Cu have been prop
with �CuCl� and H2 as the precursors, requiring elevated proces
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lematic for applications where ultrathin, continuous films are
quired. In addition, the use of solid precursors with high melt
points, such as metal halides, further complicates the situation
cause the precursors must be sublimed in situ, making it cumb
some to guarantee a constant and reproducible precursor flow r
which is indispensable for reproducible processes applicable to m
production.

Using metallorganic precursors, in contrast, lower sublimat
temperature, or in many cases, precursor liquid delivery or bubbl
as well as reduced processing temperatures are possible. In this
spect, Cu�II� �-diketonates have been studied. With copper
hexafluoroacetylacetonate, �Cu�hfac�2�, ALD was reported fr
230°C.28,29 Although fluorinated precursors exhibit the advantage
greater volatility compared to their nonfluorinated counterparts,
hesion problems of the deposited films have been observed a
result from fluorine-containing residues accumulating at the in
face to the substrate in Cu CVD processes from ��TMVS�Cu�hfa
�CupraSelect� �TMVS = trimethylvinylsilane�.30-32 As an alter
tive, ALD was studied using the nonfluorinated copper�II� te
methylheptanedionate, �Cu�thd�2�, and direct reduction to form
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Figure 1. �Color online� Schematic of Cu ULSI dual damascene metall
tion: Especially in high aspect-ratio features, such as vias, the sputtered P
seed layer is prone to nonconformalities �left�, which may result in the
mation of voids during the subsequent electrochemical Cu deposition �rig
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However, these processes turned out to be highly substrate de
dent, as film growth relied on catalytic underlayers such as P
Pd.33,34

Apart from Cu�II� precursors, Cu�I� amidinates have rece
been reported to react with hydrogen already at temperat
�200°C to give copper films by ALD.35-37 However, most of t
precursors are solids under standard conditions. Furtherm
smooth and continuous ALD Cu films are only obtained on met
nucleation layers, such as Co or Ru, while discontinuous isl
grow on materials such as WNx.

38,39 With respect to a prac
application, such requirements would result in rather complex
cesses.

To circumvent these issues associated with direct precurso
duction for growing metallic Cu films, alternatives are being
cussed with respect to simple yet cost-effective processes. CVD
ALD approaches include the formation of films of copper c
pounds such as nitrides40-42 or oxides,28,29,43-47 which are su
quently reduced. In this respect, we here investigate the ALD
oxidic copper films from bis�tri-n-butylphosphane�copper�I�ac
acetonate, �� nBu3P�2Cu�acac�� � nBu = n-butyl� for the first t
This liquid, nonfluorinated Cu�I� �-diketonate precursor is ac
sible by a straight-forward synthesis methodology from inexpen
educts. Hence, it also appears attractive for later large-scale in
trial application at reasonable cost. In our current study, we con
trate on pure thermal ALD processes to eliminate the drawback
PEALD associated with reduced film conformality in high asp
ratio features. For similar reasons and also in order to avoid ex
sive oxidation of substrate materials as well as the use of co
equipment, ozone-based oxidation processes are not investiga
Rather, a mixture of water vapor and oxygen �“wet oxygen”� is
as the oxidizing agent during ALD. With the target applicatio
seed layers for ULSI damascene metallization in mind, ALD
carried out on tantalum as well as tantalum nitride diffusion ba
layers. Ruthenium, as a candidate for Cu nucleation layers12,48,49

potential component of advanced diffusion barrier systems,50-55

also used as substrate. For comparison to the conductive substr
depositions were further carried out on SiO2.

Experimental

Precursor considerations.— Bis�tri-n-butylphosphane�copp
acetylacetonate, �� nBu3P�2Cu�acac�� �Fig. 2� was synthesized u
inert gas atmosphere by published methods.56,57 Under stan
conditions, the precursor is a pale yellow liquid and can be store
inert gas atmosphere for months without decomposition. Vapor p
sure measurements showed that the precursor has a vapor pres
of 0.02 mbar at 98°C �Fig. 3�, being comparable to �Cu�acac�2�
considerably lower than fluorinated substances, such as ��
VS�Cu�hfac�� or �Cu�hfac�2�.58-60 However, for ALD a high v
pressure is not as critical as for CVD, where high deposition r

Figure 2. Structure of �� nBu3P�2Cu�acac�� �molecular we
567.3 g/mol�.
 address. Redistribution subject to ECS128.101.161.89ownloaded on 2017-10-17 to IP 
are desirable. Because ALD relies on forming a chemisorbed mo
layer of precursor molecules on a substrate, less-volatile liquids
be applied to ALD.

In a previous report,57 Cu CVD by thermal disproportionat
was shown at 220°C with this precursor. As differential scann
calorimetric studies of the molecule showed major decomposit
peaks only at 237 and 255°C,57 we chose the precursor as a via
candidate for low temperature ALD studies.

ALD experiments.— ALD experiments were carried out i
cold-wall, 4 in. single-wafer vertical flow reactor equipped wit
load-lock chamber.61,62 The process control system of the orig
CVD reactor had been modified to enable automated, cy
processing.63 The deposition chamber was evacuated with a com
nation of a turbomolecular and a roots pump, both backed w
rotary pumps, to achieve a base pressure of �3 � 10−6 mbar. T
ALD processes themselves were carried out at pressures betw
0.8 and 1.5 mbar. During deposition, the chamber walls were kep
85°C to avoid precursor condensation. Each ALD cycle consisted
the steps summarized in Table I. Because of the large reactor volu
of nearly 13 liters, relatively long pulses were necessary both
reach saturation of the precursor chemisorption as well as to gu
antee sufficient purging of the chamber. The copper precursor w
stored at room temperature under Ar atmosphere in a stainless s
stock bottle. During processing, it was evaporated by a Bronkh
liquid delivery system with Ar as carrier gas �flow rate �700 scc
This approach avoids exposing the precursor stock to heat and t
leads to a longer shelf life of the substance. After evaporating
tween 85 and 100°C at a flow rate of 10–20 mg/min and mix
with carrier gas, the precursor vapor was transported to the dep
tion chamber via heated stainless steel tubes. Water vapor was g
erated by a bubbler, also using Ar as carrier gas, at a temperature
45–50°C. With an Ar flow of 200 sccm, approxima
18 to 20 mg/min H2O were evaporated. In parallel to the water
por, 90 sccm of oxygen were flown during the oxidation pulses. T
purging steps were realized by supplying 145 sccm of Ar. The 4
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Figure 3. Vapor pressure data for � nBu3P�2Cu�acac� compared to other c
monly used Cu CVD/ALD precursors.58-60

Table I. Steps of an ALD cycle.

Step Description Pulse length

1 Precursor exposure 3–5
2 Argon purging 5
3 Oxidation �oxygen + water vapor� 7–11
4 Argon purging 5
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use terms of use (see 
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wafers that were used as substrates were heated resistively by a
graphite heater during the ALD. The processing temperature ranged
from 100 to 155°C. As starting layers, 40 nm of TaN or combina-
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tions with Ta �Ta/TaN, i.e., 20 nm Ta on top of 20 nm TaN�,
preferred diffusion barrier system for ULSI Cu interconnects, w
sputtered onto the Si prior to the ALD processes. The sputtering
realized in a Balzers CLC 9000 equipment. The Ta/TaN stacks w
formed in continuous processes by turning off the N2 flow when
desired TaN thickness was reached. Because of this, a continu
transition was obtained from TaN to Ta, and in some cases th
was also unintentionally nitrided. Si substrates coated with 100
Ru on top of a 10 nm Ti adhesion layer, both prepared by evap
tion, were purchased from Advantiv Technologies, Inc., Frem
CA and used as received. For depositions on silica, 4 in. Si wa
were thermally oxidized in a Centrotherm tube furnace prior to
ALD processes. All substrates were exposed to air before the A
and were not pretreated in situ.

Sample characterization.— The surface structure and morp
ogy of the ALD films was studied by field-emission scanning e
tron microscopy �SEM� on a LEO 982 Digital Scanning Microsc
as well as atomic force microscopy with a Digital Instruments N
Scope IIIa in tapping mode using standard silicon tips. Spec
scopic ellipsometry with a SENTECH SE850 ellipsometer was
plied to determine the thickness of the ALD films. Selected sam
were studied in more detail by cross-sectional transmission elec
microscopy �TEM� with respect to the film structure as well a
verify the thickness values obtained from ellipsometry. A Ph
CM20 TEM equipped with a field-emission gun was used for t
investigations. Additionally, electron energy loss spectrosc
�EELS� and electron diffraction analyses were carried out on
TEM. Chemical analysis of the samples was further realized
X-ray photoelectron spectroscopy �XPS� on a PHI 5600 �Phy
Electronics� with Al K� X-rays �1486.7 eV� used for excita
The adhesion of the films was examined with the tape test u
Tesa 4129 tape with an adhesion force of 8 N per 25 mm.

Results and Discussion

For the ALD experiments carried out on Ta, a bimodal gro
characteristic was experienced, leading to the parallel formatio
continuous films and separated islands. In an earlier report,64 it
already shown that when using wet oxygen rather than only O
water vapor during the ALD much better results can be obtai
which is due to the enhanced oxidizing activity of the H2O/O2 c
bination. Figure 4a shows a top-view SEM image of a Ta sam
where the ALD film has been partially etched away. Between
clusters, a continuous film can be seen. On TaN, in contrast,
tinuous films without any larger aggregates were obtained u
125°C �Fig. 4b�.

For ALD films grown at 135°C, very small clusters in the ra
of 15–20 nm were detected by cross-sectional TEM imaging �
5�. With increasing temperature, however, larger clusters starte
appear on TaN, too. Together with an increase in the growth
cycle �GPC�, this points to self-decomposition of the precursor
ting in. In fact, it was shown theoretically by Machado et al.65,66

especially Ta is very reactive toward metallorganic precursors, c
ing them to decompose and even form fragments of the ligands
that study further points out, this effect is much less pronounce
TaN surfaces. Apparently, this results in a much better contro
ALD growth on TaN than on metallic Ta in the current experim
This is also expressed by the self-saturated growth regime obta
on TaN at 135°C as reported before,64 although a slight increas
the GPC due to beginning CVD effects is already experienced at
temperature. The respective graph is reprinted here in Fig. 6.
growth characteristic for this process shown in Fig. 7 displa
linear behavior with increasing number of ALD cycles in the lo
range, while for more than about 200 cycles, the data sugge
 address. Redistribution subject to ECS128.101.161.89ownloaded on 2017-10-17 to IP 
steeper increase. We believe this to be due to a change in the surf
chemistry once the substrate gets completely covered with the gro
ing film.

Figure 8 displays XPS data of the Cu 2p3/2 core level and
Cu LMM Auger transition for ALD films on TaN. The samples w
fabricated at different processing temperatures both on stoich
metric and Ta-rich TaN. XPS analyses carried out approxima
40 days after deposition as well as 100 days later reveal that ther
a general tendency of Cu2O formation, which is in accordance w

Figure 4. �a� Top-view SEM image of a Cu/CuxO ALD film on Ta grow
135°C. The film was partially etched to expose the Ta surface. The bim
growth characteristic has lead to cluster formation in parallel to the growt
a continuous film. �b� Cross-sectional TEM image of a perfect ALD
grown on TaN at 125°C. No clusters are visible. By spectroscopic ellips
etry, a film thickness of 3.6 nm was determined.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use terms of use (see 
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other reports where preferably Cu�I� oxide was produced f
�Cu�hfac�2� 45,67 or �Cu�acac�2� 46 and H2O or H2O2. This is sh
by the Cu 2p3/2 peak �Fig. 8a� at �932.4 eV.68 However, bec
this signal could also be assigned to metallic Cu,68,69 one has to
into account the Auger spectra for the Cu LMM transition �Fig.
as well. There Cu would be expected at a binding energy
567.7–567.9 eV,69,70 while Cu2O should give a signal
570 eV.68,69 �We note that, in Ref. 68-70, the kinetic energy of
Auger electrons is given, while in the current study we report
binding energy, �i.e., the difference of the X-ray excitation en
and the kinetic energy of the Auger electrons�.� Because no sign
be assigned to Cu�0� is present in the Auger spectra, we can
clude the presence of Cu�I� oxide. This is further supported by e
tron diffraction studies �Fig. 9�. Apart from substrate signals o
nating from TaN, the diffraction reflexes obtained are best fitte
Cu2O rather than CuO or Cu. However, the XPS core level spe
in Fig. 8a also display signals at higher binding energies. In
respect, CuO would be expected at 933.2 eV68 together with a
ellite between 940 and 945 eV68 and an Auger signal for the
LMM transition at 568.5 eV.69 Apart from CuO, the Cu 2p sate

Figure 5. �a� Cross-sectional TEM image of an ALD film grown on Ta
135°C. Besides a continuous film of �5 nm thickness �ellipsom
4.9 nm�, clusters of a size between 15 and 20 nm are visible. �b� EELS
for Cu of the same sample.
 address. Redistribution subject to ECS128.101.161.89ownloaded on 2017-10-17 to IP 
is also typical for Cu�OH�2 together with a major signal
935.1 eV69 and an Auger peak at 570.4 eV �i.e., at a similar posit
as for Cu2O�.69 Because the Cu 2p3/2 core-level signal as well as
Auger peak for CuO are not developed, we can further conclude
Cu�OH�2 is present in addition to Cu2O. However, it is known fr
earlier studies by Baklanov et al.71 that Cu samples exposed to
display the formation of a Cu hydroxide surface contamination.
cause we had also observed such effects on sputter-deposited
films, angle-resolved XPS analyses were carried out on the A
samples in order to elucidate whether the Cu�OH�2 results from
surface effect or if it is present throughout the entire ALD films. T
respective spectra displayed in Fig. 10 suggest that Cu�OH�2 is o
present toward the sample surface, while in the bulk of the A
films Cu2O dominates as the Cu�OH�2 peaks considerably decre
with increasing XPS take-off angle. Moreover, the sample grow
135°C and examined 100 days later than the ones processed at
and 125°C exhibits a stronger transition toward Cu�OH�2 sho
both by the position of the Cu 2p3/2 signal as well as the broa

Figure 6. GPC as a function of precursor pulse length for ALD on TaN
135°C. Reprinted with permission from Ref. 64.

Figure 7. Evolution of film thickness for ALD on TaN at 135°C with res
to the number of cycles, based on ALD runs according to Table I with
precursor and 11 s oxidation pulses, separated by 5 s purging pulses. �
dotted lines are drawn to guide the eye.�
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use terms of use (see 
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peak in the Cu LMM spectrum �Fig. 8a and b�. This also points
that the effect is enhanced by prolonged exposure to ambient m
ture.

The investigations further reveal the influence of TaN comp
tion and processing temperature on the ALD film composition:
though for the deposition on stoichiometric TaN up to a tempera
of 135°C, only small or no temperature dependence �Fig. 11�
thus saturated growth are observed �Fig. 6�, there is a consider
increase in the GPC seen at higher temperatures, resulting f
beginning self-decomposition of the precursor and CVD gro
modes setting in. This process is even more pronounced for the A
on stronger metallic TaN, which is displayed by the data p
marked with an X in Fig. 11 and related to the XPS data of the
blue curve in Fig. 8. In this respect, the Ta 4f spectrum in Fig
clearly shows the stronger metallic character of this tantalum ni
substrate as compared to the other TaN samples. Evidently,
stronger CVD effects in this case are due to enhanced precu
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Figure 8. �Color online� XPS core level spectra of Cu 2p3/2 �a� and Ta4
as well as binding energy data obtained for the Cu LMM Auger transitio
from ALD samples on TaN. The processes of 400 cycles were carried
with precursor and purging steps of 5 and 11 s oxidation pulses at 115,
135, 145, and 155°C.

Figure 9. �Color online� Electron diffraction analysis of an ALD samp
TaN after cross-sectional TEM preparation. Apart from substrate sig
originating from TaN, the diffraction reflexes obtained are best fitted to C
rather than CuO or Cu.
 address. Redistribution subject to ECS128.101.161.89ownloaded on 2017-10-17 to IP 
self-decomposition caused by the metallic Ta as theoretically p
dicted by Machado et al.65,66 Similar effects were experienced
lier for the growth on stacks of Ta/TaN.64 With respect to
chemical composition of the films grown under enhanced CVD c
ditions, one could expect metallic Cu to be present due to disp
portionation of the precursor. However, the Cu 2p3/2 spectra
gether with the Cu LMM Auger data do not indicate this. Rat
they point to Cu2O as in the other samples. This can either be
plained by an immediate oxidation of any metallic Cu formed dur
the precursor pulses by the subsequent oxidation steps in the A
process itself, or by an influence of the air exposure of the samp
Furthermore, the data suggest the formation of Cu�OH�2 as
served before. However, due to the higher GPC, the ALD films w
two to three times thicker compared to the samples grown betw
115 and 135°C, so that the signals originating from Cu�O
formed on the surface appear considerably weaker in the normali
spectra.

In case of the ALD on Ru and SiO2 substrates, comparable
sults were achieved with respect to the chemical nature of the fil
As depicted by Fig. 12, the fraction of Cu2O was higher on Si
whereas on Ru a greater tendency of Cu�OH�2 formation than
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Figure 11. �Color online� GPC as a function of temperature for ALD
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SiO2 is seen. In addition, some CuO appears to be present on
which is expressed by the broadening of the peaks both in the
2p3/2 as well as in the Cu LMM spectra. This may be due to
ability of catalytic dissociation of O2 on Ru72 toward atomic
gen, so that Cu2O formed during ALD could undergo an additi
oxidative step, either during the ALD itself or afterward as a re
of air exposure.

On all substrates investigated, nearly temperature-indepen
ALD growth was observed at least up to 120°C, as depicted by
11. In case of the Ta and Ru substrates, the GPC increased subs
tially above 130°C, due to beginning CVD growth modes. In
trast to the ALD on Ta where considerable formation of clusters
experienced, smooth films could be obtained on Ru also at
higher processing temperatures. Well-controlled ALD growth
also realized on Ru down to 100°C, giving an ALD window
tween 100 and 120°C. On TaN and SiO2, CVD effects were
pronounced, leading to more controlled ALD regimes along wit
ALD window between 110 and 125°C. This is expressed in sm
films being deposited on silica, comparable to the ones obtaine
TaN up to 135°C. As an example, Fig. 13 displays an AFM imag
a 3 nm thick ALD film on silica, essentially replicating the sur
roughness of the substrate, while the absolute values of the GPC
SiO2 are considerably smaller compared to the ALD on the con
tive substrates. These variations in the GPC may be due to var
density of adsorption sites and different modes of chemisorp
depending on the substrate.73 However, one should expect sim
growth once the substrate is covered with a monolayer of the gr
ing film. In the current experiments, the composition of the fi

930935940945
0

0.2

0.4

0.6

0.8

Binding Energy (eV)

N
or

m
al

iz
ed

In
te

ns

56565570575580
0

0.2

0.4

0.6

0.8

1

Binding Energy (eV)

N
or

m
al

iz
ed

In
te

ns
ity

Cu LMM

Cu or
Cu2O

CuO

Cu(OH)2

CuO or
Cu(OH)2

Cu

CuO

Cu2O

Cu(OH)2

(b) Ru substrate

SiO2 substrate

Figure 12. �a� XPS Cu 2p3/2 core level spectra and �b� Cu LMM A
spectra for ALD samples on SiO2 �solid line� and Ru �dotted line�.
processes were carried out with precursor and purging steps of 5 and
oxidation pulses at 120°C.
 address. Redistribution subject to ECS128.101.161.89ownloaded on 2017-10-17 to IP 
evidently also depends on the substrate as shown by the XPS inv
tigations. This may be another reason for the variation of the G
although more detailed studies of the surface processes by in
methods need to be carried out for clarification.

For all substrates examined in this study, the adhesion of
ALD films grown with �� nBu3P2�Cu�acac�� and wet oxygen w
excellent. In no case did the films show signs of delamination. T
is a considerable improvement compared to our earlier approac
where either O2 or water vapor was used as oxidizing agent dur
ALD. Apart from the fact that in those cases no continuous films
only isolated clusters were grown on Ta, their adhesion to the s
strate was so poor that they could be wiped off the wafer q
easily.

Conclusions

The thermal ALD growth of copper oxide films has b
demonstrated on Ta, TaN, Ru, and SiO2 substrates fr
bis�tri-n-butylphosphane�copper�I�acetylacetonate,
�� nBu3P�2Cu�acac��, and wet O2. Being nonfluorinated, the Cu p
cursor avoids a major source of adhesion problems well known fr
Cu CVD. Furthermore, it is available from less costly educts than
fluorinated counterparts. Nevertheless, the precursor is a liquid
der standard conditions. This is another important fact for pract
applications as solid-source precursors are prone to particle gene
tion during deposition.

The ALD processes were carried out at moderate temperature
well below 160°C, fulfilling a prerequisite to obtain ultrathin, c
tinuous films and suppress agglomeration, which especially Cu
susceptible to. Temperature-independent growth regimes, essen
for ALD, were found at least up to 120°C with GPC values
�0.1 Å for the metallic substrates. The ALD window extends do
to 100°C on Ru, while it was found to be somewhat narrowe
case of TaN. However, saturated growth on TaN was still obtaine
135°C. Because of apparent precursor self-decomposition on T
bimodal growth was experienced, leading to the parallel format
of continuous films and isolated clusters. This effect was not
served on TaN up to �130°C, and neither did it appear for any
the depositions on Ru where very well-controlled growth regim
could be obtained. However, higher process temperature also led
the formation of clusters of �20 nm on TaN and an increase of
GPC with temperature, being a clear sign of beginning CVD mo
and thermal decomposition of the Cu precursor. In this respect,
observed that the degree of nitridation of the tantalum nitride und
layers considerably influences the growth of the films. This is
accordance with theoretical studies suggesting that metallic Ta le
to a strong decomposition tendency of metallorganic compound

Figure 13. �Color online� AFM image of a 3 nm thick ALD copper o
film grown on 300 nm thermal SiO2. An rms roughness of 0.25 nm
determined, very close to an as-grown SiO2 film for which a value
0.21 nm was measured.
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On both Ta and TaN as well as on Ru, the ALD films showed very
good adhesion in the tape test, most likely due to the absence of
fluorine in the precursor, which is in strong contrast to the typical
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behavior of CVD grown Cu. For a later application in U
metallization systems, this could open up an opportunity to red
the liner thickness by avoiding the Ta layer between the TaN d
sion barrier and Cu conductor, and appears encouraging also
respect to liner materials, such as ruthenium.

Further ALD experiments under similar conditions on S
yielded smooth, continuous films in all cases. No temperature
pendence of the GPC was observed between 110 and 120°C. H
ever, the absolute values of the growth rate were considerably lo
than on the metallic substrates. The adhesion of the ALD gr
films was excellent on silica as well.

The results appear promising for deposition processes of
nucleation layers applicable to ECD Cu metallization. For this
pose, reduction methods have to be found to convert the oxidic fi
into metallic Cu. Experiments with isopropanol and formic aci
the reducing agents gave very promising results and will be repo
in due course.
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