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ABSTRACT

A novel atomic layer deposition (ALD) process was developed for low-resistivity molybdenum (Mo) from molybdenum dichloride dioxide
(MoCl,0,) and atomic hydrogen (at-H). A wide ALD window of self-limiting growth was observed between 150 and 450 °C. No film depo-
sition occurred with molecular hydrogen (H,), demonstrating the necessity to have at-H to efficiently reduce the MoCl,O, precursor. At
350 °C and above, the film composition was determined at approximately 95 at. % of Mo and 3.5at % of oxygen (O), with trace amounts

N

(i.e., <l at. %) of carbon (C), chlorine (Cl), hydrogen (H), and nitrogen (N). The growth per cycle (GPC) was roughly 0.022 nm/cycle. No g
substrate selectivity or pronounced nucleation delay was observed on silicon (Si), silicon dioxide (SiO,), silicon nitride (Si3N,), silicon g
carbide (SiC), aluminum oxide (Al,03), hafnium dioxide (HfO,), and low-k dielectric (SiOC). Film uniformity and conformality were +5% N
and +10%, respectively, while resistivity approached a bulk value of 18.6 4 Q cm at 24 nm. At 250 °C and below, increased levels of oxygen 8
(up to 33 at. % at 150 °C) and chlorine (2.7 at. % at 150 °C) were detected in the film. This trend coincided with an increase in the GPC, a g
change in optical properties, a decrease in film density and crystallinity, and an increase in resistivity. While self-limiting growth was ;
observed through the entire ALD window of 150-450 °C, the temperature (T) range for depositing low-resistivity Mo deposition was nar-
rower at T > 250 °C.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0002804
I. INTRODUCTION candidates to replace copper and tungsten have been found among

The continuous miniaturization in the semiconductor industry metals.w1th low bulk‘ res1sF1v1ty.and 2 Shor]to_IZ\gIFP. ‘For example,
is leading to new generations of chips with longer, narrower, and ruthenium has be.en '1nten51vely {nvestlgéiltiezd/l, while cobalt hz?s
more closely packed interconnects. Interconnect speed has long been ~ already been applied m comm.ercmlq EC_S“ ) Molybdenum (Mo) is
inconsequential, but increased RC delay and power consumption seen as another potential candidate.”” ™" This refractory metal pos-
have rapidly become the major determinants of chip performance.'~ sesses a low coefficient of thermal expansion, high electrical conduc-
As critical interconnect dimensions reached below the electron mean ~ tivity and melting point, and relatively short MFP." Its high thermal
free path (MFP)" of copper (Cu) and tungsten (W) in modern large- stability and expected resistance to electromigration could also alle-
scale integrated circuits (ICs) and memories, enhanced electron viate the need for high-resistance diffusion barriers.””** Mo metalli-
scattering at surfaces and interfaces” ° greatly increased electrical ~ zation could, therefore, serve as a proxy for reliability and be
resistivity of ultrathin interconnects.” Since both Cu and W possess a considered an excellent alternative to replace Cu and W in advanced
relatively long MFP, alternatives are being explored to replace copper interconnects.
as the interconnect in novel IC logic and tungsten as the word lines The introduction of new materials for interconnects is among
and contact material in 3D NAND memory devices.’™"* the most difficult challenges in IC technology, mainly due to the

Solutions to reduce interconnect resistance can be found in stringent requirements for dimensional control, reliability, and pro-
novel device architectures, technologies, and materials.”'” The main cessibility.”” ALD has become a widely applied, mature technique
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to realize materials for the semiconductor industry. Due to its attri-
butes of sequential self-limiting surface reactions, ALD meets the
requirements of precise thickness control, large-scale thickness uni-
formity, and conformality in high-aspect-ratio (HAR)
structures." However, a reliable ALD process for enabling
metallic Mo films within the back-end-of-line (BEOL) limits is still
missing.

Thin film deposition of pure Mo using ALD, and, in
particular, chemical vapor deposition (CVD),*'~® has been studied
extensively. Chemistries involving MoCls reduction” ™ or Mo
(CO)s pyrolysis’>™ or photolysis generally require high
process temperatures (>400°C) to enable high-quality films.
Processes based on MoFg reduction have been demonstrated below
the BEOL temperature limit, but might suffer from corrosive
byproducts (e.g., HF), precursor reduction by silicon, or undesired
substrate selectivity.™*" ALD of Mo was performed by utilizing
the reduction of Mo-oxychloride precursor by molecular hydrogen
in the temperature range 450-590°C.”" Although film resistivity
appeared to be promising, only a few experimental details were dis-
cussed. Furthermore, the temperature range was well beyond the
BEOL limits. Recently, thermal ALD Mo was studied with
MoCl,0, as a precursor and H, as a coreactant in the temperature
range of 600-650 °C.”'

This work demonstrates the successful deposition of low-
resistivity metallic molybdenum films from MoClL,O, and atomic
hydrogen (at-H) as the precursor and coreactant, respectively.
Hot-wire (HW) assisted ALD (HWALD)® is utilized, in which
at-H is produced by the dissociation of H, upon its interaction
with a heated W filament. HWALD is considered an alternative to
plasma-enhanced ALD to prevent potential plasma-induced
damage.(’3 In contrast to H,, at-H allows for low-temperature
reduction of MoCl,0, in the temperature range of 150-450 °C.

31,39,40

51-55

Il. EXPERIMENT

Molybdenum thin films were deposited in a home-built high
vacuum hot-wall ALD reactor equipped with a low-volume reaction
chamber. The reactor was pumped down to a base pressure of
~1x107® mbar using a turbomolecular pump. The vessel of the
solid MoCl,O, precursor (Air Liquide) was heated to 75°C to
ensure sufficient vapor pressure (~2mbar) for the precursor to
diffuse into the gas inlet (at 0.2 mbar overpressure). To prevent pre-
cursor condensation, the corresponding gas-inlet system and
outside of the reactor were kept at 85 and 100 °C, respectively.
Experiments were conducted with the reaction chamber heated to
temperatures between 150 and 450 °C. The at-H was generated by
feeding 20 SCCM of H, (Linde gas, 5.0) to a heated tungsten fila-
ment. The HW was shielded from the reaction chamber using a
showerhead assembly, minimizing the influence of the HW on the
substrate. The MoCl,0, precursor and the at-H coreactant were
introduced into the reaction chamber via separate gas inlets. A
background pressure of ~1 x 107> mbar was obtained by applying
8 SCCM of N, carrier and purge gas (Linde gas, 5.0).

Mo thin films were deposited on Si(100), thermally grown
SiO, and Si3N,, SiC, sapphire, ALD HfO, and a low-k
industry-standard SiOC (k-value 3.0). The substrates were pre-
cleaned with either 99% HNOs;, 1% HF, or O3 steam. There was no
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indication that film nucleation might be affected by the method of
cleaning. The pulse durations used for a standard ALD cycle were
1s of MoClL,0, and 29 s of at-H, with both pulses separated from
each other by 15s N, purges. More details on the ALD cycle can
be found in Sec. III. In addition to ALD, pulsed CVD experiments
were conducted at conditions closely resembling those of the ALD
process. Specifically, 1s MoCL,O, pulses were introduced every 30s
under a constant at-H supply and without N, purges. This should
ensure doses of MoCl,0, and at-H comparable to those introduced
in the ALD process.

Film growth was in situ monitored with a J. A. Woollam Co.
M-2000 spectroscopic ellipsometer (SE) operating in the spectral
range of 245-1690 nm. The growth per cycle (GPC) was deter-
mined by dividing the film thickness increase in the linear growth
regime by the corresponding number of cycles. Additional SE mea-
surements were performed ex situ with a J. A. Woollam Co.
M-2000UTI ellipsometer, equipped with an automatic goniometer,
and sample alignment and positioning tools. The J. A. Woollam
Co. CompleteEASE v6.46 software package was used to operate the
SE and model the layer stack characteristics to extract the Mo thin
film properties. The optical properties of Mo were modeled with a
Drude term and two Lorentz oscillators. The former accounts for
the intraband electron transitions, i.e., the existence of conduction
electrons, while the latter describes interband transitions.®* The
accuracy of thickness determination for films thicker than 5nm
was verified through x-ray reflectometry (XRR) measurements and
electron microscopy imaging. During in situ monitoring, both the
optical characteristics and thickness of the Mo thin film were fitted
by the SE software, to account for a possible variation in the optical
properties with increasing film thickness. For films thinner than
5nm, b-spline fitting was utilized to account for the potential
appearance of new optical features.

XRR and grazing incidence x-ray diffraction (GIXRD) mea- ;
surements were performed with a Rigaku SmartLab x-Ray diffrac-

tometer. The SmartLab Studio II software package was used to
model the layer stack and to extract the Mo film thickness and
density. The corresponding GPC was determined for XRR mea-
surements by dividing the resulting film thickness by the total
number of process cycles.

Mass spectroscopy analysis was performed with an MKS
Spectra LM76 Microvision Plus quadrupole residual gas analyzer
and Spectra Process Eye V2.0 software package.

Time-of-flight elastic recoil detection analysis (TOF-ERDA) of
the elemental concentration profiles was performed with an
EGP-10-II 5 MV tandem accelerator at the University of Helsinki.
A 30 MeV 1271 ion beam was used, with a recoil angle of 40° and
16° angle of incident relative to the sample surface. Elemental con-
centration depth profiles were calculated using SRIM-2003 stopping
powers for energy loss calculations.

Secondary ion mass spectroscopy (SIMS) analysis was per-
formed using an Atomika 4100 quadrupole SIMS tool. EAG pro-
prietary software was used for quantification.

High-resolution scanning electron microscopy (SEM) images
were obtained with a Zeiss Merlin HR-SEM by using an In-lens or
energy-selective backscatter (ESB) detector. The In-lens detector
allowed for clear topographic mapping, while the ESB detector was
used for compositional contrast mapping. Scanning transmission
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electron microscopy (STEM) images were captured with a Helios 5
Dual Beam from Thermo Fisher, while regular transmission elec-
tron microscopy (TEM) and energy-dispersive x-ray (EDX) spec-
troscopy images were obtained with an FEI cubed titan
Cs-corrected 80-300 kV TEM.

Sheet resistance measurements were performed with a Polytec
280SI four-point probe station. Automatic custom cartesian wafer
maps of 69 points with 1 cm intervals were obtained.

Ill. RESULTS AND DISCUSSION
A. ALD window determination

An appropriate ALD cycle was determined at 350 °C by evalu-
ating the GPC with in situ SE, while independently varying the
MoClL,0, pulse time (t;) and purge time (t,), and the at-H pulse
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time (#;) and purge time (¢,) durations. Being typical for ALD, the
GPC stabilized with increasing f; and ¢, as depicted in Figs. 1(a)
and 1(b), respectively. The GPC increased with decreasing t,
[see Fig. 1(c)], presumably to an enhanced CVD contribution.
Interestingly, the GPC was rather independent of the at-H purge
time, as shown in Fig. 1(d). It supposedly indicated a very short
at-H lifetime in the reactor; at-H might quickly recombine into H,
and, thus, becomes nonreactive for both ALD and CVD modes.
Based on Fig. 1, the standard ALD cycle was chosen as
{ti/t2/t3/t,} = {1/15/29/15} s, since it provided the near-saturation
behavior of the GPC. A long at-H pulse time duration was chosen
to ensure efficient reduction, as the extent of reduction may not be
(fully) correlated with the magnitude of the GPC.

The necessity of using at-H, and not H,, was confirmed by
varying the hot-wire temperature [see Fig. 1(e)]. The GPC was first
determined as a function of the HW power. The corresponding
HW temperature was then estimated from our previous work with
a similar HW setup.®” The results clearly showed a quick decay in

0.03 a) 0.03 b) the GPC if the temperature of the HW was decreased, being attrib-
< @ P _._.... uted to the insufficient formation of at-H at lower filament temper-
S 002 .‘."' 0.02 .’. atures. The growth stopped completely after the HW was turned
L e ' ® off. Supplying only H, could not support film growth at the
E ® process conditions explored in this work.

O 001 0.01 . The self-limiting nature of ALD was investigated over the tem-
% i perature range between 150 and 450 °C through adsorption experi-
] ments, where MoCl,O, was pulsed sequentially without pulsing
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at-H in between (see Fig. S1).”* Saturation of the film thickness was
observed for the entire temperature range, confirming the self-
limiting nature of MoClL,O, chemisorption.

The effect of substrate temperature (T;) on the GPC was inves-
tigated for both ALD and pulsed CVD experiments, as shown
in Fig. 2. Both in situ SE and ex situ XRR measurements, employed
to determine the GPC, are in close agreement. The GPC slightly
fluctuates around a constant value of ~0.022nm/cycle for
ALD (250 < T, <450 °C) and ~0.080 nm/cycle for CVD (350 < T
<450°C). The difference in GPC between ALD and CVD modes
suggests the presence of additional factors to enhance the GPC.
This can be related to the occurrence of gas phase reactions
and/or enhancement of surface reactions by the fact that both reac-
tants are simultaneously present. Both ALD (T <250 °C) and CVD
(Ts<350°C) show an increase in GPC toward lowering T;. The
change in GPC in the low T range coincides with a change in the
film optical properties from SE (see Fig. $2)”* and a decrease in the
film mass density according to XRR (see Fig. $3).”* These observa-
tions can all be explained by an increased oxygen share in the films
with lowering T, as further confirmed by elemental compositional
analysis.

B. Deposition kinetics

Molybdenum layer growth kinetics was investigated by in situ
SE, at different temperatures (T =150-450 °C, only on Si) and on
various substrates (at T, =350 °C only). Thin films were successfully
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Figure 3 shows the thickness evolution of Mo on SiO, for the first
400 ALD cycles. One should bear in mind that not solely the thick-
ness but also the optical properties are fitting parameters in the SE
model, because of their expected dependence on the film thickness.
From Fig. 3, the initial nucleation stage is followed by a linear thick-
ness increase, demonstrating a constant GPC. The onset of the
steady growth regime is estimated at approximately 3-3.5nm of the
film thickness. Unfortunately, no conclusive statement can be made
about the nature of film growth (substrate inhibited or enhanced) in
the nucleation stage. The SE-determined thickness was verified by
other measurement techniques (e.g., XRR, SEM, and TEM) for
values exceeding 5nm but not below 5nm. A substrate-inhibited
type of growth may be expected when considering the evolution of
the GPC with the number of cycles, as depicted in the inset of Fig. 3,
where the GPC increases rapidly, approaches a maximum, and
finally, decreases to a steady value.”” However, if the film thickness is
extrapolated from the stable growth regime to zero cycles, the curve
would intersect the positive y axis, which would only be possible for
growth that is enhanced in the incubation regime. Nevertheless, no
pronounced nucleation delay was observed for any of the substrates
and temperatures investigated, as can be seen in Fig, $4.”*

Mass spectroscopy (MS) was used to investigate the evolution
of byproducts during the chemisorption of MoCl,O, and its subse-
quent reaction with at-H, as depicted in Fig. 4. MS was employed
outside of the standard ALD process conditions in order to prevent
a sensor overload. Introducing a saturation MoCLO, pulse of 1s to
a substrate pre-exposed to at-H is accompanied by a significant

deposited on Si, SiO,, SizNy, SiC, HfO,, Al,Os, and low-k SiOC. elimination of HCl and only a little H,O. Oppositely, a subsequent 1
g
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FIG. 3. Thickness of the Mo film as a function of time during the initial stages FIG. 4. Evolution of HCI and H,O byproduct emission for the MoCl,0, + at-H
of the ALD process. Inset: GPC in the incubation regime. ALD process, as determined by mass spectroscopy.
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at-H pulse of 1s coincides with considerable H,O elimination and
only a weak HCI production. These results suggest that the initial
MoCLO, chemisorption occur primarily through the interaction
between surface hydrogen and precursor chloride ligands, forming
HCL At-H is expected to further remove most of the O and remain-
ing Cl ligands through the formation of H,O and HCI, respectively.

C. Compositional analysis

The film composition was investigated by time-of-flight elastic
recoil detection analysis (TOF-ERDA). Figure 5(a) depicts the
TOF-ERDA depth profile of Mo, O, and Si in a 20 nm thick ALD
film obtained at 350 °C on a Si substrate. (To be noted: other ele-
ments such as Cl, H, C, and N are only present in trace amounts,
i.e., below 1 at. %.) The two oxygen peaks correspond to the surface

ARTICLE pubs.aip.org/avs/jva

oxides: the surface MoO, and interfacial native SiO,, respectively.
The temperature dependence of the elemental composition is
shown in Fig. 5(b), including the common contaminants. For
T,>350°C, the films roughly consist of 95at.% of Mo and
3.5at. % of O. Trace amounts of H, C, and N are measured at 0.7,
0.2, and 0.3 at. %, respectively. The share of Cl is below the detec-
tion limit. Importantly, the oxygen share shows an increase toward
lower temperatures, being 6.6at. % at 250°C and 33.3at. % at
150 °C. Furthermore, the share of chlorine becomes non-negligible
at 2.7 at. % at 150 °C. These results may indeed indicate that the
(i) increase in the GPC, (ii) decrease in the film density, and
(iii) variation in the film optical properties, all observed with lower-
ing T, can be explained by the change in film composition due to
the increasing inability of at-H to efficiently remove the ligands
from the MoCl,O, precursor.

© Author(s) 2023
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Secondary ion mass spectrometry (SIMS) depth profiles were
obtained to further investigate the elemental composition. From
the depth profile of an ALD film obtained at 350 °C on a Si sub-
strate, as shown in Fig. 6(a), it can be seen that O, Cl, C, N, and Si
contaminants are only present in trace amounts of around
10%° atoms/cm®. The CVD-SIMS results [see Fig. 6(b)] show an
increase in the O and Cl shares toward lower temperatures. While
the amount of Cl only approaches 10°° atoms/cm’, the amount of
oxygen exceeds 10°* atoms/cm® for a CVD film grown at 250 °C.
This is expected to correspond to a few tens of atomic percent of
oxygen in this film, once again confirming the compositional
changes and corresponding properties at such a low temperature.

D. Film resistivity

The electrical resistivity of Mo was determined by four-point
probe sheet resistance measurements and SE thickness determina-
tion. Figure 7(a) shows resistivity as a function of film thickness.
The resistivity approaches a bulk value of 18.6uQcm for an
approximately 24 nm thick ALD film deposited at 350 °C on SiO.,.
The resistivity of Mo films obtained in the other ALD works was
13 uQ cm (at 600-650 °C),°" 15 4 cm (at 400-500 °C),” 16 uQ cm
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MFP in molybdenum (at 11.2 nm).* Figure 7(b) shows resistivity as
a function of process temperature, both for ALD and CVD films
on Si with native SiO,. All films are approximately 25 nm thick,
except for the ALD film deposited at 150 °C, whose lower density
resulted in a film thickness that approached 50 nm. A correction to

the resistivity has been applied to account for the parallel conduc-
tion path through the Si substrate.”’

As expected, the resistivity is
low for deposition at higher temperatures, while it increases

sharply with decreasing temperatures below 250 °C for ALD and
below 350°C for CVD. These trends are in agreement with the
trends observed for oxygen incorporation (Figs. 5 and 6). The
increase in film resistivity at lower temperatures can also originate

from a loss of crystallinity. As shown in Fig. 8, a GIXRD measure-
ment of the ALD film obtained at 350 °C reveals peaks at 41°, 59°,

and 74°, which corresponds to the (110), (200), and (211) planes of
BCC Mo, respectively.”"

' In contrast, besides a peak from the
(311) plane of the p-Si(100) substrate,”*” no peaks are observed

for the ALD sample obtained at 150 °C, which indicates an amor-

phous nature of the film.

(at 450-590°C),”" and 124 uQ cm (at 120°C)." In this work, the
temperature did not exceed 350 °C. The as-obtained resistivity of
18.6 Q2 cm was thus considered to be sufficiently low and in line
with the reported dependence of resistivity on the film deposition
temperature. The resistivity starts to increase sharply with decreas-
ing film thickness if the film thickness approaches the electron

E. Film uniformity and conformality

Film thickness and sheet resistance were further mapped
across the wafer surface (see Figs. S5 and $6).”* The results showed
good uniformity with a circle of ~7 cm in diameter, centered on a
100 mm wafer, with +5% variations. The nonuniformity radially
increased toward the wafer edge. Since at-H entered the reactor

above the center of the wafer, the observed nonuniformity
[e)
&
g
3 . . 3 : ; | | | | | N
10 a) 10 b) §
A AD 5 »
v CWD = S
~ (9]
© A =
€ : p
O H . .
ERS T | 3
H . . ) Q
z | © | |3 3 | S ® =
Z10°] 10°0 % % £ = 5
S ) % . 2> 7] o [aY)
= . % 5 ‘@ < IS 5
@0 . . H c 2 o
7} - 5 . @ » 3T =
& Q@ P Y £ =
B ALD 350 °C —
Go... A.. %
@ L
ALD 150 °C
10 : : 10 : '
0 10 20 30 150 250 350 450 !
Thickness (nm) Temperature (°C) 20 30 40 50 60 70 80
20 (°)
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FIG. 8. GIXRD patterns of the ALD Mo films deposited at 150 and 350 °C.
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confirmed once more the crucial role of at-H in the film formation
process. The purge time experiments shown in Fig. 1 already sug-
gested the residence time of at-H in the reactor to be rather short.
The observed nonuniformity might suggest a limited delivery of
at-H to the wafer edge, limiting process chemistry.

Film conformality was investigated in HAR trenches (the
aspect ratio varying between 2:1 and 10:1) by scanning TEM, as
shown in Fig. 9(a). The Si trenches had a SiO, capping, on which
Mo was deposited. Film conformality, defined as the film thickness
at a particular position in the trench divided by that on top of the
trench, is estimated at 95% on the sidewalls and 90% at the bottom
of the 3:1 trench. The conformality decreases with narrowing the
trenches (i.e., increasing the aspect ratio), presumably due to
increased hydrogen recombination and reduced reactant as well as
byproduct diffusion into/out of the trenches.”*”

Fast Fourier transform (FFT) analysis of the TEM images
[see Fig. 9(b)] reveals rings with d spacings of 2.22, 1.57, and
1.26 A, corresponding to the body-centered cubic (BCC) structure
of molybdenum.” Figures 10(a), 10(c), and 10(e) show a STEM
image and elemental mapping of molybdenum and oxygen atoms
(EDX measurements) near the top surface of a narrow trench,
revealing their uniform distribution. From Figs. 10(b), 10(d),
and 10(f), it is evident that the Mo precursor is able to diffuse all the
way down to the bottom of the trench. However, from an EDX line
integral, it follows that the share of oxygen is increased by roughly a
factor of 2, pointing to possible limitations for the diffusion of at-H
in narrow trenches. Possibly, at-H recombined by collisions with the
walls. The chlorine shares are low and reasonably uniform from top FIG. 10. EDX analysis, with STEM [(a) and (b)], molybdenum [(c) and (d)], and

oxygen [(e) and (f)] elemental mapping, for the top [(a), (c), and (e)] and the
bottom [(b), (d), and (f)] of a narrow trench.

to bottom. The results indicate that the formation of pure Mo in ¢
HAR structures may require giving longer pulses of at-H, to ensure
its sufficient concentration at the bottom of the trench.
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IV. SUMMARY AND CONCLUSIONS

A novel hot-wire-assisted ALD process was developed for
enabling low-resistivity Mo  films from MoCL,O, and
at-H. Self-limiting growth was observed in the temperature range
between 150 and 450 °C. Pulsing molecular hydrogen instead of
at-H did not reveal any deposition of Mo. The ALD process was
compared with the CVD process under similar conditions. The
GPC in the ALD window exhibited a value of approx. 0.022 or
0.080 nm/cycle for ALD or CVD, respectively. The GPC increased
with lowering the temperature below 250 °C for ALD and below
350 °C for CVD, which was attributed to the incomplete precursor
reduction giving higher oxygen and chlorine shares in the films.
The best elemental composition by TOF-ERDA revealed approxi-
mately 95at.% of Mo, 3.5at.% of O, and trace amounts (ie,
<lat. %) of C, Cl, H, and N. This demonstrated the ability of at-H

5 nm’! to efficiently reduce the MoCl,O, precursor. Lowering deposition
E— temperature led to the change of optical film constants, decreased
film mass density, higher O and Cl shares, and subsequently,
increased electrical resistivity of the films, suggesting the formation
of Mo suboxides. The experiments showed the capability to deposit

FIG. 9. TEM analysis with (a) STEM image of the layer stack and conformality
estimate and (b) TEM image and FFT analysis.
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Mo films on different substrates (Si, SiO,, SizNy, SiC, Al,O3, HfO,,
and low-k SiOC) and in a wide temperature range (150-450 °C)
without any pronounced nucleation delay. The electrical film resis-
tivity was measured at 18.6 uQ cm for approximately 24 nm thick
ALD films and increased sharply for thicknesses below the intrinsic
electron MFP in Mo. Film uniformity and conformality in HAR
structures were satisfactory, with £5% and £10% variations, respec-
tively. Mo could be deposited in narrow trenches but with
increased oxygen shares.
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