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Highly selective deposition of MoSiy on Si in preference to SiO, and SiN, was achieved via atomic layer de-
position (ALD) using MoF¢ and SiyHg at 120 °C. The selectivity was enabled by the lack of chemical reactivity
between the reactants and the SiO, and SiNy substrates. In contrast, MoF¢ nucleated in a self-limiting manner on
H-terminated Si, and a following Si,He exposure reduced MoFy to Mo® which is consistent with Mo-Si bond
formation. X-Ray photoelectron spectroscopy (XPS) revealed that the 5 ALD cycles of MoFg and Si»Hg selectively
deposited a substoichiometric MoSi, film on the Si substrate in contrast to previous results showing a nearly pure
Mo deposition. Extra Si,He doses on the substoichiometric MoSi, film incorporated more Si into the film without
disturbing the inherent selectivity over SiO, and SiNy. A depth-profiling study showed that the bulk of the film
has Si/Mo = 1.7-1.9 with < 10% F and O impurities. The data is consistent with higher pressure Si,Hg doses
inducing silicide formation instead of metal deposition. To verify selectivity on the nanoscale, the selective
deposition of MoSi, was investigated on a patterned Si wafer containing three-dimensional (3D) nanoscale SiO,
and SiN, features. Cross-sectional transmission electron microscopy (TEM) showed that selective MoSiy de-
position was achieved on nanoscale 3D structures. AFM documented that there were less than 10 nuclei/um? on
SiO,.; since SiO, has ~ 106/um2 OH groups, this corresponds to an intrinsic selectivity of about 10%1 between
the OH groups on SiO, and Si-H groups on Si. This inherent substrate-dependent selectivity for silicide de-
position allows the elimination of pre-positioning of passivants.

1. Introduction

Exact positioning of materials on nanoscale devices is required to
manipulate atomic-scale properties for next-generation nanoelectronics
[1-3]. For semiconductor fabrication, detailed positioning of materials
with excellent conformality and stoichiometry is required to meet the
demand for cost, yield, and throughput [4]. As metal-oxidesemi-
conductor field effect transistors (MOSFETs) are scaled to less than <
10nm channel length, there is a need to overcome the constraints
originating from top-down processes such as damage from reactive ion
etching and structural complexity in alignments on three-dimension
(3D) surfaces [3-6].

Recently, as MOSFET devices have been fabricated in 3D structures
(FinFETs), there has been increasing interest in area-selective deposition
on the nanoscale while maintaining conformal film quality since area-
selective atomic layer deposition (ALD) eliminates patterning steps and
complexity particular to 3D devices such as lithography onto 3D
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structures [6]. It has been demonstrated that selective ALD can be ac-
complished using self-assembled monolayers (SAMs) as passivation
layers [7-9]. The passivation layers block or eliminate surface functional
groups that are reactive towards ALD precursors so that selectivity can be
obtained; however, this necessitates the selective deposition of the pas-
sivation layer. Furthermore, often the passivation layers must be selec-
tively removed after the selective deposition [10]. Therefore, an alter-
native method to obtain selectivity has been suggested which is to utilize
substrate-dependent reactivity of ALD precursors [11-14]. Kalayan et al.
[14] reported the intrinsic substrate-dependent selectivity of W metal
deposition on Si over SiO, using WFg and SiH,. The inherent substrate
selectivity was ascribed to only H-terminated Si readily being reactive to
WPFg(g) to form SiF4(g) products since Si-O bonds are stable enough not
to be attacked by WFg [13,24]. Kalayan et al. suggested that by adding a
H, carrier gas with WF¢ during the deposition process, the selectivity
window (number of ALD cycles over which selectivity is retained) could
be improved. It was hypothesized that the ALD by-product HF passivated
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the ~OH nucleation sites on SiO, in the form of SiOF, which is not re-
active towards WFe.

Transition metal disilicides such as TiSi,, CoSi, and MoSi, are cap-
able of reducing the electrical resistance at the contact regions and
tuning the contact work function in MOSFETs [15,16]. It is important to
reduce the parasitic resistance since the performance of scaled devices
with < 10nm channel length can be strongly affected by parasitic re-
sistance. The conventional methods to form silicides involve a high
temperature anneal after metal deposition onto Si or by direct deposition
of silicides using evaporation or co-sputtering [17]. These methods
readily form silicides of the desired stoichiometry, but they may not be
applicable to complicated 3D structures due to the Si consumption, poor
step coverage, and insufficient thickness control for scaled devices. There
have been several studies on W or Mo metal ALD using WFg or MoFg and
SiH4 or SioHg, but little is documented on ALD of silicide [14,18]. Bernal-
Ramos et al. carried out CoSi, ALD on H-terminated Si (111) at 140°C
using an organometallic Co precursor (‘Bu-AllylCo(CO)s) and trisilane
(SizHg) [19]. NbSi deposition was achieved by Proslier et al. using NbFg
and Si,Hg at a deposition temperature of 150-400 °C [20]. Using MoFg
and SioHg as the reactants, Seghete et al. studied the nucleation and
growth characteristics of Mo metal ALD between 90 and 150 °C using a
quartz crystal microbalance [18]. It was hypothesized that Si,Hg acts as a
sacrificial reducing agent for MoF¢ and leaves reduced Mo metal as a
final product which was previously suggested in W metal ALD or CVD
using WFg and SiH, [14,28]. While the inherent selectivity of metal
deposition on Si over thermally grown pristine SiO, was previously re-
ported using MoFg or WFg, in 3D architectures (FinFETs), selective sili-
cide growth on Si over SiO, as well as SiN, or SiON which are ion da-
maged is also required. Selective silicide deposition on Si over ion
damaged SiN, or SiON is a critical challenge in 3D nanostructures.

The objective of the present study is to quantify on the nanoscale the
selective deposition of MoSi, on Si in preference to SiO,, SiON and SiNy
using the inherent substrate selectivity of MoFg and Si;He. The se-
lectivity on planar samples was quantified with X-ray photoelectron
spectroscopy (XPS) as well as atomic force microscopy (AFM) in order
to count the number of unwanted nuclei on SiO,, while the selectivity
on 3D nanoscale structures was probed by both XPS and transition
electron microscopy (TEM). To achieve stoichiometric MoSi,, addi-
tional Si insertion after the ALD cycles was performed by dosing Si,Hg
onto the Mo rich MoSiy film. The resistivity of the MoSiy film was ob-
tained by using 4-probe electrical measurements.

2. Experimental

Four types of samples were employed: P-type Si (100) (Boron-
doped, Virginia Semiconductor), thermally grown SiO, on Si (1 00)
(University Wafer), SiON (Applied Materials) and patterned samples
having Si, SiO, and SiNy. The SiON in this study is Si3N4 which has been
subjected to reactive ion etching and plasma ashing in oxygen during
fabrication, and therefore contains oxygen; this mimics the conditions
of SisN, after processing in integrated 3D nanoscale devices. The
samples were diced into 12mm X 3mm pieces and degreased with
acetone, methanol and deionized (DI) H,O. The native oxide on Si was
removed by immersing the degreased samples into a 0.5% HF(aq) so-
lution for 30s. For consistency in cleaning procedure, the SiO,, SION
and patterned samples were subjected to the same cleaning procedure.
The samples were blow-dried using high purity N, gas. Two or three
samples out of the Si, SiO,, SiON and patterned sample were loaded
together on a single sample holder to expose the samples to the same
ALD conditions. The samples were loaded into a load lock chamber
pumped by a turbo molecular pump and backed by a mechanical pump.
The base pressure of the load lock was ~2.0 x 1077 Torr.
Subsequently, the samples were transferred in-situ to an ultra-high
vacuum chamber with a base pressure of ~3.0 x 10~ 1° Torr pumped
by an ion pump and titanium sublimation pump. The ultra-high vacuum
chamber was equipped with a monochromatic XPS (XM 1000 MKII/
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SPHERA, Omicron Nanotechnology), STM (Omicron Nanotechnology)
and annealing system using a pyrolytic boron nitride (PBN) heater.

The samples were first annealed at 120 °C in the ultra-high vacuum
chamber and the chemical composition of the samples were determined
using XPS. Afterwards, the samples were transferred in-situ to a home-
made reaction chamber having a base pressure of ~5.0 x 10~7 Torr.
For MoSiy deposition, MoFs (Synquest Laboratories, 99%) and Si,Hg
(Air Liquide, 99.99%) precursors were employed.

During the ALD cycles, a constant purge of N, (80 mTorr) was used,
and the pressure of this purge was controlled using a leak valve. The
MoFg and SioHe doses were regulated using pneumatic valves con-
trolled by a LabView program. An expansion volume was employed for
the MoFg and Si,Hg doses. This consisted of filling a secondary volume
with MoFg or Si,He and dosing the precursors from their respective
secondary volumes. The fill/dose times for the MoFs were 40 ms/50 ms
and for Si,Hg the fill/dose times were 18 ms/18 ms. The exposures of
MoFg and SioHg were calculated in terms of Langmuirs (L) where 1
L=1x10"%Torr x 1s. The pressure spikes during the exposures
were monitored using a Convectron gauge in the reaction chamber. The
doses were 1.8 Megal for MoFg and 4.2 MegalL for Si,Hg with a 2-min
wait time between the doses. The samples were heated using a pyrolytic
boron nitride (PBN) heater, and the temperature was maintained at
120°C. The chamber walls were maintained at 80 °C. After the de-
position cycles, the samples were transferred in-situ to the ultra-high
vacuum chamber for XPS and STM. For the XPS measurement, the X-
rays were generated by an Al Ko anode (1486.7 eV). XPS data was
acquired using constant analyzer-energy (CAE) with a step width of
0.1 eV and a pass energy of 50 eV. The XPS detector was at 60° to the
sample normal (30° take-off angle from the sample surface) with a
detector-acceptance angle of 7°. XPS spectra were analyzed after cor-
recting each peak area with its respective relative sensitivity factor
using a Casa XPS v.2.3 program. All of the chemical components in this
work were normalized to the sum of all components. STM was per-
formed with a sample bias of — 1.8V and a constant current of 200 pA.

To investigate the elemental composition of the bulk of the film,
Ar* sputtering was performed in conjunction with XPS. A lens voltage
of 5kV with a beam current of 1.2 uA at 6.0 x 107 Torr of Ar was
employed; since a raster was used to cover the full sample area, the
current density was approximately 1.2 uA/50 mm? The MoSi, sample
was maintained at 25°C during sputtering to minimize any thermal
desorption of SiH,F, or SiF, compounds from the surface.

3. Results and discussion

Fig. 1(a) shows the XPS chemical composition of the HF cleaned Si
surface before and after sequential doses of MoFg and Si,Hg at 120 °C
(note: the raw XPS spectra are presented in the supplement). After the
HF clean, all the Si was in an oxidation state of 0 with 9% O and 12% C
contamination which was most likely due to adventitious hydrocarbon
adsorption during the sample transfer into vacuum. HF(aq) is known to
eliminate native oxide on Si and leaves the Si surface H-terminated
[21]. Note that the yellow bars (Si 2p) in Fig. 1 indicate the total
amount of Si while the gray bars (Si (0)) indicate the amount of Si
which is in an oxidation state of 0 (Si®). The amount of Mo® (Mo (0), the
purple bars) and the total amount of Mo (Mo 3d, the pink bars) were
also plotted separately to emphasize the amount of pure MoSi,. After
the 5.4 MegaL of MoF¢ at 120 °C, 14% Mo and 38% F were deposited on
the HF cleaned Si surface. After an additional 5.4 Megal. of MoF¢ at
120 °C were dosed, the Mo concentration increased from 14% to 16%
and the F concentration increased from 38% to 42%. This small in-
crease in Mo and F content after an additional 5.4 MegalL of MoF¢ shows
that the reaction of MoFe on HF cleaned Si is self-limiting (also see Fig.
S5). After the Si surface was saturated with MoF,, the ratio of F/Mo was
2.6 and all of the Si was in an oxidation state of 0. Sequential doses of
4.2 Megal of SioHg and 42 MegaL of Si,Hg indicate that the Si,Hg re-
action also saturates on the MoF, covered Si surface. It is shown below
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Fig. 1. XPS of MoSi, film selectively grown on HF cleaned Si versus degreased SiON after a cycle of saturating doses of MoF¢ and Si,Hs. (a) 2 sets of 5.4 MegalL of
MoF¢ were dosed on HF cleaned Si at 120 °C. XPS showed saturation of Mo at 16%. Afterward, 4.2 MegaL and an additional 42 MegaL of Si,H were dosed onto the
MoFg¢-saturated Si surface at 120 °C; Si was saturated at 59%. (b) The same amounts of MoFg and Si,He were dosed on the degreased SiON at 120 °C. Degreased SiON
showed an inherent non-reactivity to both MoFg and Si,He¢ and had < 1% Mo detected on the surface.

that with a thicker sub-stoichiometric MoSi, film, additional Si can be
forced onto the surface. However, the Si,Hg reacts in a self-limiting
manner on a thinner (monolayer) film of Mo. After saturation of Si,Hsg,
the Si content was 59% and F decreased to 10%. Since the substrate is
Si, this increase of the Si content after dosing SiHg could be partially
ascribed to the substrate since F desorption occurred in the form of
SiH,F, or SiF,. However, attenuation of the Mo after Si,He dose was
observed which is consistent with the deposition of Si. The deposition of
Si was also demonstrated by previously published studies using WFg
and Si,Hg or MoF¢ and Si;Hg chemistry [14,18]. The half cycles of
SioHg dosed onto a WFg or MoFg saturated surface; for the Mo chem-
istry, the reaction was described as:

MOoF? + SiyHy(g) — MoSiH,F;_,* + SiH,_,Fy 4, (g)
+2H,(g) (x=0,1and?2)

where the asterisks indicate surface species. The authors pointed out
that the subsequent WF¢ or MoF¢ doses react with the deposited SiH,F,
species to form W or Mo metal again.

The reaction of MoFg and Si,Hg on H-terminated Si demonstrates
the potential for MoSi, ALD on Si-H terminated Si; conversely, for the

(a) Si2p

Intensity (a.u.)
Intensity (a.u.)

-

(b) Mo 3d

same series of MoFg and Si;Hg saturation doses on SiON, no reaction
was observed (see Fig. 1(b)). It should be noted that while this sample
was nominally SiON, XPS showed only negligible amounts of N on the
surface and so this sample is mostly ion damaged SiOy. After the first 3
pulses of MoFg, 8% F and negligible Mo (< 1%) were observed. For the
rest of the saturation doses, the SiON surface remained unreactive to
both MoFg and Si>He. This inherent chemical selectivity of SiO, (not
SiON) was reported earlier using WF¢ and SiH4 for W metal ALD on Si
vs. SiO, [13,14,23]. Kalanyan et al. used SiH, as a sacrificial reducing
agent for W deposition, and the substrate dependent selectivity was
explained by the thermodynamically unfavorable reaction between
WFg and stable Si-O bonds of pristine SiO,. A similar mechanism is
consistent with the selectivity of MoFe and SiHg on Si vs. SiON despite
SioHg being more reactive than SiH, and SiON being a less stable film
than SiO,. While the SiON used in this study is ion damaged, the Si is in
oxidation states of +3 and +4 and the data is consistent with these
strong Si-0, Si-N, SiO-H bonds precluding the Si from forming bonds to
Mo (see Fig. S1). DFT models by Kwon et al. show that the stronger SiO-
H bond compared to Si-H can raise the activation barrier and enthalpy
of reaction for ALD [30].

In Fig. 2, the XPS spectra of Si 2p and Mo 3d for the HF cleaned Si

2274 eV
MoSi,

= 5.4 MegaL of MoF; at
120°C / HF cleaned Si

= 10.8 MegaL of MoF at
120°C / HF cleaned Si

= 4.2 MegaL Si,H; at 120°C /
10.8 MegaL MoF, at 120°C/
HF cleaned Si

102 100 98 96 94 92

Binding energy (eV)
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244 242 240 238 236 234 232 230 228 226 224

Binding energy (eV)

Fig. 2. Oxidation States from XPS peaks of Si 2p and Mo 3d at each experimental step on HF cleaned Si. (a) Si 2p peaks after sequential MoF and S,Hg doses shows
that Si remained in oxidation state of O after the 10.8 MegaL of MoFg at 120 °C (blue line) which is consistent with Mo-Si bond formation and no Si-F bonds being
present on the surface. After the 4.2 MegalL Si,Hg dose at 120 °C (red line), most of the Si stayed in an oxidation state of 0. This is consistent with the formation of a
monolayer of MoSi,. A small oxidized Si peak emerged at higher binding energies which might be SiH,F4, (x = 2 or 3) or SiOy at the surface. (b) Mo 3d peaks after
sequential MoF¢ and S,Hg doses shows that the Mo 3d peaks existed in multiple oxidation states after the saturation dose of MoFg. (black and blue line) After a Si,Hg
dose (red line), all of the Mo was reduced and the peak was centered at 227.4 eV which is consistent with MoSi, formation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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sample are shown to compare the oxidation states at each experimental
step. After the first 5.4 MegaL. of MoFs, the Si 2p peak remained at an
oxidation state of 0 which is consistent with Si-Mo bond formation. The
Mo 3d peaks appeared at multiple oxidation states which indicates that
the surface species are MoF, with x = 4, 5 and 6 (black line). The ad-
ditional 5.4 MegaL of MoF did not change the oxidation states of the Si
2p or the Mo 3d peaks (blue line). These results are consistent with the
formation of Si-Mo-F, at the surface. It is noted that the F/Mo ratio was
2.6 after the MoFg saturation dose from XPS. (Fig. 1(a)) while the Mo is
in oxidation states of 4-6; therefore, it is possible that there is some Mo-
O bond formation. A small shoulder peak at a higher binding energy
(103 eV) on the Si 2p XPS peak appeared after a 4.2 Megal. of SioHg
dose (red line). This is consistent with Si-F or Si-O formation. The Mo
3d spectra shows that after a single Si,Hg dose, all of the Mo is reduced
to Mo® with a binding energy of 227.4 eV. This is consistent with the
formation of a monolayer of MoSiy and the transfer of any residual
oxygen or fluorine from Mo to Si in the form of Si-O and Si-F bonds. A
possible simplified reaction of MoFg and Si,Hg could be described as:

MoF;(g) + 1.5Si,Hy (g) — MoSiy(s) + SiFi(g) + 3.5H,(g) + 2HF(g)

ALD characteristics of MoSi, on the Si substrate and the inherent
selectivity over the SiO, and SiN, substrates were verified via XPS of
MoSi, deposition on a patterned sample. Fig. 3 shows the chemical
composition of a set of three samples: HF cleaned Si, HF cleaned SiO,
and HF cleaned patterned sample (note: the raw XPS spectra are pre-
sented in Fig. S3). The three samples were loaded together on a single
sample holder to ensure that they were exposed to identical deposition
conditions. The Si and SiO, samples allowed verification of selectivity
during deposition on the patterned sample. The patterned sample had
SiO, layers sandwiched by SiN, on top of the Si substrate as shown in
Fig. 3(d). It is noted that the SiNy on the patterned sample was actually
SiON since it was ion damaged and ashed in O, during fabrication. As
shown in Fig. 3(a), a 30 s HF clean removed the native oxide on Si. The
thermally grown SiO, was 300 nm thick and so the 30 s of HF clean did
not change the elemental composition or oxidation states of SiO,. The
HF cleaned patterned sample showed a mixture of SiNy, SiOy and Si°.
Even though there were Si and SiO, samples loaded together to monitor
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the selectivity of the patterned sample, the blanket films might not be
the same as 3D nanostructure features due to the high aspect ratio as
well as damage from the patterning processes. Employing a patterned
sample in XPS allowed selectivity determination on the nanoscale on
realistic surface because the Si® component could be distinguished from
SiO, or SiN, from XPS. If MoSiy was deposited selectively on the pat-
terned sample, it was expected that only the attenuation of this Si°
component from the mixture of SiO, and SiN, would be observed (see
Fig. $3).

XPS was performed after 5 ALD cycles of MoFg and Si>Hg at 120 °C
as shown in Fig. 3(b). XPS showed a surface composition of 32% Mo
and 10% Si with 39% F on the Si sample which shows a MoF, rich
surface. This is in contrast to a surface closer to MoSi, after the first ALD
cycles. Even though a monolayer of MoSi, was able to be deposited on
Si in the ALD saturation experiments described in Figs. 1 and 2, con-
secutive ALD cycles did not produce stoichiometric MoSi,. The forma-
tion of Si deficient MoSi, could be due to the surface SiH,F, species
desorbing during the fluorosilane elimination process and due to re-
sidual Mo-F bonds which are not readily removed by standard Si>Hg
dosing [18,20,22]. For the first 1-3 monolayers, there is an excess of Si
from the substrate present to assist in fluorine desorption in the form of
SiH,F, or SiF,4, but for thicker films, Mo-F surface bonds may persist
since the only available Si is from the gaseous Si,Hg. The overall
fluorosilane elimination chemistry using MoFg and Si,Hg is consistent
with one of two chemical reactions:

MOoF;(g) + Si,Hs(g) — Mo(s) + 2SiHF;(g) + 2H,(g)
or

2MoF;(g) + 1.5Si,Hg(g) — 2Mo(s) + 2SiF,(g) + SiHF;(g) + 3.5H,(g)
+ 2HF(g)

It is noted these processes are limited to the first 1-3 monolayers,
since cross sectional TEM studies of the patterned sample shows Si
substrate depletion of about 1 nm. For the ALD cycles remote from the
surface, the depth profile studies below show that the MoF, is just a
surface layer and not a bulk film. There was no MoSi, deposition on the
SiO, substrate consistent with highly selective ALD. On the patterned
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Fig. 3. XPS chemical composition of Si, SiO, and a patterned sample after 5 ALD cycles of MoSi, and subsequent further SioHg dosing. (a) Chemical composition of HF
cleaned Si, SiO, and patterned sample. (b) 5 ALD cycles of MoFg and Si,Hg at 120 °C selectively deposited Si-deficient MoSiy on Si and not on SiO,. The Si® component
of the patterned sample was also selectively attenuated by the MoSiy deposition. (c) After an additional 25.2 MegaL (6 pulses) of Si;Hg, more Si was incorporated onto
the MoSi, surface. Selectivity with respect to SiO, was maintained during the additional Si,Hs pulses. (SO, had 0% Mo and 0% Si® throughout the ALD process). (d)
A schematic of HF cleaned Si, SiO, and patterned samples loaded together on a single sample holder along with a diagram of a patterned sample showing its features.
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sample, XPS showed that 5% Mo was deposited, and the Si® was atte-
nuated to 1% (The raw XPS peaks are shown in Fig. S3(c)). The fraction
of N and O at the surface did not change significantly during ALD on the
pattern sample. The data is consistent with Si-deficient MoSi, being
deposited selectivity on the 6% of Si® (The grey bar in Fig. 3(a)) on the
patterned sample. This selectivity on the pattern samples is consistent
with three aspects of the XPS study: (1) There was MoSi deposition on
the Si sample but not on the SiO, sample. (2) After the MoSiy deposi-
tion, only the Si® (not the higher oxidation state Si peaks from Si-N and
Si-O) was attenuated on the pattered sample. (3) Numerically, ~4% Mo
deposition on the patterned sample with 6% Si® is proportional to
having 32% Mo on the Si sample with 54% Si® on the HF clean surface.

To form MoSi,, the three samples were exposed to an additional
25.2 MegaL. (6 pulses) of SioHg at 120 °C (Fig. 3(c)). After the extra
SioHg, Si increased to 20% on the Si substrate consistent with Si being
incorporated into the film or on the surface. These extra Si,Hg doses did
not decrease the selectivity for deposition on Si versus SiO,.

The substrate selectivity of the MoSi, deposition with respect to
SiON along with the effect of post deposition anneal on film composi-
tion were investigated. It should be noted that this SiON is actually
SizN4 which has been ashed with an O, plasma and so this models
patterned sample sidewalls after RIE etching. The SiON was loaded into
the chamber along with Si and SiO, for calibration. Fig. 4(a) shows that
the SiON surface is composed primarily of SiN, after the HF clean. After
the 5 cycles of MoSiy ALD followed by an additional 25.2 MegaL of
Si,Hg, there was 24% Mo and 18% Si on HF cleaned Si while less than
1% Mo was detected on the SiO, and SiNy surfaces as shown in Fig. 4(b)
(Note, the raw XPS spectra are presented in the supplement). Subse-
quently, the three samples were annealed at 520 °C for 3 mins which
decreased F from 25% to 3% on the Si substrate. The 520 °C PDA also
reduced all of the Mo to Mo® on the Si substrate and decreased the Si/
Mo ratio from 0.75 to ~ 0.5 at the surface. This is consistent with the
desorption of surface F in the form of SiHF3 or SiF4. The XPS analysis of
the high temperature anneal indicates that the F could be removed from
the film by the post anneal which may be needed for practical appli-
cation in MOSFETs [25-27].

Using an in-situ STM and ex-situ AFM, the surface topographies
were investigated after the deposition and the high temperature anneal
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on the Si and SiO, samples. A separate sample of HF cleaned Si after 20
cycles of MoFg and Si,He was prepared for the in-situ STM. Fig. 5(a)
shows the STM image of MoSi,/HF cleaned Si sample. The MoSiy film
was atomically flat and conformal with an RMS roughness of 2.8 A. This
sample was annealed in-situ at 500 °C for 3 mins in the ultra-high va-
cuum chamber at a pressure of ~5.0 x 10~ % Torr. After the 500 °C
anneal, the film became flatter with an RMS roughness of 1.7 A shown
in Fig. 5(b). There was no agglomeration at the surface. Another sample
of MoSi,/HF cleaned Si after 5 ALD cycles at 120 °C followed by an in-
situ 550 °C anneal was taken into an ex-situ furnace for a 900 °C spike
anneal in 5% H, balanced with N,. After the 900 °C spike anneal, AFM
was used to obtain the surface morphology. The film retained a sub-
nanoscale RMS roughness of 4.75 A demonstrating that the MoSiy film
has very good thermal stability up to 900 °C (see Fig. 5(c)).

Fig. 5(d) shows an ex-situ AFM image of the SiO, surface after dosing
5 ALD cycles at 120 °C followed by an in-situ 550 °C anneal for 3 min in
order to confirm the selectivity by counting the number of nuclei on the
surface. The density of nuclei was 9 nuclei/um? which confirms the very
good selectivity over SiO,. Lemaire et al. [13] studied the relationship
between inherent substrate selectivity and hydroxyl density during
tungsten (W) ALD using WFg and SiH,. They reported that an increase in
the surface OH density on SiO, provokes earlier nucleation of W on SiO,
(selectivity loss) via a reaction of W-ALD reactants with the surface hy-
droxyls. The authors also stated that pre-dosing the Si-OH terminated
SiO, with SiH, induces earlier W nucleation by forming a Si monolayer on
SiO,. In present study, SioHg was employed which is more reactive than
SiH, due to the weak Si-Si bond; therefore it is likely that SioHg will react
with Si-OH sites on SiO, above a threshold exposure. To estimate the
selectivity of MoSi, deposition between H-terminated Si versus OH ter-
minated SiO,, the surface OH density of the thermally grown SiO, was
assumed to be ~2 OH/nm? as reported by Mueller et al. [29] Assuming
MoSi, deposition on H-terminated Si was 100%, there were only
~10nuclei/um? out of ~2 x 10%/um? (2 OH/nm? hydroxyls on SiO,
which is consistent with more than 10° selectivity between Si-H groups
and hydroxyls on SiO,. Parson et al. [14] reported for the ALD of W using
WF; and S;H,, ~ 450 nuclei/um? after 30 cycles of W ALD which is about
50 x greater than in the present study. There is a previous report of si-
milar selectivity for any selective ALD or CVD process. Chang et al. [24]
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Fig. 4. XPS chemical composition of selective MoSiy deposition on HF cleaned Si vs SiO, and SiON with 520 °C PDA for 3 mins. (a) Chemical composition of Si, SiO,
and SiON after the HF clean. (b) MoSiy was selectively deposited only on Si after the 5 ALD cycles of MoSi, followed by the additional 6 pulses (25.2 MegalL) of Si,Hg
at 120 °C. (c) Post-deposition anneal was performed at 520 °C for 3 mins. The PDA removed F from the MoSiy film and reduced all of the Mo to Mo®. (d) A schematic of
HF cleaned Si, SiO, and SiON samples loaded together on a single sample holder.
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Fig. 5. Surface morphology of Si samples after each stage of ALD and PDA and
SiO, sample after ALD and PDA. (a) After 20 ALD cycles of MoSi, on HF cleaned
Si, STM shows an atomically flat and conformal surface with an RMS roughness
of 2.8A. (b) After the PDA at 500 °C for 3 mins, the film got smoother and the
RMS roughness decreased to 1.7 A. (c) 5 cycles of MoSiy ALD on HF cleaned Si
was subjected to the in-situ 550 °C anneal followed by an ex-situ spike anneal at
900 °C. The film did not show agglomeration, and the RMS roughness was
4.75 A which demonstrates the thermal stability of the MoSiy film. (d) AFM
image of SiO, showed only a few MoSiy nuclei on the surface after the 5 cycles
of MoFg and Si»Hg at 120 °C followed by the 550 °C anneal for 3 mins which is
consistent with the high selectivity.

studied the CVD of W by a mixture WFs + H, + SiH, and measured the
W particles on SiO»; while they observed a low particle density (20 par-
ticles/cm?), the particles were ~2 pm? in size and therefore at least 10°
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larger is mass than the particles in the present study (~1.4 X 102 um?
in size with ~2nm height). The high selectivity in the present study is
consistent with careful control of wall temperature and using short high
pressure SioHg pulses and longer purge cycles to avoid CVD.

A depth profile study was performed to determine the internal
composition of the MoSiy film. Fig. 6(a) shows XPS of MoSi,/HF cleaned
Si after sequential sputtering experiments (Addition raw XPS spectra
are presented in the supplement). The MoSi, film was deposited on HF
cleaned Si at 120 °C using 5 ALD cycles of MoFg and Si,He without
additional Si;Hg incorporation. As the sputtering time increased, the
MoSiy film became thinner until the underlying Si substrate was ex-
posed. The first 10 mins of sputtering decreased the F from 35% to 8%
while the Mo shifted from a mixture of oxidized Mo and Mo° to pure
Mo®. The data is consistent with the surface F being bonded primarily to
Mo. Following consecutive sputtering cycles, the amount of Si increased
and the amount of Mo decreased. Furthermore, the amount of Si° (gray
bars) increased together with the total Si (yellow bar) and reached a
maximum at 43% after 100 mins of a total sputtering time. The Si® to
Mo® ratio was employed to distinguish the pure MoSi, phase because as
shown by Wagner et al. as well as Brainard and Wheeler in the pure
MoSi, phase, both Mo and Si are bonded to each other and have an
oxidation state of O consistent with minimal charge transfer between
Mo and Si in the silicide [32,33]. After removal of the silicon oxide and
MOoF, species at the surface, the percentage of Si° exceeded that of Mo°.
The Si%Mo° ratio in the bulk of the MoSi, film was 1.41 which corre-
sponds to a Si-deficient MoSiy film. It is noted that in the center of the
film the Si/Mo ratio is 1.77 therefore, in the absence of background O,/
H,0, it is possible the Si’:Mo° ratio would be closer to 2.

Fig. 6(b) shows the raw XPS spectra of Si 2p corresponding to each
XPS measurement in Fig. 6(a). The Si peak at 99.2 eV increased and
broadened to higher binding energy after the 4th sputtering cycle. In
contrast, the energy of the of Mo peak corresponded to Mo after each
sputtering cycle (Fig. S2). The data is consistent with the bulk MoSiy
film being mostly Si® and Mo? in the form of MoSi, while the top surface
and the bottom interface was rich in SiOx. The top SiOy is consistent
with contamination from the chamber environment while the bottom
interfacial oxide is consistent with the imperfect ex-situ HF clean. The
sub-stoichiometric oxide at the bottom interface did not affect the
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Fig. 6. Depth profiling XPS study of the MoSiy film. (a) A series of Ar* sputtering experiments were performed in conjunction with XPS on HF cleaned Si after the 5
cycles of MoF and Si,Hg at 120 °C. (b) XPS peaks of Si 2p after sequential Ar* sputtering shows that the bulk of the MoSi, film consisted mostly of Si% (¢) The

chemical composition of the film is plotted versus Ar™ sputter time on Si after
1.2 pA at 6.0 x 10~ 7 Torr of Ar was employed.

5 cycles of MoFg and Si>Hg at 120 °C. A lens voltage of 5kV with a beam current of
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deposition and film quality indicating that the inherent selectivity of
the MoSiy ALD is sensitive to the quality of the SiO,. Fig. 6(c) shows the
percentages of the chemical components obtained from the XPS mea-
surement in Fig. 6(a). After the 2nd sputtering cycle (40 mins of total
sputtering time), F decreased to below 3% and eventually reached 0%.
O in the bulk of the film was < 10% but slowly increased to 15% at the
MoSi,-Si interface which is consistent with the existence of an inter-
facial oxide layer.

To understand the effect of the additional Si,Hg doses on the Si/Mo
ratio of MoSiy film, XPS depth profiling was performed on a MoSi, film
which had the additional Si incorporation. An additional 6 pulses (25.2
Megal) of Si,Hg were dosed at the end of the 5 ALD cycles of MoFg and
SioHg at 120 °C followed by an anneal at 530 °C for 3mins on dry
cleaned Si. This dry clean process uses a downstream plasma of NF3 and
NH; with Ar as a carrier gas [31]. Fig. 7(a) presents a series of depth-
profile XPS after each experimental step. After the 6 x Si;He/5ALD
cycles, there were 28% F, 20% Si, and 28% Mo at the surface. F on the
surface was mostly removed after the 530 °C anneal and the Mo was all
reduced to Mo® which was consistent with the desorption of F in the
form of SiH,F, or SiF, from the surface as presented in Fig. 4(c). The Si/
Mo ratio was 0.89 at this step. In comparison, the Si/Mo ratio of the
MoSi, film without the extra Si,Hg doses was only 0.33 (see Fig. 7(b)).
After removing the surface oxide contamination, the Si°/Mo° in the
bulk was 1.32 (Si/Mo = 1.96) for MoSi, with extra Si,Hg pulses. This
was comparable to the Si®/Mo° = 1.41 (Si/Mo = 1.77) in the bulk of
MoSi, without extra Si,Hg incorporation as depicted in Fig. 7(c). The
ratio of Si®/Mo° indicates the stoichiometry of the pure MoSi, compo-
nent. This is important for the electrical properties as contact materials
in MOSFETs. In this context, the notation of Si°/Mo° indicates the ratio
between Si and Mo at oxidation states of 0; conversely, Si/Mo indicates
the ratio of the total amount of Si to total amount of Mo in the film
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including Si and Mo atoms boned to F and O and therefore having
higher oxidation states. These results are consistent with the extra Si,Hg
pulses increasing the Si content at the Si-deficient MoSiy surface after
the ALD cycles. In contrast, the Si/Mo ratios in the bulk of the MoSiy
films were close to stoichiometric MoSi,. Fig. 7(d) shows the XPS per-
centage of each chemical component in the function of the Ar* sputter
time which is consistent with the MoSi, formation in bulk of the film.

Previous studies reported Si,Hg and SiH, to be sacrificial reactants
to reduce metal fluorides for pure metal deposition [14,18,20,22,28].
Seghete et al. previously reported Mo metal deposition on Al,O53 using
MoFg and SioHg at 130 °C with almost complete removal of Si from the
Mo metal film as determined by Auger Electron Spectroscopy (AES)
[18]. Even though identical reactants were used at a very similar
temperature, there was a significant difference in the SiHg dosing
conditions. For pure Mo metal deposition with minimal Si impurities,
1.5 Megal. of Si;Hg was introduced into a high vacuum reaction
chamber for 60 s at a constant pressure of 25 mTorr using a leak valve.
In the present study, 4.2 Megal. of Si;Hg was introduced within 6s
using a pneumatic valve. This is about 3 times larger Si;Hg exposure
within 10 times shorter dosing time thus a 30 X higher partial pressure
during the ALD dose. The 30 X higher instantaneous pressure during
dosing may allow a precursor mediated Si,He chemisorption layer to
remain on the surface long enough to react with the Mo to incorporate
more Si into the film. This self-limiting Si CVD component can also
explain the larger growth rate of MoSiy (1.2 nm/cycle) in the present
study versus that of pure Mo metal (0.6-0.7 nm/cycle) at a similar
process temperature. However, the possibility of the thermal decom-
position of Si;Hg during the ALD cycles were excluded since the thermal
decomposition of SiHg did not occur below 360 °C (see Fig. S6). It is
noted that an alternative explanation is provided by Seghete et al. [18]
which is the reaction is sufficiently exothermic that the high pressure

1
(a) =01s
0.8 — uC1s
0.6 — mF1s
Si2p
Si (0)
mN1s
Mo 3d
Dry cleanedSi  6xSi;Hg+SALD ;‘SOTC Anneal 10 mins 2h Sputter  2hsputter 2 h Sputter 2 h sputter 2h Sputter 2 h sputter 2 h sputter =Mo (0)
ning Sputter
(b)os o | (@
uC1s 90 7
0.4 mF1s
si2p 801 .
0.2 - —_ Si (0) 704 -
EN1s - 2 & /
o) . ‘ Mo3d | 52 60 0~ 51
MosSi, at surface (SALD) l(\slgslel)Tsf;:f;: uMo (0) o 504 / 48 435 = Si(0)
] 38 3V.
(©)ps on | £ 40] 373
v | 930
mCis = 24 25
0.4 i [ 0~ m———_ 20
[ f 2sp a 20 29 " ~34 \1 6 3
L
oz | | | | | s 0) 10 \9 1.0 1.0 8 8\: Mo
mN1e 0 o 0 0 0°
o Mo 3d 0 F
, ; MoSi, in bulk = Mo (0) T T T T T T T T
MoSi in bulk (SALD) (SALD+6SLHy 0 2 4 6 8 10 12 14
Sputter time (h)

Fig. 7. Depth profiling XPS study of the MoSi, film with extra Si,Hs doses. (a) A series of Ar* sputtering experiments were performed in conjunction with XPS on dry
cleaned Si after 5 cycles of MoFg and Si>Hg followed by additional 6 pulses (25.2 MegalL) of SioHg at 120 °C. (b) Surface composition after 5 ALD cycles of MoFg and
Si,He with and without extra Si>Hg pulses is compared. Si/Mo ratios were 0.33 for 5 ALD and 0.89 for SALD + 6 x Si,Hg which is consistent with Si incorporation on
the surface. (¢) Bulk composition of MoSi, with and without extra Si,Hs pulses is compared after getting rid of the surface contaminations using Ar™ sputter. Si/Mo
ratios were 1.77 for 5 ALD and 1.96 for 5ALD + 6 X SiyH. (d) The chemical composition of the film is plotted versus Ar* sputter time on Si after 5 cycles of MoFg
and Si,He followed by additional Si;He pulses at 120 °C. A lens voltage of 5kV with a beam current of 1.2 pA at 6.0 X 10~ Torr of Ar was employed.
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Fig. 8. 4-probe measurement after Ni deposition on the 900 °C annealed MoSi,/

Si. Using an infinite sheet model approximation, the resistivity of the MoSiy film
is estimated to be 498 pQ cm.

Si,Hg dosing raises the surface temperature during reaction.

The resistance of the MoSiy film was measured using a 4-point probe
measurement. For the electrical measurement, updoped Si (001)
with > 10,000 Ohm-cm resistance was used as a substrate. For the
electrical measurement, 10 cycles of MoSi, ALD at 120 °C was deposited
on an HF cleaned intrinsic (semi-insulating) Si sample followed by an
in-situ 550 °C anneal for 3min and a 900 °C spike anneal in 5% H,
balanced in N,. Ni dots were deposited as a probe contact. Fig. 8 shows
the resistance of the film versus the current. The resistance was 110
Ohm and, using an infinite sheet approximation, the resistivity could be
calculated as:

0 = kiRpax = (4.53) X (10 X 1077) X (110) = 498 pQ cm

where k is a constant, t is thickness and Rmax is the measured max-
imum resistance.
A cross-sectional TEM study was performed on the patterned sample
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to confirm the selectivity of MoSiyx on the nanostructured pattern. On
the HF cleaned patterned sample, 5 cycles of MoSiy ALD followed by an
additional 25.2 Megal. of Si;He were dosed at 120 °C. The elemental
composition of this sample at each deposition step is shown in
Fig. 3(a—c). Fig. 9(a-b) presents the cross-sectional TEM images of the
patterned sample before and after MoSiy deposition. The TEM image
shows complete selectivity of MoSi, deposition only on Si but not on
SiNy nor SiO, without damaging Si substrate by etching (see
Fig. 9(c—d)). The thickness of the MoSiy film deposited on Si was
~6.3nm after the 5 ALD cycles followed by an additional 25.2 MegalL
which gives a growth rate of 1.2 nm/cycle. This higher than expected
growth rate was observed by Seghete et al. [18] and ascribed to extra
Mo deposition due to the decomposition of MoF¢ from a highly exo-
thermic reaction between MoF¢ and H-Si species. In addition, a direct
reaction between the H-terminated Si substrate and MoFg could be also
attributed to the high growth rate by consuming Si from the substrate.
The reaction between the MoF(g) and Si(s) could be:

MOoF; (g) + 2Si—H (g) — Si—MoF,(s) + 2SiHF;(g) + HF (g)
or
MOoF;(g) + 2Si(s) — Si—MoF,(s) + SiF,(g),

where Si-H(s) indicates H terminated Si surface and Si-MoFy(s) in-
dicates the MoF, surface species bonded to the Si atoms of the surface.
However, extra Si,Hg pulses of high pressure after 5 cycles may in-
corporated more Si into the film which is consistent with the high
growth rate because the consumption of Si from the surface on pat-
terned samples was very small as shown in Fig. 9. Due to the high
growth rate per cycle of MoSiy ALD, 5 ALD cycles is sufficient for
contact materials. There was 2.8 nm of an interface oxide layer between
the MoSiy film and the Si substrate which is consistent with the results
in Fig. 6. This could be improved by an in-situ clean such as a plasma
clean at the sample preparation step.

() : SINpEshemns

Si0,

Fig. 9. Selective ALD on a patterned sample. (a) Cross-sectional TEM image of the patterned sample before the deposition. (b) Cross-sectional TEM image of the HF
cleaned patterned sample after 5 cycles of MoF, and Si>Hg at 120 °C with a continuous N, purge. 6.34 nm of MoSiy was selectively deposited only on Si and not on
SiO, nor SiNy. (¢) Magnified Si region of the patterned sample before the deposition. (d) Magnified Si region of the patterned sample after the MoSiy deposition shows

that MoSiy was deposited without damaging Si substrate by etching.
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4. Conclusion

Selective atomic layer deposition of sub-stoichiometric MoSi, was
achieved by an inherently selective process on hydrogen-terminated Si
versus thermally grown SiO., ion damaged SiON, and SiN,. This inherent
selectivity is based on the favorable reactivity of MoFg and SioHg on H-Si
but not on SiO, or SiN, since Si-O, Si-N, and SiO-H bonds are strong
enough that they cannot be cleaved by either precursor at 120 °C. Both
MoF, and Si,Hg showed self-limiting behavior which allowed deposition
of a highly conformal and smooth film with a root mean square (RMS)
roughness of 2.8 A Post-annealing in ultra-high vacuum at 500 °C for
3 min further decreased the RMS roughness to 1.7 A. The quality of the
film was preserved even after a 900 °C spike anneal in an H,/N, en-
vironment which is consistent with very good thermal stability. A depth
profiling XPS study revealed that the bulk of the MoSi, film is close to
stoichiometric MoSi, (Si/Mo = 1.7-1.9) with < 10% oxygen and
fluorine. The surface of the MoSi, film after 5 ALD cycles showed a
highly Si-deficient MoSiy surface with Si/Mo ratio of 0.33, and this Si/Mo
ratio at the surface could be improved to 0.89 by pulsing extra Si,Hg. The
selectivity of MoSi, was examined on nanoscale patterned features of
SiO, and SiNy. The cross-sectional TEM imaging shows that the se-
lectivity is retained on the nanoscale and that MoSiy can be selectively
deposited on Si without substrate consumption. A large growth rate of
1.2nm/cycle allows only 5 ALD cycles to be sufficient for its purpose as a
contact material. This inherently selective MoSiy deposition would ob-
viate the need for lithography on complicated 3D MOSFET structures
(FinFETs). The selectivity for Si-H bonds vs SiO-H bonds exceeds 10°
showing that with careful choice of precursor, extreme selectivity is
possible on the nanoscale even without the use additional passivation
layers. The study also showed that ALD of silicide versus metal could
readily be switched while retaining selectivity by changing the partial
pressure during the ALD pulse of the reductant.
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