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In this paper, a series of self-assembled monolayers (SAMs) has been investigated as deactivating
agents for the atomic layer deposition (ALD) of Hf('hree important factors that determine the capacity
of self-assembled monolayers to prevent ALD of Hf©hain length, tailgroup structure, and reactive
headgroup, have been investigated. We show that to achieve satisfactory deactivation toward atomic
layer deposition, it is crucial to form densely packed, highly hydrophobic monolayers. This in turn requires
deactivating agents with high reactivity and nonbulky tailgroups comprised of a minimum chain length.
A mechanism for the blocking process is proposed in which the role of the SAMs is both to remove
reactive S+ OH/Si—O—Si groups at the Si©surface and to prevent ALD precursors from reaching the
SiO,—SAMs interface.

Introduction such as Hf@. It is a powerful film growth technique that
employs a sequence of self-limiting surface reaction steps
to afford subnanometer control of the growth process.
ALD can be used to deposit thin films of numerous
semiconducting, insulating, and metallic materials. Moreover,
the self-limiting nature of ALD ensures the precise control
of film thickness and uniformity over large areas, including
nonplanar surfaces. ALD appears to be well suited to many
applications, especially those in which a low-thermal budget
synthesis of thin inorganic films with exquisite structural
control is desired. The adsorption-controlled layer-by-layer
reactions produce excellent conformality and uniformigt.

the same time, ALD is a method in which surface reactions
play an important role for both surface nucleation and film
growth. The ALD process is based upon chemical reactions
between the precursors and a substrate, and the reactions
depend strongly on the specific reactive functional groups
present on the surface prior to the deposition.

Recently, self-assembled monolayers (SAMs) have been
demonstrated to act as an effective monolayer resist toward
several ALD processes which involve water as a precétstr.
This approach provides a promising way to enable a process
called area-selective ALD, in which the deposition process
is controlled spatially using selective modification of the
growth substrate. Area-selective ALD differs from conven-
tional, subtractive lithographic patterning; it is an additive

As the scaling of metal-oxide-semiconductor field-effect
transistors (MOSFETS) continues and higher switching speed
is required, the thickness of the Si@ate dielectric must be
substantially decreased. For example, the, §ifde dielectric
thickness must be decreased-tt.5 nm for 100 nm channel
length device$.However, for oxide thicknesses below 2 nm,
the leakage current caused by direct electron tunneling from
the gate to the channel becomes substahti@b solve this
problem, gate dielectrics with permittivities greater than that
of SIO, are required, because highdielectric layers allow
deposition of thicker films while retaining a capacitance
equivalent to that of very thin Sik3* Among many potential
materials, hafnium dioxide (Hf§ has drawn significant
attention due to its higk-value (20-25), wide band gap
(~5.7 eV), and apparent compatibility with conventional
poly-Si gate electrodes without any barrier lay&irsaddition
to its potential application in integrated circuits, Hfi® also
a high refractive index, low absorption material for optical
coatings in the near-UV (below 300 nm) to IR 10 um)
regionsé HfO, films with excellent uniformity and accurate
film thickness control at the nanometer scale are required
for these applications.

Atomic layer deposition (ALD) has received considerable
attention as a means of depositing ultrathin films of materials
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process in which material is deposited only where needed.decide whether a particular agent will be effective in
Because of this distinction, area-selective ALD promises to deactivating the ALD process: chain length of the molecular
provide a number of advantages, including reducing the precursors, reactive headgroup, and tailgroup structure. The
number of etch and lithography steps for systems utilizing initial blocking mechanism toward the ALD process is also
multiple depositions, eliminating difficult etching steps, and discussed to understand the requirement for different pa-
minimizing the use of expensive reagents. This paper rameters that determine the formation of an efficient mono-
primarily discusses the modification of a silicon substrate layer resist.

using SAMs as the deactivating agents to block the HfO

thin film ALD process and investigates the properties of the Experimental Section

SAMs that are required for ful! de_zactlvatlon against ALD. 1. SAMs Preparation. Sample substrates were cut from Si (100)
SAMs are_ monolayer organic films thgt form spontaqe- wafers purchased from Si-Tech, Inc. (p-type with boron dopant;
ously on solid surfaces. The self-assembling nature providesegisivity of 1.0-10.0Q cm). All chemicals used to form self-
the design flexibility to obtain a range of desired materials assembled monolayers were purchased from Aldrich (Milwaukee
properties. SAMs have been investigated for a few decadesw) and were used directly without further treatment. We chose
and are well known to modify the physical, chemical, and toluene (anhydrous, 99.8%, Aldrich) as the solvent for all of the
electrical properties of semiconducting, insulating, and solutions. All procedures for SAM formation were performed in a
metallic surface$* Furthermore, SAMs have been demon- dry, air-purged glovebox. To form all of the self-assembled
strated to be high resolution, ultrathin resists in photolithog- monolayers in this study, the silicon substrates were dipped into a
raphy2516 electron beam lithograptii’18 scanning probe 10 mM _squUon of the deactivating agent in toluene, and the bottles_
lithography92°and micro-contact printing at subnanometer containing the submerged .substrat.es were then sealed and held in
scale?22|n this work, we have investigated organosilanes ¢ 9/0vebox for 2 days without disturbance. We found that the
I use of long reaction time in a dry environment is essential to
as deactivating agents toward the ALD process. _Organo'formation of high-quality SAM$127.28After SAM formation, the
silanes of the general formula®iXs— (= 1-3) arewidely  gamples were rinsed sequentially with toluene, acetone, and
used as effective surface modification agents for a variety chioroform and dried by nitrogen flow. All of the samples were
of applications including MEMS$324 biomaterialsi-# and stored in the glovebox for more than 10 h before the analysis and
optical and electronic devicé$?226 Due to the robust,  subsequent experiments.
covalent Si-O linkage between molecules and the surface, 2. ALD Process.The ALD precursors for Hf@deposition were
films formed by organosilanes demonstrate good chemical high-purity hafnium tetrachloride (HfG) powder and deionized
and thermal stability. For example, we have previously Wwater. The HfQALD.process ir_1c|udes two self-limiting chemical
demonstrated that octadecyltrichlorosilane (ODTS) films can réactions, repeated in alternating ABAB sequences shown below.
act as effective monolayer resists for Zrénd HfQ, ALD The chemistry for HfQ deposition was:

processe$t Others have also shown that ODTS SAMs can A: Hf—OH* + HfCl, — Hf—O—HfCI* + HCI 1
block ALD of ZnO*2 and TiG,.13
Although these initial studies have demonstrated that self- B: Hf—CI* + H,0 — Hf—OH* + HCI !

assembled monolayers can block against the ALD process,
the criteria for choosing SAMs to achieve the most effective where the asterisks represent the surface species. In both reactions,
deactivation are still unknown. In addition, how the choice @& 9as-phase molecular precursor reacts with the surface functional
of ALD precursors impacts the deactivation process, as well species and saFurates the entire surface in a self-limiting manner.
as the blocking mechanism itself, is still undetermined. ~ £2¢h AB reaction cycle produces an Hft@ayer terminated by

In this paper, we will propose a model to explain the hydroxyl groups, with the hydrochloride byproduct pumped away.

blocki hani h del is based he | S The base pressure of the ALD reactor was kept at 8078
ocking mechanism. The model is based on the INVESUGAtioN 141 16 optain an initial clean surface before the film deposition.

of a series of SAMs as monolayer resists for the HAQD During the ALD process, the reactor was operated at 0.5 Torr. The
process. The study reveals that several important factorssource temperatures were 20 and 280for the HO and HfCl
precursors, respectively. The sample surface was alternately exposed
to HfCl, and water vapor. After each exposure, the reaction chamber
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99, 1823. passivated Si (100) substrates. The physical thickness of W&
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rapid techniques for judging the quality of the SAM. Ellipsometry ~ 189 s, - 160
and X-ray photoelectron spectroscopy (XPS) provide information ] ® \Water contact angle before ALD
on film thickness and elemental composition, respectively. All three il A Film thickness before ALD il
. . . . ' ® Hafnium atomic percentage after ALD

of these techniques provide a macroscopic view of the film 124
properties averaged over a relatively large sampling area. Atomic
force microscopy (AFM) and cross-sectional TEM analysis, on the o ]
other hand, provide nanoscale information on the film, which is = g
useful in understanding the blocking mechanism of organosilanes €
toward the ALD precursors. X

A FTA 2000 dynamic contact angle analyzer has been used to T
measure the water contact angle. The water contact angles (WCAS)
we report in this paper are static angles. A sessile drop of  2-
Millipore-Q water (resistivity= 18.2 MQ2 cm) with constant volume
(20 uL) was applied onto the surface of each sample. At least four
different points of each sample were measured to get the average 0 2 6 o 12 15 18
value for the WCAs. Carbon # of alkyltrichlorosilane

A Gaertner Scientific Corp. L116C HeNe ellipsometer was Figure 1. Chain-length dependence of alkyltrichlorosilane blocking ef-
used to measure the film thickness for this study. The incident angle ficiency. The plot shows the water contact angle and film thickness before
for the ellipsometer is 70 For the alkylsiloxane monolayers, we ~ALD. and hafnium atomic percentage by XPS analysis after the ALD

. . . . process.

use a refractive index af = 1.462° More than five points were
measured on each sample to check the uniformity and to obtain anthen loaded into the ALD reactor where the Hf@LD
average value for the film thickness. _ _ process was carried out. The hafnium atomic percentage (Hf

The XPS, AFM, and TEM analyses were carried out in the a¢ o4) after the ALD process was analyzed by XPS to provide

facilities of the Geballe Laboratory for Advanced Materials . : ; )
(GLAM) at Stanford University. The XPS system used is an SSI information on the amount of HifTieposited onto the SAM
coated substrates.

S-Probe monochromatized spectrometer, which uses Al) (K . . . .

radiation (1486 eV) as a probe. This instrument permits high ~AS Shown in Figure 1, the film thickness of the self-
sensitivity and good energy resolution. All of the spectra shown in @SSeémbled monolayers increases linearly with the number
this paper have a detection sensitivity oD.1 at. %. Surface ~ Of carbon atoms in the alkyltrichlorosilane. On the other
morphology was investigated by AFM (Digital Instruments Inc., hand, the water contact angle increases abruptly when adding
Santa Barbara, CA). The surface morphology of the samples beforethe first one and two methyl units to the alkyl chain, and
and after ALD processing was compared to help elucidate the then grows moderately before reaching a plateau (static water
blocking mechanism and the film nucleation process. Tapping mode contact angle WCA= 11C°). The data show that when the
was used for both SAM and HiGsurfaces. alkyl chain is sufficiently long (in this case, a 12-carbon atom

The TEM used in this work is a Philips CM20 field emission  g|ky| chain), the monolayer completely converts the surface
gun (FEG) microscopy. The operating voltage for this high- \eing property to hydrophobic, and the WCA does not
resolutlon_ TEM is 200 kv, with 2.4 A point-to-point resolution increase further. These results are consistent with a previous
and 2 A line resolution. 29 . - S

report?° The blocking efficiency of the film is represented
in Figure 1 by the hafnium atomic percentage (Hf at. %)
after the ALD process as determined by XPS analysis. On

To investigate which properties of the self-assembled the unmodified chemical oxide passivated substrate, the Hf
monolayer are required for full deactivation of a $&Drface at. % is approximately 12.4% after the depositibAs seen
against ALD, a series of deactivating agents has beenin Figure 1, the Hf at. % decreases when the substrate is
investigated for use as ALD resists. The series includes linearcoated with the organic monolayer prior to ALD. Further-
aliphatic alkyltrichlorosilanes of different chain lengths; more, the magnitude of the decrease depends on the chain
trichlorosilanes with different tailgroup types, including length of the SAM. Inspection of Figure 1 shows that the
linear, branched, and aromatic tails; and molecules with Hf at. % is inversely proportional to the WCA for various
different reactive headgroups, such as trialkoxysilanes andchain-length alkyltrichlorosilanes, indicating that the blocking
mono-, di-, and trihalosilanes. A comparison is made betweenefficiency approximately tracks the WCA. Only those
the type of deactivating agent, the quality of the SAM molecules with alkyl chain lengths greater than 12 can
formed, and its ability to block the ALD process. This completely block the HI@ ALD process, as indicated by
comparison provides insight into the blocking mechanism the absence of Hf on those samples after ALD within the
of organic monolayer resists toward the ALD process. XPS detection limit.

1. Tailgroup Chain-Length Dependence.A series of The HfO, ALD process using HfGland HO precursors
n-alkyltrichlorosilanes of chain lengths ranging from 1 to depends strongly on the presence of surface hydroxyl groups.
18 carbon atoms was used to form self-assembled monolayers
on the oxide-covered silicon substrates. The SAMs formed (30) This number is less than the 33.3% that was expected for a

. . . . stoichiometric bulk HfQ film. We attribute this discrepancy to three
by the differentn-alkyltrichlorosilanes were characterized possible effects. First, because the Kfom is so thin, there is a

by ellipsometry and contact angle measurements, and were contribution to the XPS spectrum from the substrate silicon. In
addition, one of the Hf peaks overlaps with the oxygen peak, which

increases the apparent O at. % and decreases that of Hf. Finally, there
(29) Wasserman, S. R.; Tao, T. T.; Whitesides, G.Lgingmuir1989 5, is carbon and oxygen surface contamination on the sample surface
1074. that occurs before it is put into the XPS chamber.
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longer-chain deactivating agents; hence, only partial blocking
is achieved with the eight-carbon chain. The most important
information obtained from the cross-sectional TEM images,
however, is that on the OTS deactivated sample, the,HfO
film grows directly at the Si@interface instead of on top
of the organic film.

An AFM analysis has been performed on the above three
samples (both before and after the ALD process) as well.
For the chemical oxide substrate, the starting surface is
atomically flat, and the Hfefilm is also quite uniform after
the ALD process, with a 1.5 A root-mean-square (RMS)
roughness. For the ODTS-coated substrate, the sample is also
atomically uniform both before (RMS 1 A) and after (RMS
=1 A) the ALD process. Nevertheless, for the OTS-coated
substrate, the sample is much rougher after the deposition
[Figure 3b] (RMS= 7 A) than before the ALD process
[Figure 3a] (RMS= 1 A). We believe the islands shown in
Figure 3b form as a result of Hhucleation and growth,
as discussed below.

2. Mechanism of Growth and Deactivation.On the basis
of the above analysis, a possible mechanism can be proposed
i — to explain the dependence of the deactivating process on
R : S :\nm 7 chain length (Scheme 1a and b). We believe that surface
Figure 2. Cross-sectional HR-TEM image of HiCdeposition on (a) defects, likely, nonreacted hydroxyl groups, are the initial

chemical oxide silicon wafer: (b) densely packed OTS-coated silicon wafer; Sit€S for the Hf@ growth. In addition, nucleation may also
and (c) densely packed ODTS-coated silicon wafer. occur at Si-O—Si bonds. The role of the SAM appears, then,

to be 2-fold: (1) to remove reactive -SDH groups at the
SiO, surface, and (2) to prevent precursors from reaching
the SiQ surface where they may otherwise react with
remaining S-OH defects and SiO—Si type bonds.

~2 nm SiO;interface

The process is believed to occur by initial reaction of HfCI
with Si—OH groups at the Sigsurface3! We might expect,
therefore, that deactivating the surface hydroxyl groups
would effectively block the ALD process. If the only
requirement for deactivation was that the surface hydroxyl ~The organic deactivating agents are known to react with
groups had to be replaced by siloxane bonds at the surfacesurface hydroxyl groups, leaving the alkyltrichlorosilanes
by reaction with an alkyltrichlorosilane, there should be no bonded to the surface through -8b covalent bonds.
major difference between shorter-chain and longer-chain However, due to local bonding mismatch between the organic
molecules if the surface silylation goes to completion. layer and the StO—Siinterface, together with the complex
However, the chain-length dependence results describedsurface structure of the Si@urface, there are always some
above demonstrate that the blocking mechanism is not asnonreacted hydroxyl groups or defects léft:Consequently,
simple as the deactivation of surface hydroxyl groups. To the underlying Si@-organic interface is relatively reactive
further elucidate the mechanism of the deactivating effect, due to the remaining hydroxyl groups, other defects, and Si
an interface analysis by cross-sectional TEM and surface O—Si bridge oxygen atom&.If the ALD precursors reach
morphology analysis by AFM has been performed. this interface, they can bond to the reactive surface sites and
The cross-sectional, high-resolution (HR) TEM images in begin the ALD process. Both water and HfQrecursors
Figure 2 compare the HfQdeposition on a chemical oxide ~might potentially bond to the oxygen atoms to start the ALD
silicon wafer, an octyltrichlorosilane (OTS) deactivated cycles. For example, the Hfprecursors can react with the
silicon wafer, and an ODTS-coated silicon wafer. There is surface hydroxyl groups and subsequently nucleate growth,
a uniform HfQ, layer on the chemical oxide substrate, as Which would propagate through the ALD half reactions.
revealed by the dark band above the Si&yer [Figure 2al). Furthermore, theoretical calculations have demonstrated that
On the other hand, we observe some aggregation of the HfO the HfCL precursors could initiate reaction through the-Si
film on the sample coated with OTS, which is an eight- O—Si bridge oxygen atom®.Moreover, recent experiments
carbon alkyl chain trichlorosilane molecule, as seen by the have shown the precursors that react with surface hydroxyl
inhomogeneous contrast between the,Sa@d glue layers  groups can also bond to oxygen atoms in polymer films to
[Figure 2b]. Finally, no HfQ is detected on the ODTS (18- start ALD nucleation. For example, reported ALD growth
carbon chain alkyltrichlorosilane) deactivated sample [Figure on polyurethane and low-SILK demonstrates that the film
2c]. The TEM analysis is consistent with the XPS results, can grow on polymers with bridging oxygen atofA$®
in that the blocking efficiency of Hf@increases with the

(32) Allara, D. J.; Parikh, A. N.; Rondelez, Eangmuir1995 11, 2357.
(31) Green, M. L.; Ho, M. Y.; Busch, B.; Wilk, G. D.; Sorsch, T.; Conard, (33) Han, J. H. Ph.D. Thesis, Stanford University, 2004.
T.; Brijs, B.; Vandervorst, W.; Raisanen, P. |.; Muller, D.; Mude, M.; ~ (34) Chen, R.; Kim, H.; Porter, D. W.; Mcintyre, P. C.; Bent, S. F.,
Grazul, J.J. Appl. Phys2002 92, 7168. unpublished data.
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Figure 3. AFM plan view and sectional analysis of a closely packed octyltrichlorosilane (OTS)-coated silicon wafer (a) befpred Bf@eposition; and
(b) after HfG; ALD deposition.

The packing density of the SAMs depends on intermo- these sites. Therefore, the amount of Hfd@posited will
lecular van der Waals (VDW) dispersion forces, which are be much less than on the clean chemical oxide substrate,
proportional to the strength of the induced dipole. There are with the resulting Hf@ layer nonuniform and discontinuous.
two main factors that determine the strength of the induced This model is consistent with the TEM image shown in
dipole between molecules: the size and the shape of theFigure 2b, in which the Hf@is seen to aggregate at the
molecules. Because all of the molecules in the chain-lengthinterface and the film density is much lower than that on
dependence experiment aralkyltrichlorosilanes, they have  the chemical oxide Si©[Figure 2a]. Furthermore, the
the same structure. Therefore, the strength of the van derroughness observed in AFM for H$Cfilms grown on
Waals interaction in this case is a function of the size, that samples deactivated by short-chain molecules [Figure 3b]
is, chain length, of the molecules. The longer-chain molecules also supports this model.
have stronger VDW interactions because they have more A¢ the chain length of the organic layer increases, the

electrons and more distance over which induced dipoles CaNtarchain van der Waals (VDW) attraction becomes stronger

Qevelﬁp: 'i?[;v:/he sho_r ter-_challn _delact|vat||PgTr?ge_nts, the and the SAMs become better packed and more hydrophobic.
Interchain attraction Is relatively weak. This Is S€en -, qor o iyrrent ALD conditions, once the chain length

in the reduced packing density and lower hydrophobicity increases to a certain point, indicated by the plateau in the

(WCA) for the shorter-chain SAMs. value of the contact angle in Figure 1, the SAM is able to

We postulate here that to effectively block the ALD  .qmpjetely block the penetration of precursors to the reactive
process, it is important that the SAM be densely packed andorganic—Si02 interface. At the same time, the long purging

highly hydrophobic to repulse the ALD precursors’ perme- yjjaq petween each precursor pulse allow the removal of
ation [Scheme 1a]. Otherwise, the precursors can penetrat%ny physisorbed ALD precursors from the substrates. The
the organic layer to reach the organﬁloz mterfacg: Once  requltis complete (or near-complete) inhibition of the ALD

at the interface, they can bond with the hydrophilic surface .. ions |n summary, we propose that it is precursor

sites such as the remaining hydroxyl groups and oxygen penetration through the SAMs and interface nucleation that
atoms, and nucleate growth as illustrated in Scheme 1b. Eveqead to HfG film growth on shorter-chain SAMs. To achieve

for : d(_ansely packed_ shorter-chain SAM_S’ however, the satisfactory deactivation, a minimum chain length is therefore
majority of hydroxyl sites have been deactivated. Hence, the necessary

precursors can bond only at the relatively few individual, ] )
nonreacted hydroxyl sites, or at oxygen bridge sites, which 3 Tailgroup Structure Effect. According to the mech-
may be of lower reactivity. This mechanism would lead to anSm proposed above, the packing density of the self-

nucleation primarily at defects and subsequent growth from @ssémbled monolayers determines their blocking efficiency
toward the ALD process. The longer is the alkyl chain, the

(35) Elam, J. W.: Wilson, C. A.; Schuisky, M.; Sechrist, Z. A.; George, S. stronger is the van der Waals interaction. Therefore, for
M. J. Vac. Sci. Technol., B003 21, 1099. molecules with the same tailgroup structure, the longer chain
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Scheme 1. Schematic lllustration of the ALD Deactivating Mechanism for Different Types of SAMs
a
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a(a) Densely packed, long-chain, self-assembled monolayer; (b) densely packed, short-chain, self-assembled monolayer; (c) self-asseayeled monol
with bulky tailgroups; and (d) loosely packed, self-assembled monolayer with pinholes.

can provide better deactivating efficiency. However, because elemental analysis are compared in Table 1. The hydropho-
molecular structure can also influence the strength of bicity and the thickness of the organic films are found to

intermolecular van der Waals interactions, the shape of thedecrease when the alkyl chain groups become bigger. The
tailgroup on the SAM is another important consideration for Hf at. % measured after the ALD process increases as the

choosing effective deactivating agents. SAM constituent changes frombutyl to iso-butyl to tert-
To examine the effect of tailgroup structure on deactivation butyl, indicating that the deactivation efficiency also becomes
efficiency, three different butyltrichlorosilanasputyl-, iso- worse as the tailgroups become more bulky. It is likely that

butyl-, andtert-butyltrichlorosilane, have been studied. Their the observed effect is a result of reduced packing density
properties (WCA, thickness) and the results of a post-ALD with the bulkier tailgroups. The bulky tail structures decrease
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Figure 4. XPS spectra following (a) Hf©deposition on chemical oxide silicon substrate; and (b) 4#€position on FOTS-coated silicon substrate.
Table 1. Water Contact Angle and Film Thickness for Multiple CF, unit brings as much hydrophobicity as 1.5 Qithits3®

Deactivating Agents before the ALD Process, and XPS Elemental ; ;
Analysis after the HfO» ALD Process Fluorlne. atoms are mu'ch bigger than hydrogen atom.s. The
interchain VDW attraction energy of fluorocarbon chains is

film

thickness of element at. % hence stronger than that of hydrocarbon chains of the same

deactivating ~ water contact  deactivating _2analysis by XPS length. Therefore, fluoroalkyltrichlorosilanes can provide

agents angle (deg)  agents (A) hafnium  carbon denser and more hydrophobic film with fewer required
none 5.2-38.7 none 12.4 225 carbon units in the SAM tailgroups, which may lead to better
ODTS 109.8+ 1.1 26.8+ 0.6 <0.1 60.1 Lo
SiMeCh 851+ 19  65+08 43 256 inhibition of ALD growth.
SiMexCl, 95.3+ 3.6 10.5+ 0.5 25 26.5 The XPS spectra in Figure 4 compare the Hi&LD
gimesgl ;g-gi g-? i-gi g-g ﬂzj gi-g process on a chemical oxide silicon substrate and an FOTS

1viesBr . . . . . . e . .

SiMes! 7834 1.4 30414 119 319 monolayer—c;oated silicon substrate. It is evident that th_er_e
HMDS 82.0+ 1.3 5.6+ 1.0 10.1 26.7 are no hafnium peaks on the FOTS-coated substrate within
n_BlljaSisC,'bcg gg-;i gi 335-0;107-8 5‘71 gé-g the sensitivity of the spectrometer. For the OTS monolayer,
1ISO-BUSI . . . . . . . .
tert-BUSIC 8354 3.4 74113 104 19.3 the hafnlgm atomic percentag'e on the sample after the ALD
benzyl-SiCh 94.0+ 3.3 12,6422 9.9 39.2 process is 1.2%, as shown in Figure 1. The fluoroalkyl-
88?&4 %‘;-ii gg g;i ig ﬁ; gi-i trichlorosilanes therefore provide better deactivation and
FOTS 11214 1.7 153+ 21 01 248 encompass another category of promising deactivating agents

) ) toward the ALD process.
aCarbon atomic percentage for FOTS is small as compared to OTS; . . . . . .
this is because the hydrogen atom cannot be detected by XPS while the Be€sides the aliphatic chain molecules, aromatic tail

fluorine atom can. molecules have also been investigated. Neither could the
bulky phenyl rings form closely packed films, nor does the
amorphous Si@surface help to orient them for forming
stabler— stacking. Therefore, they would not be expected

All of the compounds discussed above have hydrocarbonto form eff|C|ent. deactlvatmg_ﬁlms agamst the A.LD Process.
We have examined benzyltrichlorosilane to verify this point.

tailgroups. Fluorinated carbon chain trichlorosilanes have also X . )
been chosen in this study as a comparison to hydrocarbonThe data in Table 1 for benzyltrichlorosilane reveal a low

) ) o )
alkyltrichlorosilanes. In contrast to hydrocarbon alkyltrichlo- ch)_rgact angle and a correspondingly high Hf at. % following
silanes, fluoroalkyltrichlorosilanes are much more reactive T ’ ) h | . L h
toward SAM formation. This higher reactivity is because of 0 summarize the tailgroup structure investigation, the
an inductive effect of the fluorine substituents on th€ 3¢ packing of the molecules in-a self-assempled monolayer
In addition to higher reactivity, the fluoroalkyltrichlorosilanes dglpends on tge VDW attraction bTmeer; tt";‘"go“pﬁ- As the
can form more highly hydrophobic films than hydrocarbon Il structure becomes more complex and bulkier, the VDW
alkyltrichlorosilanes. Here, tridecafluoro-1,1,2,2-tetrahy- attraction is weakened, and consequently the packing density

drooctyltrichlorosilane (FOTS) has been investigated as ais deg:jadfed. In SQM,S tr?"’}t ar(Ie ?tOt der;]sely pfacked, tr:jerﬁ are
deactivating agent and compared to octyltrichlorosilane MO'¢ 0€ ects'an pinho'es 1ett on the surface, and these
(OTS). Both FOTS and OTS have eight-carbon chain tails. defects and pinholes make it possible for the precursors to
However, for FOTS, the static water contact angle of the penetrate into the organic film and bond with the interface
dense SAM is 112 while for OTS, the static water contact hydroxyl groups or oxygen atoms [Scheme 1c]. _On the other
angle of the densely packed film is only T03he difference hand, by substituting the hydroc_:arbons of the tailgroups with
between contact angles results from the fact that fluorocarbon fluorocart_)on, the monolayer film becomes denser and more
chains possess higher hydrophobicity than the correspondin ydrophobic. The “?S“'ts of the FOTS st-udy sugge;t t.hat
hydrocarbon analoguééAn empirical rule states that with luorocarbon tail chain molecules can provide a deactivating

respect to the cmc (critical micellar concentration) value, one effect similar to thf"‘t of a hydrocarbon chain molecule.but
with a shorter chain length. To use SAMs as ALD resists,

the interchain VDW attractions. Therefore, to obtain the most
closely packed film, simple, linear alkyl chain groups are
necessary.

(36) Tripp, C. P.; Veregin, R. P. N.; Hair, M. lLangmuir1993 9, 3518.
(37) Oda, R.; Huc, I.; Danino, D.; Talmon, Yangmuir200Q 16, 9759. (38) Shinoda, K.; Hato, M.; Hayashi, T. A. Phys. Cheml972 76, 909.
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films with high packing density are necessary. The optimum the experimental results do not reveal a significant difference
deactivating agents, therefore, appear to be those with simplejn reactivity under current reaction conditions. According
linear alkyl tail chains without branches. to Table 1, trimethylchlorosilane, trimethylbromosilane, and
4. Reactive Headgroup DependenceAll of the com- trimethyliodosilane form SAMs of similar hydrophobicity
pounds discussed above are alkyltrichlorosilanes. These(WCA) and thickness. Hf at. % values are nearly 12%.
compounds have reactive headgroups containing three chloMeanwhile, hexamethyldisilazane, another commonly used
rine atoms, which provide high reactivity toward surface SAM compound, demonstrates a water contact angle, film
hydroxyl groups and the ability to cross-link with other thickness, and blocking effect that are similar to those of
alkyltrichlorosilanes under solution-phase reaction. To obtain the trimethylhalosilanes.
a better understanding of the ALD blocking mechanism, None of these compounds containing trimethyl tailgroups
molecules with different reactive headgroups have also beenappear able to form densely packed, hydrophobic films that
investigated in this study. To separate the effect of the SAM can effectively block the ALD process. Low reactivity of
headgroup from that of the tail, we chose to focus primarily the headgroup and steric effects between the tailgroups are
on SAM precursors containing methyl tailgroups to represent possible reasons for the resultant loosely packed films and
the alkyl chain analysis while the headgroup was varied. inefficient blockage. With each of these compounds, the
a. Number of Chlorine Substituen®AM formation and hafnium atomic percentage after ALD is comparable to that
ALD deactivation with alkyldichlorosilanes and monochlo- ©n the unprotected, chemical oxide substrate, indicating that
rosilanes have been compared to that using alkyltrichlorosi- none of these SAMs prevents Hf@LD to a significant
lanes. Films formed by trimethylchlorosilane (TMCS), degree.
dimethyldichlorosilane (DMDCS), and methyltrichlorosilane ~ TEM studies were also carried out on substrates protected
(MTCS) are analyzed in Table 1. These three molecules haveby trimethylhalosilane SAMs. The TEM image after the ALD
similar molecular structure, M8iCl,—, (n = 1-3), with process on trimethylhalosilane-coated samples looks similar
different numbers of chlorine substituents at the headgroup.to the TEM image collected after ALD growth on a chemical
It has been shown by previous experimental analysis andoXide substrate [Figure 2a]. In particular, the Hffdm is
ab initio calculation®“that as the number of Cl substituents continuous and uniform. However, the trimethyl groups are
increases, the reactivity of the compounds toward the surfaceknown to be stable at the ALD reaction temperature (300
also rises. It is evident from Table 1, however, that the °C), and consequently they must still be present at the
hydrophobicity does not follow the same trend as the surfaceinterface. To explain the TEM results showing that a
reactivity. Although MTCS has the highest reactivity among continuous HfQ film is formed even in the presence of the
these three molecules, the film formed by DMDCS has the SAM, we postulate the following model. For these bulkier
highest hydrophobicity and the best blocking effect. We trimethylsilane compounds, there may be a significant density
suggest, therefore, that the organosilane with two methyl of unreacted surface hydroxyl groups left on the samples
groups (and two chlorine atoms) forms a denser film than even after formation of the SAM. Consequently, some of
the film formed by the compound with one methyl group these hydroxyl groups are likely to neighbor one another.
(and three chlorine atoms). There are two competing factors The HfCL precursors can bond to these sites and nucleate
leading to this behavior: VDW attraction or repulsion the film growth. With networking through the HO—Hf
between tailgroups and reactivity of the headgroup. Although Ponds, growth can occur laterally within a few ALD cycles.
the VDW attraction is expected to become stronger with Eventually, the cross linking of the HO—Hf may com-
increasing number of methyl groups, too bulky a tail will Pletely cover all of the methyl groups.
lead to steric repulsion. In addition, the decreasing number Another headgroup commonly used in formation of SAMs
of chlorine atoms reduces the reactivity of the headgroup atis that of alkoxysilanes. Here, timealkyltrialkoxysilanes are
the surface. Consequently, the most dense, hydrophobic SAMcompared tar-alkyltrichlorosilanes. Both octadecyltrimeth-
is formed by the intermediate alkylchlorosilane, DMDCS, oxysilane (ODTM) and octadecyltriethoxysilane (ODTE)
with two CH; and two Cl groups. have been investigated, and the results of the solution-phase
b. Other Reactie Groups.In addition to chloride com- ~ SAM formation and Hf at. % following ALD are compared

pounds, other reactive groups have been compared in thigh Table 1. It is evident that the degree of blocking is poor
study as shown in Table 1. These include alkylbromosilane, for these compounds as compared to a chlorosilane with the
alkyliodosilane, and alkyldisilazane, as well as alkyl- Same 18-carbon chain tailgroup.
alkoxysilanes. We attribute the poorer blocking of ODTM and ODTE
The electronegativity and the-SX bond energy decrease for ALD process to submonolayer film formation. The
according to the sequence Gl Br > I. Therefore, the n-alkyltrialkoxysilane molecules polymerize on the surface
reactivity of MeSi—X toward the hydroxyl groups should by a two-step mechanism: the polar trialkoxy headgroup first
increase along the same series; that is, bromo- and iodo-nydrolyzes into trihydroxy groups, and then the polymeri-
trimethylsilanes should exhibit higher reactivity with hy- Zation occurs as a second step by intermolecular condensation
droxyl groups than chlorotrimethylsilane. This prediction is Petween neighboring silanol groups with the elimination of

consistent with results of theoretical calculatiéhslowever, ~ & Water moleculé: Because the SAM formation in these
studies was carried out under extremely dry conditions to

(39) Tripp, C. P.; Hair, M. LLangmuir1995 11, 149.
(40) Chen, R.; Mui, C.; Musgrave, C. B.; Bent, S. F., unpublished data. (41) Fontaine, P.; Goldmann, M.; Rondelez LEngmuir1999 15, 1348.
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chlorosilanes, which are known to form densely packed
n monolayers, the deactivating efficiency is inversely propor-
124 : . % s tional to the WCA, and the Hf at. % values follow the dashed
2 w_' . $ line in Figure 5. Other molecules that_alsp pack well, such
g ] . as DCDMS and FOTS, also fall on this line. However, for
& .| ‘-\\ the molecules with bulky tailgroups or low reactivity
% . ° headgroups (including the alkyltrichlorosilanes with bulky
5 6 N tails groups, trimethylhalosilanes, andalkyltrialkoxysi-
® . lanes), closely packed monolayers cannot be formed. Con-
ff 4| m n-alkyltrichiorosilanes . sequently, these SAMs cannot effectively deactivate the ALD
; ° :;;:rggcsr’llomsilanes (bulky head groups) ‘\‘ process, and the Hf at. % is much larger on these films as
2| v timethyisilanes (different reactive groups) * compared to densely packed SAMs with the same WCA
# n-alkyltrialkoxysilanes LS
4 FOTS L] value.
0 ——— T e The data in Figure 5 are consistent with the deactivation
0 20 40 60 80 100 120

Water Contact Angle (Degree)

mechanism that was proposed in Scheme 1. For the densely

Figure 5. Plot of the Hf at. % post-ALD versus water contact angles packed SAMSs, mc_)st surface hydrqul groups have been
measured for a variety of self-assembled monolayers before the ALD fémoved by reaction, and those sites that have not been
process. The Hf at. % is a measure of the blocking efficiency toward the reacted are protected from the ALD precursors by the
ALD process. hydrophobic organic layer above the interface. In this case,
the ALD precursors can bond only to a very few defect
hydroxyl groups or bridge oxygen atoms. These defect sites
are sparsely concentrated, and the resultant film, if it grows,
is discontinuous. For the loosely packed films, there may
be larger concentrations of surface hydroxyl groups left
Ybecause fewer SAM molecules are attached to the surface.
The ALD precursors can bond to these sites, nucleating the
film growth. At higher concentrations of nucleation sites
(defects), neighboring precursors can cross-link with each
other, and after several cycles, the deposited film may
completely cover the organic layer and change the surface
properties, facilitating further ALD growth.

ensure consistency with chlorosilanes SAM formation, there
might not have been enough water present to fully convert
the trialkoxy reactive groups into trinydroxyl groups. Fur-
thermore, then-alkyltrialkoxysilanes have lower reactivity
as compared to the chlorine reactive headgroup and ma
require longer SAM formation time. Consequently, the
reactivity of this type of molecules was likely limited by
the water concentration and reaction time of the present
experimental condition.

We postulate that SAMs formed by long-chain molecules
at submonolayer coverage generate pinholes in the film that
can readily trap the ALD precursors. These results are
consistent with the model shown in Scheme 1d. The ALD Conclusions
process begins at discrete nuclgation sit_es,where these sites |, this paper, we have investigated a series of self-
likely correspond to defects (pinholes) in the SAM where
unreacted hydroxyl groups at the surface are exposed to th
ALD precursors. Similar effects were observed with loosely
packed SAMs in our earlier study.

5. Correlation between Hydrophobicity and Deactiva-
tion. To summarize all of the different parameters related
to the formation of an efficient deactivation layer, a plot of
the hafnium atomic percentage after the ALD process versus
water contact angle before the ALD process has been
constructed for all of the self-assembled monolayers exam-
ined in this study. The resultant plot is shown in Figure 5.
An interesting correlation between Hf at. % and WCA is
apparent in the figure. There is a general trend for decreasing
Hf at. % with increasing hydrophobicity (WCA) for densely Acknowledgment. This work was supported in part by the
packed SAMs. NSF/SRC Center for Environmentally Benign Semiconductor

On the other hand, there is a clear difference in deactiva- Manufacturing (NSF Grant No. EEC-9528813), the Stanford
tion potential (Hf at. %) for those compounds which form Initiative for Nanoscale Materials and Processes, and by the
densely packed SAMs as compared to those that form poorlyCenter for Integrated Systems.
packed SAMs. For example, for the seriesmélkyltri- CMO0486666

assembled molecules as monolayer resists for,HfOmic
qayer deposition. The self-limiting nature of the ALD process
provides an ideal method to manipulate the surface functional
groups to achieve selective deposition by monolayer resists.
Three important factors influence the blocking efficiency of
the monolayer organic films: chain length, tailgroup struc-
ture, and headgroup reactivity. This investigation shows that
to achieve satisfactory deactivation toward the ALD process,
it is crucial to form densely packed, highly hydrophobic
organic monolayers. This in turn requires deactivating agents
with high reactivity, low steric effect tailgroups, and
minimum chain length.



