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CONSPECTUS

he fabrication of many devices in modern technol-

ogy requires techniques for growing thin films. As }
devices miniaturize, manufacturers will need to control / \ J!
thin film growth at the atomic level. Because many
devices have challenging morphologies, thin films must  (a) — é é o M

- L llllldiid, bkl ey

be able to coat conformally on structures with high | ] |

aspect ratios. Techniques based on atomic layer depo-
sition (ALD), a spedial type of chemical vapor deposi-
tion, allow for the growth of ultra-thin and conformal
films of inorganic materials using sequential, self-limit-
ing reactions. Molecular layer deposition (MLD) meth-
ods extend this strategy to include organic and hybrid
organic—inorganic polymeric materials.

In this Account, we provide an overview of the sur-
face chemistry for the MLD of organic and hybrid organic—inorganic polymers and examine a variety of surface chemistry strat-
egies for growing polymer thin films. Previously, surface chemistry for the MLD of organic polymers such as polyamides and
polyimides has used two-step AB reaction cycles using homo-bifunctional reactants. However, these reagents can react twice and
eliminate active sites on the growing polymer surface. To avoid this problem, we can employ alternative precursors for MLD based
on hetero-bifunctional reactants and ring-opening reactions. We can also use surface activation or protected chemical functional
groups.

In addition, we can combine the reactants for ALD and MLD to grow hybrid organic—inorganic polymers that should display
interesting properties. For example, using trimethylaluminum (TMA) and various diols as reactants, we can achieve the MLD of
alucone organic—inorganic polymers. We can alter the chemical and physical properties of these organic—inorganic polymers by
varying the organic constituent in the diol or blending the alucone MLD films with purely inorganic ALD films to build a nano-
composite or nanolaminate. The combination of ALD and MLD reactants enlarges the number of possible sequential self-limiting
surface reactions for film growth. Extensions to three-step ABC reaction cydles also offer many advantages to avoid the use of homo-
bifunctional reactants and incorporate new functionality in the thin film.

The advances in ALD have helped technological development in many areas, induding semiconductor processing and mag-
netic disk-drive manufacturing. We expect that the advances in MLD will lead to innovations in polymeric thin-film products.
Although there are remaining challenges, effective surface chemistry strategies are being developed for MLD that offer the oppor-
tunity for future advances in materials and device fabrication.

1. Introduction two sequential, self-limiting surface reactions.'?

Because the surface reactions are self-limiting, ALD
Atomic layer deposition (ALD) is a special type of ~ can deposit conformal ultra-thin films on high
chemical vapor deposition (CVD) that is based on aspect ratio structures.® The control of ALD growth
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is usually ~1 A per reaction cycle. The resulting ALD films
have been shown to be continuous and pinhole-free.* ALD
techniques have developed in response to the needs for semi-
conductor device miniaturization and conformal coating on
high aspect ratio structures.

Because of the binary nature of the ALD reaction sequence,
most ALD materials are binary inorganic compounds. Several
reviews have detailed the wide variety of inorganic materials
that have been grown using ALD techniques.>® The most
common ALD materials are metal oxides and metal nitrides.
For example, Al,O3 ALD is a model metal oxide that is usu-
ally performed using Al(CHs); and H,O as the two reactants.”®
TiN ALD is a well-studied metal nitride that is performed using
TiCl, and NHs as the two reactants.’

Molecular layer deposition (MLD) is related to ALD and is
also based on sequential, self-limiting surface reactions.'® "
However, in the case of MLD, a “molecular” fragment is depos-
ited during the surface reactions, as shown in Figure 1.'° This
molecular fragment is organic and may also contain inorganic
constituents. The deposition of organic polymer MLD films
was first achieved using stepwise condensation reactions by
several groups in Japan.''~'> MLD growth with bifunctional
reactants has been demonstrated for organic polymers, such
as polyamide,'®'* polyimide,'"'®~ '8 polyimide—polyami-

9 polyurea,?® and polyurethane.?’

MLD growth methods have also been known as alternat-
ing or epitaxial vapor deposition polymerization'#22 and lay-
er-by-layer?® growth. The MLD method followed the
development of the gas-phase polymer-growth technique
known as vapor deposition polymerization (VDP).>? VDP has
been defined for many different stepwise condensation poly-
mers, such as polyimides,?32* polyamides,?>2® and poly-
ureas.?” The VDP method has been summarized in a previous
review.>?

This paper will discuss the surface chemistry for MLD of
polymers. First, the surface chemistry for depositing organic
polymers will be examined based on two-step AB reaction
cycles with homo-bifunctional reactants. Second, the surface
chemistry for hybrid organic—inorganic polymers will be
explored based on two-step AB reaction cycles with homo-
bifunctional or homo-multifunctional reactants. Subsequently,
alternative surface chemical strategies will be examined based
on two-step AB reaction cycles with hetero-bifunctional pre-
cursors, ring-opening reactions, protected groups, and surface
activation. The paper will conclude by discussing three-step
ABC reaction cycles with various reactants.
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FIGURE 1. Schematlc of the MLD method based on sequential,
self-limiting surface reactions.

2. Surface Chemistry for MLD of Organic

Polymers Based on Two-Step AB Cycles
with Homo-bifunctional Reactants

The first studies of MLD of organic polymers focused on poly-
imides'' and polyamides.'* The surface chemistry used
homo-bifunctional reactants from stepwise condensation
polymerization reactions. The homo-bifunctional reactants
were molecules such as XRX and YR'Y. “X” and “Y” are chem-
ical functional groups, and R and R’ are organic fragments. A
generic two-step AB cycle with two homo-bifunctional reac-
tants is

(A) SR'Y* + XRX — SR'—RX* + XY (1)

(B) SRX* + YR'Y — SR—R'Y* + XY 2)

where the asterisks indicate the surface species. The underly-
ing substrate and deposited film is represented by “S”. In the
A reaction, the X chemical functionality reacts with SR’Y* spe-
cies to form SR’—RX"* species. In the B reaction, the Y chemi-
cal functionality reacts with SRX* species to form SR—R’Y"
species.

Surface chemistry studies for MLD of organic polymers
based on homo-bifunctional reactants have explored two
polyamides: nylon 66'° and poly(p-phenylene terephthala-
mide) (PPTA).?® The reactants for nylon 66 MLD are adipoyl
chloride (CIOC—(CH,),—COCI) (AC) and 1,6-hexanediamine
(HoN—(CH5)s—NH,) (HD).'® The acyl chloride and amine func-
tional groups react to form an amide linkage. The surface
reactions for nylon 66 are'®

(A) SNH," + CICO(CH,),COCI —
SNH—CO(CH,),COCI + HCI (3)
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(B) SNHCO(CH,),COCI* + H,N(CH,),NH, —
SNHCO(CH,),CO—NH(CH,)¢NH," + HCI (4)

When AC is exposed in the “A” reaction, the AC reacts with the
amine species and adds —CO(CH,),COCI* to the surface. When
HD is exposed in the “B” reaction, the HD reacts with the acyl
chloride species and adds —NH(CH,)sNH," to the surface. Alter-
nating exposures of AC and HD in an ABAB... sequence lead
to nylon 66 MLD.'°

The film growth was monitored after sequential exposures
of AC and HD for nylon 66 MLD using in situ Fourier trans-
form infrared (FTIR) vibrational spectroscopy. Figure 2 shows
the vibrational spectra for a nylon 66 MLD film grown on a
SiO, powder sample versus the number of AB cycles.'® The
absorbances of the N—H and C—H stretching vibrations and
the amide | and amide Il vibrations grow progressively with
number of AB cycles. The integrated absorbance of the amide
I 'and amide Il vibrations displayed in Figure 3 illustrates the
linear growth of the nylon 66 MLD film versus the number of
AB cycles."® The integrated absorbance of the C—H stretch-
ing vibrations was used to obtain a growth rate for nylon 66
MLD film on flat KBr substrates. These experiments yielded a
nylon 66 MLD growth rate of ~19 A per AB cycle."®

The surface chemistry of PPTA MLD has also been exam-
ined using terephthaloyl chloride (CICOCsH,COCI) (TC) and
p-phenylenediamine (NH,C¢H,NH,) (PD) as the reactants.?®
The acyl chloride and amine functional groups again react to
form an amide linkage. Sequential exposures of TC and PD for
PPTA MLD were used to deposit this polyamide film. The sur-
face reactions for PPTA MLD are?®

25
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FIGURE 2. FTIR spectra showing an initial hydroxylated SiO,
surface and during the 5th, 10th, and 20th AB cycles for nylon 66
MLD at 83 °C after HD exposures.
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(A) SNH," + CICOC¢H,COCI —
SNH—COC¢H,COCI + HCI (5)

(B) SNHCO(CH,),COCI* + H,NCeH,NH, —
SNHCOCH,CO—NH(CH,);NH,* + HCI (6)

A schematic of the surface chemistry during PPTA MLD is
shown in Figure 4.28

Figure 5 displays the surface chemistry during PPTA MLD
on a SiO, powder substrate at 145 °C.® Figure 5 shows the
absolute FTIR spectra of (a) the initial hydroxylated SiO» par-
ticle substrate, (b) after an aminopropyltrimethyoxysilane
(APMS) exposure to deposit amino groups on the surface, (c)
after a TC exposure, (d) after a PD exposure, and (e) after
another TC exposure.?® The APMS exposure in Figure 5b
reduces the absorbance from isolated O—H stretch vibration
on the SiO, substrate and produces new absorption peaks
from symmetric and asymmetric C—H stretching vibrations.
These vibrational features are consistent with APMS reacting
with hydroxyl groups on the surface and depositing —CH,—
and —NH, species.

Terephthaloyl chloride is then exposed to the surface after
APMS functionalization. After the TC reaction goes to comple-
tion, the signature peak of the acyl chloride surface species in
Figure 5c is the absorption from the chlorinated C=0 stretch-
ing vibrations at 1788 cm~'. Figure 5c also reveals the
appearance of the amide | and amide Il absorption peaks after
the TC exposure. After PD is exposed to the surface follow-
ing the TC exposure, the absorbance from N—H stretching
vibrations grows in the spectra. The loss of absorption from
the chlorinated carbonyl stretching vibrations is also clearly
monitored at 1788 cm™'. Figure 5d also shows that the PD
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FIGURE 3. Integrated absorbance of amide | and amide I

vibrations versus the number of AB cycles for nylon 66 MLD at 83

°C. Solid squares display the first AB cycle recorded during 6

consecutive days of experiments.
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FIGURE 4. lllustration of surface chemistry for PPTA MLD using TC
and PD as reactants.
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FIGURE 5. FTIR spectra during PPTA MLD at 145 °C showing (a)
initial hydroxylated SiO, surface, (b) after APMS exposure, () after
TC exposure, (d) after subsequent PD exposure, and (e) after
another TC exposure.
exposures lead to a further increase in absorption from amide
I and amide Il vibrations. The subsequent TC exposure in Fig-
ure 5e again produces absorption from the chlorinated C=0
stretching vibrations.

The integrated absorbance of the N—H stretching vibra-
tions and the chlorinated carbonyl stretching vibrations were
monitored versus TC and PD exposures to determine if the
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FIGURE 6. Chlorinated carbonyl stretching vibrations and N—H
stretching vibrations versus TC exposure for PPTA MLD at 145 °C.
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FIGURE 7. Chlorinated carbonyl stretching vibrations and N—H
stretching vibrations versus PD exposure for PPTA MLD at 145 °C.

surface reactions were self-limiting. Figure 6 shows the inte-
grated absorbances during TC exposure on the amine sur-
face.?® The integrated absorbance for the chlorinated carbonyl
stretching vibrations reaches a limit at larger TC exposures. In
addition, the integrated absorbance of the N—H stretching
vibrations is lost concurrently with the gain in the integrated
absorbance for the chlorinated carbonyl stretching vibrations.
This behavior indicates a self-limiting surface reaction.

Figure 7 shows the integrated absorbances during PD expo-
sure to an acyl chloride surface.?® The integrated absorbance
for the N—H stretching vibrations reaches a limit at larger PD
exposures. In addition, the integrated absorbance of the chlo-
rinated carbonyl stretching vibrations is lost concurrently with
the gain in the integrated absorbance for the N—H stretching
vibrations. This behavior also is consistent with a self-limit-
ing surface reaction.

Polyimide MLD using pyromellitic dianhydride (PMDA) and
diamines has also been examined by surface science
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techniques.'®'729 Electron energy loss investigations moni-
tored the reaction between PMDA and 1,4-phenylene diamine
(PDA) and observed the initial formation of amic acid.'® The
amic acid converted to the polyimide with the loss of H,0.
Reflection—absorption infrared spectroscopy was also
employed to monitor the growth of polyimide using PMDA
and 4,4-oxidianiline (ODA) reactants.'” Recent studies of poly-
imide MLD growth have also observed temperature-depen-
dent linear growth rates for polyimide MLD.'® A growth rate
of ~5 A per AB cycle was measured for polyimide MLD with
PMDA and ODA at 160 °C.'8

MLD reactions with homo-bifunctional reactants can expe-
rience difficulties because both functional groups can react
with chemical groups on the surface.'®2® These “double” reac-
tions subtract active sites from the polymer surface and pre-
vent the propagation of the polymer chain growth.
Consequently, the “double” reactions progressively poison the
thin-film growth. These double reactions can limit the poly-
mer thickness deposited during one AB cycle and lead to irre-
producible MLD growth rates.'?®

3. Surface Chemistry for MLD of Hybrid

Organic—Inorganic Polymers Based on
Two-Step AB Cycles with Homo-
bifunctional or Homo-multifunctional
Reactants

The MLD of hybrid organic—inorganic polymers can be
accomplished using an inorganic reactant together with an
organic reactant.2%3" This extension is achieved by combin-
ing an inorganic reactant used in a typical ALD process with
an organic reactant used in a MLD process. For example,
Al(CHs)s, trimethylaluminum (TMA), is a common metal alkyl
reactant used for Al,O3 ALD.”® TMA reacts readily with oxy-
gen-containing species. A diol, such as ethylene glycol
(HO(CH>),0H) (EG), is @ homo-bifunctional reactant that could
be used together with a carboxylic acid or acyl chloride to
deposit a polyester in a MLD process. TMA and EG can be
used together in a sequential, stepwise process to deposit a
hybrid organic—inorganic polymer.

The general two-step reaction between metal alkyls and
diols can be written as*°

(A) SR'OH* + MR, — SRO-MR,_," +RH  (7)
(B) SMR® + HOR'OH — SM—OROH* + RH  (8)

In the A reaction, the reaction reaches completion when all of
the SR'OH" species have reacted to produce SR'O—MR,—;" spe-
cies. In the B reaction, the reaction progresses until all of the
SMR* species have completely reacted to produce SM—OR’OH*
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FIGURE 8. lllustration of surface chemistry for poly(@luminum
ethylene glycol) alucone MLD using TMA and EG as reactants.
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FIGURE 9. Alucone film thickness measured using XRR versus the
number of AB cycles using TMA and EG for various deposition
temperatures.

species. The sequential reactions of TMA and EG yield a poly-
meric film known as an alucone.>? A schematic illustrating the
growth of this alucone polymer is shown in Figure 8.3°
Alucone MLD using TMA and EG is very efficient.3° X-ray
reflectivity (XRR) results displayed in Figure 9 reveal that the
MLD growth rate is linear versus the number of AB cycles. 3°
A summary of the growth rates and film densities versus sub-
strate temperature is summarized in Figure 10. The alucone
MLD growth rates decrease from 4.0 A per AB cycle at 85 °C
to 0.4 A per AB cycle at 175 °C. The density of these alucone
films is independent of the deposition temperature and con-
stant at ~1.5 g/cm?3.3° This alucone film density is much less
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FIGURE 10. Growth per cycle and film density for alucone MLD
using TMA and EG for various deposition temperatures.

than the density of ~3.0 g/cm3 for an Al,O3 ALD film grown
at 177 °C.33

Other organometallic precursors can be employed for the
growth of many hybrid organic—inorganic polymers. For
example, zinc alkyls, such as Zn(CH,CHjs),, diethyl zinc (DEZ),
are homo-bifunctional precursors that can react with diols,
such as EG, in a similar MLD process.>* Other metal alkyls and
metal halides that can easily react with oxygen are candidates
for the MLD of hybrid organic—inorganic polymers. Additional
homo-bifunctional organic reactants can expand the general-
ity of these reactions. For example, the homo-bifunctional
organic reactant could be a diamine, H,N—R—NH,, or a dithiol,
HS—R—SH, that would form metal nitrides or metal sulfides
with various organic constituents.

4. Alternative Surface Chemical Strategies

for MLD of Organic and Hybrid
Organic—Inorganic Polymers Based on
Two-Step AB Cycles

4.1. AB Cycles with Hetero-bifunctional Reactants. MLD
reactions can use hetero-bifunctional reactants to avoid dou-
ble reactions that can decrease the number of active surface
species and reduce the MLD growth rate.?® Hetero-bifunctional
reactants have two different chemical functional groups. One
of the chemical functional groups can react with the surface
species. In contrast, the second chemical functional group
does not react or reacts much less preferentially with the sur-
face species. The hetero-bifunctional precursors can minimize
double reactions and polymer chain termination.

A general two-step AB cycle using hetero-bifunctional reac-
tants is

(A) SR'Z* + WRX — SR'—RX" + ZW (9)

MLD of Organic and Organic—Inorganic Polymers George et al.

(B) SRX* + YR'Z — SR—R'Z* + XY (10)

In the A reaction, the W chemical functionality on WRX reacts
with the SR’Z” species to deposit SR*—RX" species. In the B
reaction, the Y chemical functionality on YR’Z reacts with the
SRX* species to deposit SR—R’Z* species. There are a variety
of examples of hetero-bifunctional reactants that display two
separate chemical functionalities on the same molecule.

One class of hetero-bifunctional reactants includes hydroxyl
compounds having vinyl functionality, e.g., HO—RCH=CH,.
The hydroxyl end of these precursors can react with a car-
boxylic acid or silicon chloride group to form an ester or
silicon—oxygen bond and introduce the vinyl functionality
onto the polymer chain. Another type of hetero-bifunctional
reactant includes the aminoalcohol compounds, e.g.,
H,N—R—OH. Either the amino group or the hydroxyl group
can react preferentially with surface species. The amino group
can react preferentially with a carboxylic acid or an isocyan-
ate group to form an amide or urethane linkage and add
hydroxyl functionality on the polymer chain. Alternatively, the
hydroxyl group can react preferentially with a silicon chlo-
ride group to form a silicon—oxygen bond and introduce an
amino group.

4.2. AB Cycles with Ring-Opening Reactions. MLD reac-
tants can also avoid double reactions by containing a con-
cealed functionality that only expresses itself upon reaction.
Many ring-opening reactions yield new hydroxyl, amine, or
carboxylic acid groups upon reaction. For example, a cyclic
azasilane (AZ), such as 2,2-dimethoxy-1,6-diaza-2-silacyclooc-
tane, can react with a surface hydroxyl to create a
silicon—oxygen bond.?®3> The cyclic azasilane also unfolds,
leaving amine species that are not expected to be reactive
with surface hydroxyl groups. A cyclic carbonate, such as eth-
ylene carbonate (EC), can then react with a surface amine to
form a urethane linkage.?® The ethylene carbonate also
unfolds and produces hydroxyl species that are not expected
to be reactive with surface amine groups. A schematic show-
ing these two ring-opening reactions is displayed in Figure 11.

These MLD reactions can be followed using in situ FTIR
vibrational spectroscopy.® FTIR spectra recorded at 120 °C are
displayed in Figure 12. The spectrum of the starting SiO, pow-
der substrate in Figure 12a shows a sharp absorption peak for
O—H stretching vibrations from isolated hydroxyl groups on
the surface. Lower frequency absorption features from the
bulk SiO, powder also appear at <1400 cm™'. After the reac-
tion of the AZ, the absorption peak associated with the iso-
lated hydroxyl groups disappears and the spectrum in Figure
12b displays absorbances from C—H and N—H stretching
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FIGURE 11. lllustration of surface chemistry involving two ring-
opening reactions with AZ and EC as reactants.
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FIGURE 12. FTIR spectra during two ring-opening reactions with
AZ and EC at 120 °C showing (a) initial hydroxylated SiO, surface,
(b) after AZ exposure, (c) after EC exposure, and (d) after subsequent
AZ exposure.

vibrations and amine deformation modes. These absorption
features are expected after the reaction of AZ, as illustrated in
Figure 11.
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The spectrum after the subsequent reaction of EC shown in
Figure 12c induces increases in the absorbance for the C—H
stretching vibrations and intensifies the absorbance of the
N—H stretching vibrations and amine deformation modes. In
addition, a strong absorption peak is observed from C=0
stretching vibrations. These infrared features are expected
after the reaction of EC, as shown in Figure 11. The spectrum
shown in Figure 12d after the subsequent AZ exposure
increases the absorbance for the C—H and N—H stretching
vibrations and the amine deformation modes.

4.3. AB Cycles Using Reactants with Protected
Groups. Reactants that contain two different reactive groups,
where one reactive group is protected from reaction, also
avoid the use of homo-bifunctional reactants. For these pre-
cursors, one functional group is not available for reaction until
removal of the protecting group. The protective group can be
removed by a chemical reaction. Alternatively, the protective
group can be removed by radiating the group with light to
induce a photochemical reaction.

An illustration of this class of MLD reaction with protected
groups is shown in Figure 13. This reaction sequence has not
yet been confirmed by experiments. In the first step, a
hydroxylated surface is exposed to 3-(1,3-dimethylbutylidene)
aminopropyltriethoxysilane (DAPS). The DAPS binds to the sur-
face through a siloxane linkage. A protecting imine group
hides the —NH, functionality. Exposure to water then reacts
with the imine moiety and releases 4-methyl-2-pentanone.
This reaction leaves a surface terminated with primary amine
groups.

The surface can then be exposed to an acyl chloride, such
as 1-(o-nitrobenzyl)-3-oxyheptanoyl chloride (NOC). This acyl
chloride precursor adds to the surface via an amide linkage
and yields a nitrobenzyl-protected surface. The nitrobenzyl-
protection group hides an underlying hydroxyl group. The
hydroxyl group is then deprotected by exposure to ultravio-
let (UV) light.>® The UV light removes the nitrobenzyl group
and unmasks the hidden hydroxyl chemical functionality. The
reaction sequence can then proceed with another exposure to
DAPS.

4.4. AB Cycles with Surface Activation. Homo-bifunc-
tional reactants can also be avoided using reactions where
surface activation is used to create a chemical functional
group. In this class of surface reactions, one functional group
on a hetero-bifunctional precursor reacts with an active sur-
face species. Additional chemistry is then performed to trans-
form the second functional group to a more active chemical
functional group. One notable functional group that can be
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FIGURE 13. lllustration of the surface chemistry involving protected groups. The initial hydroxylated surface is first exposed to DAPS. H,O
then removes the protecting group and exposes amine functionality. NOC reacts with amine functionality. The hydroxyl group is then

deprotected using UV light exposure to complete the reaction cycle.

activated is a vinyl group. Vinyl groups can react with ozone
or peroxides to form carboxylic acids or aldehydes.

An example of an organic—inorganic polymer formed
using surface activation uses trimethylaluminum (TMA) and
3-buten-1-ol (BTO) as the precursors as shown in Figure 14.
This reaction sequence has been confirmed by preliminary in
situ FTIR experiments.?® The reaction begins with a hydroxy-
lated surface. Subsequently, a layer of AICHs" species are
deposited by exposure to TMA. BTO is then exposed to the
surface. The hydroxylated end of the BTO precursor reacts
with the aluminum atom of the AICH;" surface species to cre-
ate an AI—0 bond and displaces methane. When this reac-
tion occurs, the vinyl group on the other end of the BTO
precursor is orientated away from the surface. The vinyl group
is then activated by exposure to ozone to form a carboxylic
acid. The hydroxyl group of the carboxylic acid can then react
with TMA to repeat the reaction cycle.*®

The surface activation mechanism technique has also been
demonstrated by recent work using the sequential growth of
alkylsilozane self-assembled monolayers with vinyl termina-
tion.3” After conversion of the vinyl functionality to carboxylic
acid functionality using ozone, the film was converted to tita-
nium hydroxide using TiCl, and H,O. The alkylsilozane self-as-
sembled monolayer was then deposited again on the titanium
hydroxide surface. This method has been shown to deposit
organic—inorganic hybrid superlattices with monolayer preci-
sion that display thermal and mechanical stability.>”

5. Surface Chemistry for Polymer MLD
Based on Three-Step ABC Cycles

The MLD of organic and hybrid organic—inorganic polymers
can also be accomplished using a three-step ABC reaction
sequence. Three-step ABC reactions increase the flexibility of
MLD reactions to include various organic compositions. In
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addition, three-step ABC reactions enlarge the number of dif-
ferent combinations of possible hetero-bifunctional reactants
that can be used to define the MLD process.

Many of the most reactive precursors, such as TMA and
DEZ, are homo-multifunctional reactants. These precursors can
react to form a chemical bond or coordinate through Lewis
acid/base interactions. The homo-multifunctional precursors
are susceptible to double reactions in a two-step AB cycle.
However, these reactants can work effectively in a three-step
ABC cycle with two other hetero-bifunctional reactants. The
three-step ABC cycle helps to minimize the poisoning effect of
the double reactions.

There are many possible three-step ABC cycles involving
three hetero-bifunctional reactants. Assuming three hetero-
bifunctional precursors: TRV, WR’X, and YR”Z, the three-step
ABC cydle is

(A) SR"Z* 4+ TRV — SR"—RV* + ZT (11)
(B) SRV* + WR'X — SR—R'X* 4+ VW (12)
(© SR'X* 4+ YR'Z — SR—R"Z* + XY (13)

There are also many three-step ABC cycles with one homo-
multifunctional reactant and two hetero-bifunctional reactants.
A variety of combinations also exists for three-step ABC cycles
using homo-multifunctional reactants, hetero-bifunctional reac-
tants, and the other ring-opening reactions, surface activa-
tion and protective group strategies.

An example of a three-step ABC reaction is (A) Al(CHs)s, tri-
methylaluminum (TMA), (B) HOCH,CH,NH,, ethanolamine (EA),

W,

e NN
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FIGURE 14. lllustration of the surface chemistry involving surface
activation. TMA first reacts with the hydroxylated surface. The
hydroxyl end of BTO then reacts and yields the surface terminated
by vinyl groups. Vinyl groups are then exposed to ozone to form
carboxylic acid groups.
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FIGURE 15. lllustration of the surface chemistry for the three-step
ABC cycle with TMA, EA, and MA as reactants.

and (C) C4H,0s, maleic anhydride (MA).>® TMA is a homo-tri-
functional reactant; EA is a hetero-bifunctional reactant; and
MA is a ring-opening reactant. This MLD reaction is shown
schematically in Figure 15. In this reaction sequence, TMA
reacts with hydroxyl groups in the A reaction to form AICHs5"
surface species. EA then reacts with AICH5™ surface groups to
form AIOCH,CH,NH;" surface species in the B reaction. MA
then reacts with the NH," surface groups to reform hydroxyl
groups on the surface in the C reaction. The ABC... sequence
is then repeated by exposure to TMA, EA, and MA.

The surface reactions during the ABC sequence can be mon-
itored using in situ FTIR vibrational spectroscopy. FTIR difference
spectra recorded at 150 °C are shown in Figure 16.3® The
TMA—MA difference spectra in Figure 16a shows the expected
increase in absorbance from the C—H stretching vibrations and
methyl deformation modes from the AICHs" surface species.
There is also an increase in absorbance from the carbonyl modes
from the new COO—AI surface species and the loss of absor-
bance from O—H stretching vibrations after the TMA reaction.
The EA—TMA difference spectrum in Figure 16b observes the
increase in absorbance from the N—H, C—H, and C—O stretch-
ing vibrations and the loss of absorbance from the methyl defor-
mation modes after the EA reaction. The MA—EA difference
spectrum in Figure 16c displays the increase in absorbance from
the O—H stretching vibrations, the carbonyl modes from the car-
boxylic acid groups, and amide | and amide Il vibrations after the
MA reaction.
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FIGURE 16. FTIR difference spectra during the three-step ABC
reaction sequence with TMA, EA, and MA at 150 °C: (a) after TMA
reaction, (b) after EA reaction, and (c) after MA reaction.

The ABC reaction sequence with TMA, EA, and MA pro-
duces excellent film growth versus the number of ABC cycles.
The C—H and N—H stretching vibrations and the amide | and
amide Il vibrations are observed to grow linearly versus the
number of ABC cycles.®® Recent XRR studies have shown that
the growth rate of the ABC alucone film decreases with tem-
perature and varies from 24 A per ABC cycle at 90 °Cto 8 A
per ABC cycle at 150 °C.38

6. Challenges and Future Prospects

Organic chemistry and polymer processing have been exten-
sively developed using solution-phase techniques. Although
synthesis in liquids is tremendously important, the ability to
deposit ultra-thin and conformal polymer films in condensed
phases is difficult. Much higher degrees of control can be real-
ized using gas-phase methods, as demonstrated by ALD tech-
niques for the growth of inorganic materials. The MLD of
polymers has proven that the strategy of using sequential, self-
limiting reactions can be extended to polymeric materials. The
translation of additional organic chemistry into the gas phase
will be important for the continued development of gas-phase
polymer-growth techniques.

One challenge of performing organic chemistry in the gas
phase is finding organic reactants that have sufficient vapor
pressure. If the reactants have low vapor pressure, then reac-
tion rates can be low and the reactants may require very long
purge times. Increasing the vapor pressure is also not easily
overcome by increasing the precursor temperature because of
the thermal fragility of organic reactants. Another challenge of
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performing organic chemistry in the gas phase is understand-
ing the effect of the solution phase on the reaction. Many
organic reactions are catalyzed by acid or base or influenced
by solvation effects that are absent in the gas phase. Similar
condensed-phase environments that are necessary for many
organic reactions may be difficult to reconstruct in the gas
phase.

Another challenge for polymer MLD is the porous nature of
the polymer. This porosity can lead to the diffusion of gas-phase
reactants into the polymer. Earlier studies of ALD on polymers
showed that ALD can nucleate and grow on a variety of poly-
mers because the reactants can diffuse into the polymer and stay
absorbed after the reactant exposure.3?~*' These absorbed reac-
tants can then react with the subsequent reactant and lead to
film growth. Similar pathways also exist during sequential sur-
face reactions on polymers. The reactants can either react directly
with surface species on the growing polymer or diffuse into the
polymer. MLD growth may then occur by both surface and bulk
diffusion mechanisms. The diffusion mechanisms should
enhance the MLD growth rates by adding a contribution similar
to CVD. However, the MLD growth may still be self-limiting if the
reactant absorption is predominantly in the near surface region
of the polymer.

Despite the challenges for polymer MLD, the prospects for
advancement of polymer MLD are very encouraging. Many new
surface chemistry strategies are being developed that will
increase the number of materials that can be deposited using
MLD. These new MLD methods can also be coupled with exist-
ing ALD techniques to fabricate a variety of composite materi-
als. The behavior of these MLD and composite MLD/ALD films
will be interesting because their mechanical properties can vary
from flexible soft polymers to brittle hard ceramics. The sequen-
tial nature of MLD growth may also lead to polymer chain align-
ment and significant anisotropies. The MLD of polymers should
become an important technique for thin-film growth and nano-
fabrication. Many opportunities are on the horizon, and surface
chemistry should continue to play a vital role.
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