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anoscale organic films have

gained increased interest in re-

cent years, due to the shrinking di-
mensions of electronic devices. Increas-
ingly, organic films are finding application
as key components in devices traditionally
dominated by conventional inorganic films.
From the advent of organic electronics, the
importance of nanoscale organic films has
become evident. For example, covalently
bound organic self-assembled monolayers
have been employed as interfacial layers
between substrates and organic semicon-
ductors to aid in film ordering," ™ and also
used as the organic semiconductor layer, in
organic thin film transistors.>® Organic films
are also used in chemical sensors,” and as
wires and dielectrics in molecular
electronics.2 1% Recently, interest has grown
in using nanoscale organic films to replace
more conventional materials in silicon-
based electronics as approaching atomic di-
mensions puts severe limitations on materi-
als properties. Already, organic films have
shown promise as copper diffusion barriers
and liners for interconnect processing,''~'®
and it is likely that nanoscale organic films
will receive more attention in the future as
alternatives to current photoresists as li-
thography exposure wavelengths are
pushed smaller and smaller.

Molecular layer deposition (MLD) is an
emerging film growth technique that is ca-
pable of depositing nanoscale organic films.
Analogous to atomic layer deposition (ALD),
which utilizes a series of self-saturating re-
actions between vapor phase precursors
and a solid surface to create films in a layer-
by-layer fashion,'® MLD makes use of self-
limiting reactions between multifunctional
organic molecules to grow organic films
layer by layer. While there are many organic
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ABSTRACT Nanoscale organic films are important for many applications. We report on a system of molecular

layer deposition that allows for the deposition of conformal organic films with thickness and composition control

at the subnanometer length scale. Nanoscale polyurea films are grown on silica substrates in a layer-by-layer

fashion by dosing 1,4-phenylene diisocyanate (PDIC) and ethylenediamine (ED) in the gas phase. Ellipsometry

measurements indicate that the film growth occurs at a constant growth rate, with film thicknesses consistent

with molecular distances calculated using density functional theory. Characterization of the films by Fourier

transform infrared spectroscopy and X-ray photoelectron spectroscopy reveals formation of stable polyurea films

with nearly stoichiometric composition, and transmission electron microscopy indicates that the films uniformly

coat the substrate surface. Subnanometer control over the film composition was demonstrated using 2,2'-

thiobis(ethylamine) (TBEA) as an alternate diamine to vary the composition of the films. By substituting TBEA for

ED, blended films, with homogeneous composition through the film, and nanolaminates, with discrete layers of

differing film chemistry, were created.

KEYWORDS: molecular layer deposition - laminate - chemical vapor

deposition - surface - thin film - organic - coating

coupling reactions that occur readily in so-
lution, vacuum conditions impose limita-
tions on the type and number of organic
coupling reactions available for MLD. For
example, the solvent is no longer available
to mediate proton transfer or stabilize inter-
mediates. Moreover, changing the pH of
the solution is not an option, and using a
catalyst becomes nontrivial. Thus the defin-
ing characteristic of an MLD system is the
coupling chemistry. A few MLD systems
have been reported to date, including reac-
tion of dianhydrides with diamines to form
polyimides,'” ' reaction of di(acid chlo-
rides) with diamines to form
polyamides,?°~?? and reaction of diisocyan-
ates and diamines to form polyureas?>?*
among others.2>~%” Additionally, several hy-
brid MLD films, using a combination of or-
ganic and inorganic precursors, have been
investigated in recent years.?>28~3

Use of MLD for growth of organic films
has many advantages over the traditional
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Scheme 1. MLD reaction using PDIC and ED, from an initial surface-bound amine.

chemical vapor deposition (CVD) methods. By utilizing
self-limiting reactions in a binary fashion, the film thick-
ness can be precisely controlled down to single-
molecule dimensions. As the self-limiting reactions are
allowed to proceed to saturation, all accessible reactive
surface moieties are consumed, resulting in a com-
plete reaction. Hence, another advantage of MLD is
that the surface saturation at each step allows for con-
formal coating of a surface and the morphology that
might be present, including high-aspect ratio features.
This ability to coat surface features conformally is a gen-
eral property of the MLD? and ALD'® techniques, al-
though conformal coating has been achieved with
some CVD systems as well.3273¢ MLD also allows an un-
precedented level of control over the composition of
the deposited ultrathin organic films. In principle, the
organic backbone of each monomer can be changed to
tailor material properties such as chemical functional-
ity, thermal stability, adhesion, and optical and electri-
cal properties. Specific concentrations of alkyl, alkenyl,
aryl, and heteroatom functionalities can be inserted
into the film as desired, simply by using the appropri-
ate multifunctional monomers.

In this study, we report on an MLD coupling chemis-
try which is very versatile: it takes place at room temper-
ature, it produces very stable organic thin films, and it
allows for a range of substitutions in the backbone. This
in turn enables composition control in the films at the
subnanometer scale, as we demonstrate by the produc-
tion of 100 nm thick nanolaminates and blends. In par-
ticular, we describe the room temperature growth of
polyurea films by MLD using an isocyanate—amine urea
coupling reaction. Traditional CVD of polyurea films
has been thoroughly studied, owing to the interesting
polyurea film properties including piezoelectricity,®” '
pyroelectricity,*? and ferroelectricity.*'** The urea cou-
pling reaction proceeds without any byproduct, elimi-
nating the need for a film-curing anneal to complete re-
action, as is the case with polyimides,'”'° and avoiding
byproduct entrapment or reaction with the polymer
film, as is observed with polyamide formation.? Addi-
tionally, the linear growth observed for small cycle
numbers continues past 75 cycles, without a reduction
of the growth rate at higher cycle number as has been
observed in other MLD systems.?’ By adding a second
diamine into the MLD sequence, we demonstrate con-
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trol over film composition, creating homogeneous
“blended” films using repeating supercycles, i.e.
combinations of varying numbers of single diisocyan-
ate/diamine cycles. In addition to these homogeneous
films, we show the ability to create nanolaminate or-
ganic films, with chemically distinct, alternating layers.
This ability to precisely deposit desired functional-
ities within organic films is a distinct advantage of
MLD, and allows for films to be tailored to specific
applications by insertion of desired properties in lay-
ers from dimensions of tens of nanometers down
to single molecule thickness, creating truly nano-
scale organic films.

RESULTS AND DISCUSSION

Our base method for depositing polyurea films by
MLD involves dosing 1,4-phenylene diisocyanate (PDIC)
and ethylenediamine (ED) in an alternating sequence
to build films layer-by-layer to the desired thickness.
Starting from an amine-terminated surface, the MLD re-
action proceeds as shown in Scheme 1. As demon-
strated in the schematic, the amine-terminated surface
is reacted with 1,4-phenylene diisocyanate to yield an
isocyanate-terminated surface. This is then reacted with
ethylenediamine, which results in an amine-terminated
surface. These two steps comprise a single binary cycle.
MLD is carried out by repeating these two reactions in
sequence for a desired number of cycles.

Density functional theory (DFT) calculations were
performed to calculate the geometry of the initial urea
coupling product at the surface. While DFT is ill-suited
for capturing all of the molecular interactions of self-
assembled monolayers or multilayers, by building a
chain off of a single molecule of 3-aminopropylsiloxane,
it is possible to examine the chain angles and molecu-
lar angles of the PDIC/ED system. These angles can in
turn be used to estimate the approximate thickness of
layers in the film and are given in Figure 1. The calcula-
tions show that the binary cycle of PDIC and ED results
in a mostly planar product projecting from the surface,
since the lowest energy configuration for the urea cou-
plings consists of the amide groups in the same plane
as the phenyl ring. This planarity is favorable owing to
the resonance stabilization of the molecule from
w-bond delocalization of the phenyl ring to the urea
groups. In this geometry, the molecular chain length is

www.acsnano.org



a 0.65nm
.39
J’\J d
0"?“‘

Figure 1. Optimized geometry of the product of a hydro-
lyzed APTES chain reacting with PDIC and subsequently ED.

0.48 nm

1.26 nm per PDIC/ED unit. However, with the APTES ex-
tending normal to the surface, the planar portion of
the surface product is tilted at an angle of 59° from the
surface normal, reducing the expected thickness of a bi-
nary cycle to 0.65 nm. Although the APTES orientation
may not be perfectly normal to the surface, we can ex-
pect growth rates closer to 0.65 nm/cycle than 1.26 nm/
cycle.

To prepare the piranha-cleaned silicon dioxide sub-
strates for MLD, vapor deposition of 3-amino-
propyltriethoxysilane (APTES) was carried out to yield
an amine-terminated surface. APTES is known to react
with hydroxylated silicon oxide surfaces via the silaniza-
tion reaction of the ethoxy groups with the surface hy-
droxyls, forming covalent siloxane bonds to the surface.
There has been a substantial volume of work with
APTES functionalization of silica surfaces, with varied re-
sults in the thickness and uniformity of the APTES sur-
face layer.**~>! The method employed in this study was
modified from that of Zheng and Frank,>? which pro-
duced a uniform monolayer-thick coating of APTES,
with a thickness of 0.7 nm as measured by ellipsome-
try. While the value is larger than the calculated value
of 0.48 nm (Figure 1), the experimental value agrees
with the previous experimental results and is indica-
tive of a film with monolayer thickness.>® Moreover, the
APTES surface coverage can be calculated from X-ray
photoelectron spectra, and the experimental value of
6 * 1 molecules/nm? agrees well with literature values
of 5.3 and 6.4 molecules/nm? for an APTES monolayer.>?

Following pretreatment with APTES, films of differ-
ent thicknesses were deposited by carrying out various
numbers of MLD cycles. The results indicate that the
polyurea films were successfully grown via the MLD
process, using PDIC and ED. Figure 2a shows the film
thickness, as measured by ellipsometry, as a function
of number of cycles. The data in Figure 2a shows that
the reaction proceeds with a constant growth rate of
0.41 nm/cycle. Unlike many ALD processes,'® the MLD
growth studied here does not show an incubation pe-
riod during which the initial growth rate is low, and in-
stead a linear dependence of thickness on cycle number
is observed from the first binary cycle.>* The measured
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Figure 2. (a) Plot of MLD film thickness as a function of number of
cycles. Saturation curves showing growth rate as a function of (b) ED
dose time (PDIC dose time fixed at 240 s) (c) PDIC dose time (ED
dose time fixed at 10 s).

o

growth rate falls within the range expected by DFT cal-
culations, although the relatively low value indicates ei-
ther that the chains are growing at an average angle
of 71° from the surface normal or that the deposition
occurs with subsaturation coverage per cycle, a behav-
ior commonly observed in ALD.' This subsaturation
growth may occur by the mechanism of island forma-
tion, in which a dense, uniform film is achieved upon
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Figure 3. TEM image of 15 MLD cycle sample with evaporated Cu
coating on top of the organic film.>

Cu layer

coalescence of the islands. Another possible mecha-
nism by which subsaturation growth would result in a
dense, uniform film is if monomers may react with bur-
ied sites in the film, as has been suggested for CVD
growth of parylene films under certain conditions.3233
Importantly, we do not observe a deviation from linear-
ity even after as many as 75 cycles, with highly repeat-
able growth rates, indicating that the film growth does
not begin to fall off due to a double-reaction capping of
the active sites, as has been proposed and observed
for other MLD systems,2021:27:28,30

Linear growth alone does not prove that the growth
mechanism is MLD. A requirement of MLD is that the
precursors react at the surface in a self-limiting man-
ner. To test the saturation characteristics of the poly-
urea MLD films, the dose time of PDIC and ED were var-
ied separately, with all other parameters held constant.
For the saturation studies, 20 binary cycles of PDIC/ED
were deposited in each case. To collect the data point
for a pulse time of zero, the counter-monomer was
dosed with normal purge times, while the monomer of
interest was not dosed. In this MLD system, the ED dose
times are much shorter than the PDIC dose times due
to the vapor pressure of the reactants, with the vapor
pressure of ED significantly higher than that of PDIC.

Over the pulse times measured, the thickness curves
in Figure 2b,c show that both PDIC and ED exhibit a de-
gree of saturation behavior. The shape of the satura-
tion curves is typical for ALD and MLD systems, with a
rapid thickness increase at low doses, and a region of
slower growth or no growth at longer pulse times. The
deviation from true saturation for PDIC may be due to a
CVD component of the reaction, resulting from the
need for longer purge times at the extended doses. In-
deed, when doubling the purge time for the 960 s PDIC
dose, the growth rate drops to 0.46 nm/cycle. This satu-
ration in monomer dose time rules out condensation
of the monomers on the surface and indicates that ad-
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sorption of each monomer is occurring through a lim-
ited number of active surface sites.

To complement the ellipsometry measurements of
film thickness and to test the uniformity of MLD films,
transmission electron microscopy (TEM) was used to vi-
sualize the cross-section of a 15 binary cycle MLD film.
The TEM image is given in Figure 3. In the image, there
is a lighter color band present between the silicon sub-
strate and the Cu coating, which is attributed to the or-
ganic film. While the differences between the oxide
and MLD film cannot be resolved at this resolution, the
thickness of this combined SiO, and MLD layer is 9.6
nm and matches closely the combined film thickness
measured by ellipsometry. The TEM image shows excel-
lent film coverage and uniformity, and the lack of voids
and film delamination for the MLD layer indicates good
interface quality.

Transmission Fourier transform infrared (FTIR) spec-
troscopy was used to investigate the chemical bond-
ing in the film to confirm that a polyurea film was de-
posited. Figure 4 compares the IR spectra for MLD films
with different numbers of total cycles and a DFT-
calculated spectrum of the expected product. The spec-
trum calculated by DFT is for the repeating unit of the
polyurea oligiomer, which would be formed by a single
binary cycle of MLD. The calculation is restricted to this
single unit for computational practicality. The peak as-
signments are given in Table 1. Of these, the character-
istic peaks created by the urea coupling are the amide
| and amide Il modes, at 1651 and 1510 cm™', respec-
tively. Comparing the experimental spectra, there is a
significant increase in the absorbance of the modes re-
lated to the organic film with increasing number of
cycles. The films are all amine-terminated (all MLD
cycles ended with an ED dose), thus no isocyanate
peaks are expected, and the lack of the very strong iso-
cyanate stretch in the range of 2000—2200 cm ™! indi-
cates that there are no unreacted isocyanate groups
present in the film. In other words, the PDIC has com-
pletely reacted to form urea bonds.

Comparing the theoretical spectrum to the experi-
mental MLD spectra, it is clear that there is excellent
agreement between the two. One notable difference
between the experimental and calculated spectra is the
amide | mode, which is at 1651 cm™" in the experimen-
tal spectrum and at 1682 cm™" in the calculated spec-
trum. This shift in the experimental spectrum results
from hydrogen bonding in the film between adjacent
polyurea chains. The inset of Figure 4 shows an example
of the geometric structure in which hydrogen bonding
can take place between the amide N—H groups and the
carbonyl oxygen of the adjacent chain. This hydrogen
bonding results in a red-shifting of the stretching
modes for these two groups, and has been observed
in previous work with polyurea films.>® Thus, the sharp
1(C=0) peak at 1651 cm~' in the experimental spec-
trum results from well-ordered hydrogen-bonded poly-
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Figure 4. FTIR spectra of MLD films of different total PDIC/ED cycles and an IR spectrum calculated using DFT. Inset shows
schematic of hydrogen bonding between adjacent organic chains.

urea chains. In addition to this peak, there is a shoul-
der extending to the blue, resulting from various levels
of ordering and hydrogen bonding within the film, out
to ~1710 cm™" corresponding to “free” carbonyl oxy-
gens, which are from chains not experiencing any hy-
drogen bonding. The effects of the hydrogen bonding
are also observed in the v(N—H) modes, which appear
in the experimental spectra as a broad peak in the
range 3250—3450 cm~". This N—H stretching region
was not shown, owing to a high level of noise in the
spectra.

To test the atomic composition of the MLD film,
XPS spectra were taken of a 12 MLD cycle sample; the
results are given in Figure 5. An XPS spectrum of the

TABLE 1. Mode Assignments for Infrared Spectra of
12 MLD Cycle Film

infrared peak assignments

frequency (cm™) mode
3450—3250 v(N—H)
3050—2850 v(C—H)
1651 v((=0) amide |
1608 S(NH,) scissor
1556 v(C—CQ) ring mode
1510 S(N—H) amide Il
1471 S(CH,) scissor
1404 S(NH) + &(CH,) wag
1373, 1325 3(CH,) wag
1306 v(C—C) ring mode + &(CH,) twist
1257 S(CH,) rock
1221 v((G-N) + 8(N—H)
1140 8(C—H) ring scissoring mode
1097 v((—N)
1084 v(Si—0H)
1022 v((—0Q)
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APTES-functionized surface is also provided for com-
parison. On the basis of the atomic percentages deter-
mined from XPS, the measured ratios of elements are
stoichiometric within error. For an ideal film of PDIC/ED,
the atomic ratios should be 5:2:1 for C/N/O. In the 12
cycle film, the atomic ratios are 4.9:1.5:1. The minor dif-
ference from the ideal ratio results from a small amount
of oxygen signal due to the underlying SiO,, and a small
amount of adventitious carbon, as the only expected
source of nitrogen is from the deposited organic layer.
Elemental fine scans (Figure 6) indicate the atomic
environment, and are dependent on the bonding in
the film. The N(1s) fine scan reveals that there is a single
peak at 399.8 eV, indicative of a single type of nitrogen
in the film, as expected. The O(1s) fine scan contains
two separate peaks—a major peak at 531.3 eV from the
carbonyl in the film, and a small peak at 533.2 eV from
the underlying SiO, substrate. The C(1s) fine scan is the

PDIC/ED x 12 cycles

counts

600 500 400 300 200

binding energy (eV)

Figure 5. X-ray photoelectron spectra of survey scans for
APTES film and 12 cycle PDIC/ED MLD film.
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Figure 6. X-ray photoelectron spectra for fine scans of 12
MLD cycle films: (a) N (1s), (b) O (1s), (c) C(1s).

most interesting, as there are multiple types of car-
bons in the polyurea film, and multiple peaks are ex-
pected. Indeed, at least three distinct peaks are de-
tected in the spectrum, as seen in Figure 6. Since
binding energy increases with decreasing electron den-
sity, we expect that the peak at 284.7 eV results from
the electron-rich aromatic carbons in the film. The inter-
mediate peak at 285.9 eV is attributed to alkyl carbons,
and the highest binding energy peak at 288.9 eV is due
to the carbonyl carbons in the urea linkage. The theo-
retical ratio of these carbon types is 3:1:1 for aromatic/
alkyl/carbonyl, and the experimental ratios is 2.7:2.5:1.
The discrepancy between the theoretical and experi-
mental ratios is likely due to the urea groups being at-
tached directly to the aromatic ring. While we have as-
sumed in the theoretical ratio that all of the aromatic
carbons were approximately the same, in fact, while the
four nonsubstituted aromatic carbons are identical,
the substituted carbons are chemically shifted by the
urea toward higher binding energy, which would lead
to the expected peak ratio to be 2:2:1 rather than 3:1:1.
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0.5
04 —®
0.3 -
0.2 - °

0.1 —

growth rate (nm/cycle)

0.0 —

I I I I
40 60 80 100

temperature (°C)

Figure 7. MLD growth rate for PDIC/ED system as a function
of temperature.

The excess carbon for the aromatic and aliphatic peaks
is attributed to adventitious carbon, as a vacuum break
is necessary for the ex situ XPS analysis. The presence
of the high binding energy carbonyl carbon offers fur-
ther confirmation to the IR spectra that the PDIC and ED
undergo urea coupling, and that the deposited film is
a polyurea film, closely matching the stoichiometric
atomic composition.

To test the dependence of the MLD process on tem-
perature, the growth rate was measured at tempera-
tures of 25, 44, 62, 78, and 100 °C, using the same pre-
cursor dose times found for saturation at 25 °C, and the
results are given in Figure 7. As seen in the figure, the
growth rate decreases with increasing temperature
from a rate of 0.41 nm/cycle at 25 °C to just 0.04 nm/
cycle at 100 °C. Although these growth rates may not
represent saturation growth rates at the temperatures
above 25 °C, this behavior of decreasing growth rate
with increasing temperature has been observed previ-
ously for other MLD systems as well as for CVD of poly-
urea films and has been attributed to a precursor-
mediated reaction.?%?'383% A potential precursor state
of the reacting molecule with the surface is a hydrogen
bonding interaction. The amine hydrogens may associ-
ate with the oxygen or nitrogen of the isocyanate via a
hydrogen bond,*” lending stability to the reaction inter-
mediate. With several possibilities for hydrogen bond-
ing, the reacting molecule may sample the surface mul-
tiple times before it finds the right geometry to traverse
the reaction pathway. At higher temperatures, the life-
time of such hydrogen-bonded species would be di-
minished, reducing the growth rate.

The polyurea films deposited by MLD demonstrated
excellent stability when exposed to both atmospheric
conditions and elevated temperature. Upon exposure
to lab ambient for 2 weeks, the polyurea films showed
negligible change in film thickness and chemical com-
position. Additionally, the films are stable to a tempera-
ture of at least 250 °C when annealing under vacuum,
as indicated by the minimal changes observed in the
FTIR spectra.”®
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TBEA/ED layering and (b) laminate 2 with TBEA/ED/TBEA layering.
Theoretical film concentration is indicated by the dashed line. Error

etries, with layers of thicknesses from tens of nanome-
ters to less than a single nanometer possible.

To demonstrate this capability, MLD studies using
2,2'-thiobis(ethylamine) (TBEA) were conducted and
analyzed using XPS sputter depth profiling. TBEA con-
tains a sulfide group within the diamine backbone. In
these experiments, ED cycles were replaced with TBEA
cycles, always leaving PDIC as the counter-reactant. By
using TBEA in the MLD growth scheme, a sulfur atom is
incorporated into the backbone of the MLD reaction,
without changing the reactivity of the alkylamine cou-
pling moieties. The sulfur atom can be used as a tracer
atom to measure both concentration and placement of
the TBEA backbone within the MLD film. The XPS spec-
trum for a film completely replacing ED with TBEA is
given in Figure 8. The film composition as measured by
XPS had atomic ratios S/O/N/C of 1:3.0:4.1:14.7, which
agrees well with the theoretical ratios of 1:2:4:12 for the
pure PDIC/TBEA film. To create a blended film of PDIC/
ED/TBEA, the dosing was alternated between ED and
TBEA for each diamine dose. This should result in a film
with close to half the concentration of sulfur of the
pure PDIC/TBEA film,*® with the sulfur atoms spread
evenly throughout the film thickness. Indeed, from the
XPS given in Figure 8, atomic ratios are 1:3.9:6.8:22.1 for
S/O/N/C, which is close to the theoretical ratios of 1:4:

www.acsnano.org

bars are based on instrumental uncertainties of the XPS system.

8:22 for the 50% ED/50% TBEA film. Thus the film com-
position can be controlled by substituting TBEA for ED.

In addition to creating uniform films incorporating
TBEA, the position of TBEA can be controlled in the
film by alternating cycles to form blocks of PDIC/ED
and blocks of PDIC/TBEA. By alternating blocks in this
manner, nanolaminates can be formed by MLD, with
discrete layers of chemically distinct films. To test the
capability of forming nanolaminates by this MLD cou-
pling chemistry, films were deposited with layers alter-
nating between ED and TBEA chemistry, for 30—50 nm
of film growth per layer. The layer thickness of 30—50
nm was chosen to be compatible with the depth reso-
lution of the XPS sputter technique (avoiding signal
crossover from the underlying layers); however, the
nanolaminate technique should be applicable for much
thinner layers as well.

In laminate 1, 40 nm PDIC/ED, followed by 50
nm of PDIC/TBEA, then another 40 nm PDIC/ED,
was deposited to form a three-layer film. The sput-
ter depth profile of the resulting film is given in Fig-
ure 9a. Figure 9 shows that around 40 nm into the
film, the sulfur and carbon signals begin to increase,
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due to the TBEA layer. At the interface with the
PDIC/ED layer there is a transition region, where
the sulfur signal increases rapidly. The mapping of
this transition region is ambiguous, due to the film
depth covered between sample points. A theoreti-
cal guide indicating a 10 nm transition region based
on the minimum sampling depth resolution of the
XPS system is provided to help direct the eye, but
the experimental transition region may be as wide
as 20 nm. The transition region is followed by a cen-
tral region in which, rather than containing a con-
stant concentration of sulfur as expected for the
PDIC/TBEA layer, the signal increases slowly to the
expected level. The bottom interface between the
TBEA and ED layers is sharp, with the sulfur concen-
tration decreasing rapidly from the theoretically ex-
pected value to zero, over a sputter depth of 85—95
nm. The slow increase of the sulfur signal with depth
in the central region may indicate deficiencies in
packing or possibly unreacted sites within the TBEA
region, which would allow for penetration of ED into
the central TBEA layer and lead to the observed ef-
fect. For the PDIC/ED layer, we expect a C/N ratio of
2.5 and a S/N ratio of 0, while for the PDIC/TBEA layer
we expect a C/N ratio of 3 and a S/N ratio of 0.25. It
is evident from Figure 9 that the measured film com-
position matches closely with the expected values
for the film in each of the three layers.

In laminate 2, the films are deposited in the op-
posite order, with the first layer deposited as 30 nm
of PDIC/TBEA, the second as 40 nm PDIC/ED, and the
third layer 30 nm PDIC/TBEA. The depth profile for
this laminate is given in Figure 9b and shows that,
again, the sulfur and carbon track with the layers of
the laminate. The sulfur composition peaks at the
same maximum value for the first and third layers
of the laminate, at a value close to the theoretical
level, and drops to zero as expected for the PDIC/ED
middle layer of the laminate. While the laminate
layer thicknesses do not match identically with the
theoretical line, the composition of each layer agrees
well. The thickness discrepancy is attributed to an
abnormally low growth rate for the PDIC/TBEA lay-
ers. This may have been caused by a reduced dose
pressure for the TBEA resulting from a blockage in
the dosing valve during this deposition. Even with
the value in this case, it is interesting to note that the
growth rate remains constant, as the chemically dis-
crete TBEA/PDIC layers are observed to be of the
same thickness. These laminates demonstrate the
versatility of MLD, which allows for precise tuning
of organic film composition, at specific locations
within the film. While we have shown laminates with
layer thicknesses of ~30 nm, the laminate layer
thickness can be increased or decreased as desired,
and should readily allow for thicknesses of 5 nm and
below. In fact, when carried out to the limit of a

single molecule thickness, the laminate is the
blended film, with constant composition through
the film. These laminates and blends should be im-
portant in future nanoscale devices in which subna-
nometer composition control of conformal organic
thin films is desired.

CONCLUSION

We have successfully demonstrated the MLD
growth of polyurea films using PDIC and ED as
monomers. The deposition of these films occurs
with a constant growth rate, and shows self-limiting
saturation behavior in each of the reactants. TEM
confirms the film thickness values measured by ellip-
sometry, and indicates that the films are highly uni-
form. FTIR spectra show strong absorption from
amide modes, which are expected from the urea-
coupling chemistry, while lacking the characteristic
isocyanate stretching mode, indicating that reaction
of the isocyanate is complete. Film composition is
stoichiometric by XPS measurements, with three dis-
tinct carbon species, as expected. The films demon-
strate excellent stability in both ambient lab condi-
tions and at elevated temperatures under vacuum.
The growth rate decreases with increasing tempera-
ture, suggesting a precursor-mediated reaction
mechanism.

The film composition was varied at the nano-
scale by substituting cycles of ED in the MLD scheme
with TBEA. In this way, nanolaminates were created,
using alternating layers of PDIC/ED and PDIC/TBEA,
with layer thicknesses of 30—50 nm. This thickness
can be decreased as desired, to the limit of molecu-
lar laminates. By changing the diamine precursor
molecule between ED and TBEA for every other
cycle, a uniformly blended film is created, with con-
stant composition through the film thickness. The
ability to control the film composition at the molec-
ular level is a major benefit of using MLD. Not only
can the total film composition be controlled, but the
thickness of films can be controlled, so that nano-
scale films can be created with desired compositions,
including nanolaminates. Growth of polyurea films
by MLD, as demonstrated here, offers access to ul-
trathin, conformal organic coatings. The molecular
level control delivered by the process can be applied
to the field of electronic materials, where control of
film properties on the nanoscale is essential. The true
versatility of MLD results in the ability to tailor-
make organic films for individual applications. Ini-
tial functionalization of the surface to yield a reac-
tive chemical moiety can be achieved by different
methods, which can then be followed by deposition
of an organic film by MLD, with desired properties
selected by choice of specific monomers. The or-
ganic film can be capped with a different chemical
functionality, by changing the final monomer at-

.

338 A@%\\Kg VOL.4 = NO.1 = LOSCUTOFF ET AL. WWW.acsnano.org

L



tached to a heterobifunctional molecule that in-
cludes the desired terminus. With the ability to de-
sign diverse nanoscale organic thin films with

METHODS

Description of Materials and Reactor. MLD films were deposited in
a hot wall reactor, pumped by a Leybold Trivac rotary vane
pump. The reactor was heated by external heating tapes con-
trolled by a variable transformer. The base pressure of the reac-
tor was below 1 mtorr, with pressure measured by a Lesker con-
vection gauge. MLD monomers and nitrogen purge gas were
introduced into the reactor from a source manifold using sole-
noid valves controlled by LabVIEW.

3-Aminopropyltriethoxysilane (APTES), ethylenediamine
(ED), and 1,4-phenylene diiscocyanate (PDIC) were purchased
from Sigma Aldrich, and 2,2'-thiobis(ethylamine) (TBEA) was pur-
chased from TCI America, with all reagents used as received.
Films were deposited on (100) silicon wafers with a 4 nm ther-
mal oxide.

Initial Surface Functionalization. Silicon dioxide samples were
cleaned for 15 min in a fresh piranha cleaning solution with 7:3
ratio of 98% sulfuric acid/30% hydrogen peroxide, then rinsed in
deionized water (Caution: Fresh piranha solution is hot and ex-
tremely corrosive. Proper training and extreme care should be
taken when handling piranha solution.) Following sample dry-
ing by compressed air, the samples were loaded into the MLD re-
actor and the temperature was ramped to 100 °C and held at
this temperature for 30 min. After the heat treatment, APTES was
dosed into the chamber from a liquid vial submerged in a bath
of 45 °C water, which was used to increase the vapor pressure of
APTES introduced into the reactor. As APTES was dosed into
the reactor, the reactor was closed off from the pump for the
dose of 60 min. The chamber was then evacuated while flow-
ing a small pressure of nitrogen to aid pumping and to prevent
backstreaming from the pump. Following evacuation, the heat-
ing was turned off.

Molecular Layer Deposition. Each complete binary MLD cycle in-
volves a PDIC dose, followed by purging with nitrogen, then an
ED dose, followed by another nitrogen purge. PDIC is a solid be-
low 96 °C, so to improve the dosing pressure, the vial contain-
ing PDIC was heated in a silicone oil bath held at 50 °C. This tem-
perature was chosen as it was the highest temperature that did
not lead to bulk sublimation and recondensation of the solid
PDIC onto the vial and valve above the oil bath.

Following APTES treatment, MLD dosing began once the
chamber reached the desired growth temperature. For the room
temperature case, dosing began once the chamber reached a
temperature of 35 °C, and the chamber continued to cool to-
ward room temperature during the remainder of the MLD pro-
cess. Since no fluctuations in the growth rate were observed dur-
ing this period it appears that having the initial doses occur at a
slightly higher substrate temperature did not affect the initial
growth rate relative to that of the subsequent doses at room
temperature. The dosing procedure was to open the valve to the
PDIC vial while isolating the reactor from the pump, to allow for
a batch process. The PDIC dose was followed by a nitrogen purge
to remove residual PDIC vapor. ED is a liquid with a high vapor
pressure (10 mmHg at 20 °C), so it was kept at room tempera-
ture. ED was dosed by isolating the reactor from the pump and
leaking in ED until a pressure of 3 Torr was reached. This pressure
was held for the duration of the dose time. The ED dose was
also followed by a nitrogen purge step, which completed one
MLD binary cycle. Saturation and temperature dependent
growth rates were calculated from the film thickness measured
after 20 MLD cycles.

For experiments using TBEA, the TBEA dose replaced the ED
dose in a specific cycle. TBEA is liquid at room temperature, with
a lower vapor pressure than that of ED (~300 mmHg at 20 °C),
and thus the dose time was modified. Like ED, TBEA was dosed
by isolating the reactor from the pump, but for TBEA the dose
pressure was limited to 200 mtorr. Samples were exposed to dif-
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molecular control, we expect that MLD chemistries
will continue to find new and novel applications in
a wide range of fields.

ferent numbers of MLD cycles in individual experiments—each
experiment ended once the chamber was opened to atmo-
sphere. Following MLD, samples were removed from the reac-
tor for ex situ analysis.

Characterization Techniques. Ellipsometry measurements were
performed on a Gaertner L116C ellipsometer using a 70° angle
of incidence and the polarizer set to 45°, with 632.8 nm light. The
instrument software calculated the ellipsometric angles A and
W, and iteratively solved for film thickness values. To test film
uniformity across a sample, the sample thickness was measured
in no fewer than 3 different locations on the sample. Owing to
the similarity in the index of refraction for SiO, and that of the or-
ganic film,*4750 3 single film thickness was determined, as a so-
lution could not be found for a double-layer film model. The
single index of refraction used for the SiO, and combined film
was ng = 1.46. For each experiment, the silicon dioxide thickness
of piranha-cleaned silicon samples was measured, and this value
was used as a baseline oxide thickness, which was subtracted
from the subsequent total film thickness values to yield the thick-
ness of the deposited organic film.

X-ray photoelectron spectroscopy (XPS) was performed on
a Surface Science Instruments S-Probe spectrometer. The excita-
tion source was Al Ka radiation, which has an energy of 1486.6
eV. Survey scans used an energy step of 1 eV, while fine scans
used an energy step of 0.1 eV. Atomic percentages were calcu-
lated by finding peak integrals, and peaks were fit using pure
Gaussian profiles with a Shirley background. Multiple peaks
within a single fine scan were fit while constraining the peak
widths from the different species to be identical. Depth profil-
ing was performed on a Phyiscal Electronics, Inc. 5000 Ver-
saprobe XPS using an excitation source of Al Ka radiation. The
samples were sputtered using a Physical Electronics, Inc. Cso
sputter gun, with a sputter current of 20 nA at 10 kV, and a sput-
ter area of 2 mm X 2 mm. An electron charge neutralizer at 30
eV was used to prevent charging during sputter experiments.

FTIR measurements were made in a transmission geometry
on a Thermo Nicolet 6700 FT-IR spectrometer using a MCT-A de-
tector. Spectra were taken with 200 scans, at 4 cm™' resolution.
Piranha-cleaned samples were used as a background reference
unless otherwise specified. Water and carbon-dioxide peaks
have been subtracted as necessary during the baselining
process.

The high resolution TEM image was acquired using a 200 kV
TEM from a specimen prepared using conventional 30 keV FIB
milling via the in situ lift-out technique. To enable visualization
of the organic film, the samples were first coated with a 100 nm
layer of evaporated Cu.

Density functional theory calculations were performed us-
ing the Gaussian 03 software suite.?® All calculations were per-
formed using the B3LYP functional®®? with the 6-3114 +G** ba-
sis set. Optimizations were performed without constraints on
any atoms, and vibrational frequencies were calculated for the
expected products, to simulate IR absorption spectra. All simu-
lated IR absorption spectra have frequencies scaled by a factor of
0.9614.%
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