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ABSTRACT: Through in situ quartz crystal microbalance (QCM) monitoring, we
resolve the growth of a self-assembled monolayer (SAM) and subsequent metal oxide
deposition with high resolution. We introduce the fitting of mass deposited during
each atomic layer deposition (ALD) cycle to an analytical island-growth model that
enables quantification of growth inhibition, nucleation density, and the uninhibited
ALD growth rate. A long-chain alkanethiol was self-assembled as a monolayer on gold-
coated quartz crystals in order to investigate its effectiveness as a barrier to ALD.
Compared to solution-loading, vapor-loading is observed to produce a SAM with
equal or greater inhibition ability in minutes vs days. The metal oxide growth
temperature and the choice of precursor also significantly affect the nucleation density,
which ranges from 0.001 to 1 sites/nm? Finally, we observe a minimum 100 cycle
inhibition of an oxide ALD process, ZnO, under moderately optimized conditions.
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1. INTRODUCTION

Atomic layer deposition (ALD) is a versatile route to the
precise and conformal growth of oxides, nitrides, sulfides, and
pure metals.' > In contrast to physical deposition methods this
surface synthetic method is grounded in well-defined surface
chemistry, which affords the opportunity for self-limiting and
precise deposition. Furthermore, the chemical specificity of
ALD surface reactions should allow, in theory, for selective
substrate attachment. For example, the rapid reaction of a
specific metal precursor with one surface-termination (e.g.,
hydroxyl) may be severely inhibited or even excluded with
another (e.g, alkane). However, perhaps in part due to the
aggressive, and therefore unselective, chemistry of some of the
most popular ALD precursors (e.g., trimethylaluminum), this
prospect remains largely unrealized. Although ALD science has
made remarkable strides in depositing uniformly everywhere,
there is great room for improvement in selective, inhibited
growth. Although several ALD processes that are inherently
slow to nucleate (e.g., Pt, Ru, Ir) have been further slowed,> ™
a significant inhibition in metal oxide growth beyond 50 ALD
cycles has not been demonstrated.

The most prevalent and successful route to chemically
inhibiting ALD growth at the nanometer scale is through self-
assembled monolayers (SAMs).”” Long-chain alkyl si-
lanes® "' are most commonly employed, sometimes
lithographically using conventional stamping techniques.
Although applicable to a wide range of hydroxyl-terminated
substrates and modestly effective against a variety of metal—
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organic ALD precursors, the RSiX; (X = Cl or alkoxy)
inhibition layers still leave much to be desired. A large delay to
the onset of standard growth rates is typically only observed for
Ru and Pt.%’ Although RSiX; has been shown to delay normal
Pt and Ru growth for over 100 cycles,6’9 there is a dearth of
reported “hold-off” values greater than S0 cycles for metal oxide
growth using any SAM.'>'°

Achieving a chemical route to area-selective growth will
require new characterization methods that probe the precise
failure modes of SAM inhibition layers at the scale of the
mechanisms responsible. In an X-ray photoelectron spectros-
copy (XPS) study toward this end, Bent and co-workers
examined the extent of cluster formation after ALD on alkyl
silane SAM layers.” By varying the solution loading time and
length of the SAM, they observed that the nucleation of
HfO,'>'® and Pt nucleation' islands depends on SAM
“quality” (i.e., packing density). Spatial nucleation densities of
0.01 nm™2 after 50 cycles of Pt'® have been achieved under
optimized conditions. For reference, an uninhibited and facile
ALD processes such as TMA alternately dosed with H,O to
grow ALO; shows “nucleation densities” of ~8 nm™%'
However, to date the nucleation density of HfO, or other
ALD-grown oxides over SAMs has yet to be quantitated. We
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Figure 1. Idealized in situ QCM trace illustrating system equilibration and SAM treatment (dark dashed line) followed by ALD cycling (solid line).
An analytical model will be fit to the ALD breakthrough and film growth regions. *In many cases, defects in the SAM layer result in the absence of a

phase in which inhibition is nearly complete.

aim to seed this discussion and provide a high-throughput path
to quantitation.

Metal oxide surfaces are the most common platform for ALD
growth, likely owing to their good stability, wide applicability,
and easy generation by common ALD processes. However,
elemental metal substrates are equally interesting, with
applications that range from solar energy conversion to
integrated circuits.® In addition, metals form the basis for
some of the most conceptually ideal SAMs—alkanethiols on Au,
Ag, Cu and Pt."® These platforms may provide the opportunity
to study the mechanism of ALD inhibition on an especially
well-defined surface termination as well as the possibility to
identify chemistry capable of more uniform and complete
inhibition. To the best of our knowledge, the model alkanethiol
SAM system has been examined only as a means of blocking
trimethylaluminum on Au'®*° and Ir ALD on Cu surfaces'' —
but only at low (below 100 °C) and high (250 °C)
temperatures, respectively, with both characterized strictly ex
situ.

Ex situ characterization of the microscopic nucleation events
under study here are inherently limited by the contrast and
resolution of the island growth that reveals SAM “break-
through”. As an alternative method, we offer a quartz crystal
microbalance (QCM) study to probe ALD nucleation in situ
and more precisely infer the inhibition afforded by SAMs. By
applying an alternating current to a quartz crystal, an oscillation
is induced, the frequency of which is governed by the crystal
itself as well as any mass added via deposition. When
appropriately implemented, this method allows for detection
of mass change with ng/cm? precision—a level that corresponds
to approximately 1/30th of one continuous monolayer of low-
mass metal oxide growth by ALD."”?! As with many in situ
measurements, the challenge here is to provide a precisely
controlled experiment (in this case an ideal SAM-terminated
surface) with sufficient throughput to deduce meaningful trends
from variable process conditions. The primary barriers here are
the long setup time of a traditional QCM fixture as
implemented in an ALD tool (4+ hours) combined with a
lack of facile ALD processes to regenerate the desired metal
surface in situ. To surmount these barriers, we instead utilize a
wall-mounted QCM design®” that allows for relatively rapid
exchange and equilibration of a fresh Au-coated quartz crystal,
ie, less than 45 min. This capability provides a unique

opportunity to study “ALD inaccessible” surfaces like Au, which
is ideal for SAM growth but has been impractical for ALD
QCM implementation. Using the wall-mounted QCM, we
probe in situ for the first time the effectiveness of a model
alkanethiol SAM as an inhibition layer against metal oxide ALD.
We implement and assess the suitability of an island growth
model to quantitate the eventual growth breakthrough.
Reasonable fits to this model allow quantitation of the
nucleation density under a variety of process conditions. A
departure from the simple island model is, however, observed
in the case of ZnO ALD where at least 100 standard ALD
cycles are inhibited after an unanticipated initial mass addition.

2. EXPERIMENTAL SECTION

Materials and Preparation. Solvents and 1-dodecanethiol
(C,SH) were obtained from Sigma-Aldrich and used as received.
Prior to SAM deposition, AT and RC-cut quartz crystals (Colnatech)
were rinsed with acetone and then isopropanol before being blown dry
under flowing N,. The crystals were then exposed to a stream of 8%
ozone in oxygen for 10 min. Less extensive cleaning led to water
contact angles greater than S degrees. For solution C,,SH loading, the
quartz crystals were immersed into a 10 mM solution of C},SH in
ethanol for 18—52 h, followed by a thorough ethanol rinse before
being blown dry under flowing N,. For vapor loading, the C;,SH was
heated to 10S °C for delivery from a standard ALD precursor cylinder
(Swagelok, S0 mL). Metal—organic ALD precursors tested in this
study included trimethylaluminum (TMA, Sigma-Aldrich), diethylzinc
(DEZ, Sigma-Aldrich), tetrakis(dimethylamido)titanium (TDMAT],
Strem Chemical Inc.), and tetrakis(dimethylamido)tin (TDMASn,
Strem Chemcial Inc.). TDMATi and TDMASn were heated to 75 and
40 °C, respectively. Millipore water (18MQ, Milli-Q system) was used
for ALD and contact angle measurements.

ALD Instrumentation. Measurements were carried out in a
Savannah 200 ALD reactor (Cambridge Nanotech, Inc.). The lid was
modified as previously reported”” to accommodate two QCM crystals
that are oscillated by a commercial thin-film deposition monitor
(Inficon, SQM-160). Figure 1 shows an idealized QCM trace of the
SAM loading and metal-oxide deposition on a clean Au-coated quartz
crystal. Each trace can be conceptually separated into two parts: crystal
preparation (dashed line) and metal oxide ALD process cycling (solid
line). Crystal preparation includes thermal equilibration of the
crystal®® and in some cases in situ SAM growth. QCM crystals were
equilibrated at the reactor temperature and under vacuum for ~45 min
to ensure optimal thermal stability and full desorption of any
physisorbed contaminants. Vapor-phase SAM growth was performed
under continuous N, flow (20 sccm) with a conventional half-cycle
pulse—purge sequence (f,—t,) where ¢, is the C;,SH pulse (1 s) and t,
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is the purge time (60 s). As the SAM layer self-assembles on the Au
surface we expect to observe a saturating mass gain that approaches
that of a close-packed C;,SH film —230 ng/crnz.23 Unless stated
otherwise, 20 consecutive half-cycles of C,SH were used to prepare all
vapor-deposited films. When vapor loading is utilized, there is a
seamless transition to metal oxide ALD cycling (solid line) without
vacuum break. A conventional metal oxide deposition “AB cycle”
sequence was used (t;—t,—t;—t,) where #, is the pulse time for the
metal precursor, t; is the pulse time for water, and ¢, and t, are the
purge times for the metal precursor and water, respectively. Pulse
times (¢, and t;) for DEZ, TMA, and water were 15 ms, whereas that
for TDMATi and TDMASn (t;) was 150 ms. All processes have ALD
windows of at least 100—175°C and in all cases we have used standard
dose times and purge times (30 s for experiments <150 °C, 20 s for
>150 °C) for metal oxide processes as optimized by the tool
manufacturer and verified in our lab.**** Metal oxide ALD cycling on
SAM surfaces may result in a period of virtually no growth, a period of
slow deposition that results from island growth, and finally a period of
“standard”/uninhibited ALD at a rate equal to conventional thin film
growth. As idealized in Figure 1, the in situ QCM may provide access
to a wealth of information to better understand SAM deposition, metal
oxide ALD blocking (complete inhibition/“hold off”), island
nucleation and growth, as well as film coalescence—at which point
island growth transitions to conventional continuous film growth over
any remaining SAM. To fully interpret and quantify the wealth of
information accessible in each QCM trace, we attempt to fit each mass
gain trace to an analytical ALD island growth and coalescence model.

Analytical Model. To quantify the degree of inhibition by the
SAM, we attempt to fit the mass versus cycle data provided by the
QCM to an ALD island growth model developed by Nilsen and co-
workers.?® The model rigorously defines island growth during an ALD
process using a limited set of assumptions, summarized here. First, a
regular hexagonal array of nucleation sites with spatial density (Ng) is
assumed to form only during the first ALD cycle. This assumption is
necessary to significantly simplify the interpretation of growth and its
appropriateness will be evaluated later. Three dimensional, hemi-
spherical growth off of these nucleation sites is posited to occur in
subsequent cycles.”® The hemispheres grow with a constant thickness
per cycle (Ar) that is equal to the intrinsic (thin film ALD) thickness
added during each cycle. Once the hemispheres, of radius r, grow
beyond their radius of convergence (R,,), they coalesce into a slightly
roughened but continuous thin film. Equation 1 (detailed in the
Supporting Information) defines the total mass predicted (u,,) after
each ALD cycle number (n) in two distinct regimes—prior and
subsequent to island coalescence.

island growth; r < R_,,

lJ'm(Ndr Ar) = {

continuous film growth; r > R__, (1)

In the first regime, y,, is simply the product of the hemisphere volume
and the material density (d), or (2/3)Nyzr’d, where r is equal to nAr.
The spatial density of island growth (Nj) can then be converted to a
radius of convergence (R,), the radius at which the islands coalesce
to a continuous film. The overall effect of this growth model is an
exponentially increasing mass deposited in each subsequent cycle as
the island surfaces grow, followed by an abrupt attenuation in slope
when the islands converge and the sidewall area is reduced (see Figure
1). It should be noted, however, that this feature will be washed out in
real systems to the extent that the nucleation sites are randomly (vs
hexagonally) positioned, resulting in a distribution of cycle numbers at
which islands converge.

3. RESULTS AND DISCUSSION

SAM Characterization and Durability. The range of
feasible and optimal growth temperatures for the ALD of
various metal oxides varies widely depending on both precursor
chemistry"*” and desired film properties.”®** Therefore,
temperature stability will be an important factor when
determining the usefulness of a SAM for inhibiting growth of

any particular ALD process. The most commonly reported
temperatures for oxide growth are between 100 and 250 °C.
Therefore, we investigate the inhibition efficacy of alkanethiol
SAMs as a function of substrate temperature over this range.
The N4 of TiO, ALD on quartz crystals, loaded with C,SH
from solution for 18 h, reveals a strong temperature
dependence above 150 °C, Figure 2.
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Figure 2. TiO, mass deposited versus ALD cycle number as a function
of substrate temperature. Au-coated QCM crystals are solution-loaded
with C,,SH for 18 h. Note that the intrinsic growth rate (Ar) naturally
varies slightly with the inverse of reactor temperature for this ALD
system. An ex situ ellipsometric determination of Ar for the TiO, ALD
process revealed a normal growth rate of 0.6 A/cycle at 150 °C.

Even by eye, the inhibition of TiO, ALD on C,,SH on Au is
clear. At 105 and 150 °C the inhibition is most pronounced and
clearly significant even when compared to a nominally bare Au.
Previous XPS studies of ozone-cleaned elemental Au surfaces
reveal a finite presence of O atoms that is exceedingly difficult
to exclude which may account in part of the TiO, nucleation
that we observe.”® Fitting the raw data to the island growth
model proposed results in modest fits that reproduce the
known growth rate for this ALD TiO, process. The data
recorded at 150 °C is particularly well fit with the exception of a
small oscillation around 37 cycles that can be traced to a
temperature deviation to which the quartz crystal oscillation is
also sensitive. At 105 °C, our RC-cut quartz crystals are even
more sensitive to small (<1 °C) temperature deviations,
resulting in additional artifacts. However, the overall trend with
substrates temperature is clear. At temperatures less than 150
°C an Ny of ~0.03 nm™ is fit that implies one nucleation site
every ~33 nm’ on average. The lack of a clear inflection point
prior to linear growth suggests a largely random distribution of
nucleation sites in this system. However, from the Ny value we
can estimate an R, of 3.26 nm, which indicates coalescence
occurs on average around the 59th cycle, which is beyond the
bounds of Figure 2. At both 105 and 150 °C, less than a single
cycle of growth-equivalent (23 ng/cm?) is deposited within the
first 10 ALD cycles. The data are consistent with a growth
model that assumes all nucleation events occur during the first
ALD cycle. At 175 °C the inhibition effect is already
compromised as revealed by a significantly larger Ny value
(0.124 nm™?) relative to lower temperature experiments. This is
visualized as a much earlier and more significant addition of
mass. The fit also notably deviated from experiment, suggesting
the possibility of an alternative mechanism at play. At 200 °C
Ny is more than 2 orders of magnitude greater than at the
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lowest growth temperatures and is on par with the nucleation
density of the bare Au control. These temperature effects are
not surprising, given recent studies by Rodriquez and co-
workers, in which alkanethiol SAMs are observed to chemically
fracture around ~177 °C due to cleavage of the C—S bond of
the SAM layer.”" Upon cleaving of the C—S bond, the surface
will likely be terminated by S—H functionalities. These sites
may serve as superior nucleation sites relative to a bare Au
surface and thereby begin to explain a slightly larger Ny
observed at 200 °C compared to the Au control. Although
Ar is larger in the Au control (the TiO, ALD growth process is
faster at lower temperatures®”) the linear growth region that
results from island coalescence is achieved within fewer cycles,
confirming the trend observed by model fitting for Ny. This
study suggests that alkanethiol SAMs are a promising approach
to oxide ALD inhibition but that oxide ALD processes with
growth temperatures windows that extend to less than 175 °C
are the best candidates for area-selective ALD with this class of
SAM.

Solution-Deposited SAM Layers. The most common
practice for depositing a SAM onto a given substrate, for
application in ALD or otherwise, is through solution soaking.*®
In some previous applications of area-selective ALD, the
solution loading was patterned by a stamping material (e.g.,
PDMS).>'>'® Soaking times in excess of 12—18 h are typically
needed to create a dense and stable film,” whereas some reports
suggest an organized layer is not complete until 7—10 days.”’
There are, however, few reports examining the effect of solution
loading time on the inhibition of metal oxides ALD" and no
information with respect to ZnO on alkanethiols specifically.
Figure 3 reveals the effect of C,,SH solution loading time on
the inhibition of ZnO ALD.
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Figure 3. Growth of ZnO at 150 °C on C;,SH-coated Au QCM
crystals. C;,SH was loaded for 18 h (blue triangles), 36 h (purple
diamonds), and 4 days (yellow dashes). Growth of ZnO on bare Au
(green squares) and previously ZnO-coated QCM crystals (red
circles) are included as controls. An ex situ ellisometric determination
of Ar for this ZnO ALD process revealed a normal growth rate of 1.7
A/cycle.

Two control experiments are considered first—that of ZnO
ALD initiation on bare Au and on ZnO itself. It is clear from
the nonlinear QCM trace that ZnO ALD is partially inhibited
on a clean Au surface. However, the mass added per cycle is not
well fit by this nucleation model. Although some unintentional
surface oxygen are almost certainly present, we expect a
relatively small number of surface hydroxyls— the surface
chemistry by which DEZ/H,O grows ZnO">*~ such that low

nucleation density is not surprising and has been previously
inferred.*" Again, nominally bare Au®* surfaces have previously
been shown to almost always include significant surface oxygen
as determined by XPS investigations under various preparation
conditions.>® Therefore, the nucleation density may depend on
the reactivity of each particular metal precursor with surface
oxygen contaminants. In contrast, the Ny for ZnO on itself is
best fit by any value over ~10 nm™2, which corresponds to an
R, that is less than the r expected after only a single cycle of
ZnO. This is equivalent to saying that the deposition does not
occur in an island-growth mode but as a continuous film. The
fit for deposition on bare Au shows a much lower Ny of ~0.03
nm™2; however the data are not well fit by this model. Instead,
the QCM traces of bare Au and SAM-coated substrates show a
significant mass gain at early cycle numbers that remains
relatively constant for a period not predicted by the island
growth model (refer to Figure S2 in the Supporting
Information for a zoom-in view of the QCM trace in Figure
3). Although the long-term growth of ZnO is significantly
perturbed by SAM treatment, as shown in Figure 3, the initial
mass uptake during early ALD cycles, shown in Figure S2 in the
Supporting Information, indicates nucleation is not completely
eliminated. One possible explanation for this behavior is that
nucleation sites are present at relatively high density, but that
after initial reactivity, further growth at these sites is inhibited
by the surrounding SAM. We speculate that this behavior, in
contrast to that observed with TiO,, may result from the short
alkane chain present on diethylzinc, which may align with the
long-chain alkanethiol to form a kind of hybrid self-assembled
monolayer that is resistant to additional deposition. This
possibility is further described later in the discussion. We refer
to this slowing of normal ALD growth as “inhibition” in
contrast to “hold-off’, which we deem a subset of inhibition
that excludes any metal oxide deposition. Regardless, forming a
C,SH SAM over 18 h does inhibit ZnO ALD growth relative
to the bare Au control. Even by eye, SAM loading for 36 h
produces a still greater improvement in multicycle inhibition.
Even greater inhibition is achieved by loading for 4 days,
yielding a crudely approximated value for Ny that is ~3 times
less than that induced by a bare Au surface. Although these
studies reveal the C;,SH SAM on Au to also be an effective
inhibitor of ZnO growth, the deposition appears to occur
according to an unconventional nucleation mechanism that
includes significant uptake in the first few cycles. Unfortunately,
a 4+ day SAM deposition time is largely impractical for most
applications.

Vapor-Loading SAMs. Given the relatively high vapor
pressure of many SAM-forming molecules, the vapor-phase
loading of SAMs is well documented.”> With easy implementa-
tion of elevated temperatures and long exposures, vapor-phase
SAM formation can be faster and more complete than via
liquid-phase.”® The delivery of alkane-silanes and alkanethiols
in standard ALD tools has been previously reported,""** with
all the potential benefits of a vapor-phase loading process in
addition to an air-free and temperature-stable transition to ALD
growth.31 Here, we investigate the vaporization and SAM
growth of alkanethiols within an ALD reactor. An additional
benefit of the in situ QCM study implemented here is that it
provides a view of the saturation kinetics of vapor-loaded SAM
formation. Several 1 s “mini-doses” of C,,SH are pulsed into
the tool repeatedly until no additional mass is added. This
procedure should indicate the point at which a complete SAM
is achieved with the caveat that the final (and in some cases
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most important'®) stage of SAM densification is expected to
produce a vanishing small mass change that exceeds the
sensitivity limits of our QCM. As such, the QCM presents a
convenient way to roughly optimize SAM uptake, the rate of
which is expected to depend on the size of each C,,SH
exposure as well as reactor temperature. A representative SAM
saturation trace, Figure S3 in the Supporting Information,
reveals that the alkanethiol SAM is largely complete after ~2
doses of 1s each. Each 1 s pulse of C,SH shows a partial
pressure of ~300 mTorr above the N, baseline for a total
exposure of ~10° Langmuir. This is comparable to the exposure
determined to yield a film of maximum coverage and packing
density for other SAM vapor loading techniques.*' An average
maximum uptake in our experiments was 213 ng/ cm?, which
approaches the maximum theoretical coverage of ~230 ng/cm?
for an Au (111) surface when assuming an S—C angle of 28°.>
Contact angle measurements and ellipsometry (see Figure S4 in
the Supporting Informaiton) also suggest a packing density
close to the theoretical limit on Au witness substrates
(thermally deposited Au on Si). A typical contact angle was
110° and an ellipsometric thickness of ~8 A was observed after
60 C;,SH doses. Overall, we find that compared to solution
loading, vapor-phase loading of alkanethiols is an equally or
more reliable and efficient route to dense SAM formation. A
corresponding improvement in inhibition for solution- and
vapor-loaded crystals is illustrated in Figure 4, where the Ny
that results after ALD of TiO, at 150 °C for each method is
roughly equivalent despite a loading time difference of ~1000X.
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Figure 4. TiO, ALD growth on various QCM crystal SAM
preparations at 150 °C. Bare Au (red circles) and TiO, coated Au
(50 mini-doses, green squares) show little to no inhibition. C,,SH
vapor- (purple diamonds) and solution-loaded (18 h, blue triangles)
crystals produce significantly lower nucleation densities.

Like solution-loaded SAM substrates, vapor-loaded substrates
inhibit TiO, ALD in a way that is well fit by the island growth
model, again ignoring small deviations induced by small
temperature excursions in the crystal. In both cases, an Ny
comparable to those previously reported for Pt ALD over an
optimized alkylsilane SAM (0.01 nm~2)"® is deduced from the
model.

Inhibition of Additional ALD Oxide Processes. Even
under identical and optimal SAM loading conditions, we
observe the inhibition of different ALD process to vary greatly.
Furthermore, the island growth model invoked here does not
always capture the dynamics of mass deposition, as in the case
of ZnO. We hypothesize that any finite chemical reactivity with

the SAM, trace physisorption, or unimolecular gas-phase
decomposition may result in inadequately modeled mass
addition due to deviation from the model assumptions. We
observe a wide range of SAM-induced inhibition upon
investigation of several common oxide ALD processes at 125
°C, most of which fit well to the island growth model, Figure 5.
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Figure S. Mass gain, converted to equivalent film thickness, versus
cycle number for several common oxide ALD processes on vapor-
loaded C;,SH on Au at 125 °C. See Figure 6 for DEZ model fit. The
uninhibited ALD growth of TMA, TDMASn, and TDMATi with
water is 1.1, 0.8, and 0.6 A/cycle, respectively, as measured by ex situ
ellipsometry.

The TMA-H,O process shows almost no inhibition, as
expected for a precursor that has the ability to displace the
alkanethiol at temperatures above 60 °C.** TDMATi (blue up
triangles) and TDMASn (green squares) both show relatively
small Ny (1 X 107> nm™2). These precursors have nearly
identical structures that results from four amido ligands that
surround the central metal. Although this sample set is too
small to isolate the effect of metal chemistry, that they show
somewhat disparate nucleation densities suggest differences in
reactivity of the core metal.** Perhaps most strikingly, Figure 5
reveals a significantly longer inhibition of ZnO growth (and a
small initial mass gain) under conditions of optimal C,,SH
vapor-loading. Like TMA, DEZ has alkyl ligands, but differs in
its reactivity with alkanethiols. DEZ also exhibits a more linear
structure than any of the other precursors. One alternative
explanation for these data is that nucleation occurs with equal
density within the SAM, but that the resulting hybrid SAM
(comprising both alkanethiol and metal precursor) impedes
further growth of these nuclei. For precursors that may be more
easily integrated into an alkanethiol SAM, namely DEZ, a
synergistic effect in the form of a “hybrid” SAM may be induced
that results in an unusually long inhibition of coalesced film
growth. This study highlights the in situ QCM approach as one
well-suited to survey with high speed and resolution the
inhibition efficacy of a particular SAM for a selected ALD
process. Furthermore, the C;,SH SAM on Au is identified as a
broadly applicable route to inhibiting several oxide ALD
processes.

An expanded trace of DEZ-H,0 cycles reveals a ~100 cycle
inhibition of ZnO growth after a small initial mass gain, Figure
6. The relatively small mass gain during the first 100 cycles
might be explained by DEZ uptake during early ALD cycling,
suggesting that a DEZ-C,SH “hybrid” SAM may inhibit further
nucleation and growth. See Figure S5 in the Supporting
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Figure 6. Growth of ZnO on vapor-loaded C|,SH at 125 °C on Au (purple circles) and AL,O; coated (gray squares) AT QCM crystals. The bare Au
QCM crystal was in the front QCM position while the Al,O; coated QCM crystal was in the back position. Approximately 100 standard ZnO ALD
cycles occur before growth equivalent to one ZnO ALD cycle is observed. SEM images from a nominally identical experiment that were aborted
during complete blocking (left), breakthrough (center), and after continuous film growth (right). EDS confirms the presence of Zn in the right
image. Growth of ZnO using DEZ and water is 1.7 A/cycle as determined by ellipsometry.

Information for a zoom-in view of the raw QCM trace of Figure
6. This result was corroborated on three separate depositions
on a total of 8 crystals, each showing strong inhibition for at
least 100 cycles but sometimes as long as 400 cycles. Normal
nucleation and growth of ZnO on control samples was
observed simultaneously with and adjacent to SAM-loaded
samples that display inhibition behavior. One control was a
QCM crystal coated with SO cycles of Al,O5 (~6 nm) to ensure
no surface poisoning from the C,SH SAM since Al,O; surfaces
show virtually no binding affinity for thiols.”” From the QCM
trace on AL O, it is clear that there is no inhibition to the
growth of ZnO after C,SH treatment, confirming that no
physisorbtion is occurring in the C,,SH vapor loading process.
A series of Si witness substrates coated with either 50 cycles of
Al,O; or with thermally deposited Au were also included in the
same deposition. After 700 cycles of ZnO deposition the Au-
coated witness samples showed an overall ZnO thickness,
measured by ellipsometry, of 1088 and 1057 A near the front
and back QCM positions, respectively. In contrast, Al,O;-
coated Si samples showed ZnO thickness of 1176 and 1197 A
near the same positions, respectively. With this information, we
can estimate the minimum number of ALD cycles that must
have passed prior to establishing the full ALD growth rate by
assuming the same full (linear) growth rate as measured by the
adjacent Al,Oj-coated Si witnesses. In so doing, we measure a
88 and 140 A difference for the front and back Au substrates,
respectively, relative to the Al,O;-coated Si in the same reactor
position. These thicknesses correspond to an inhibition of at
least ~52 and ~82 cycles for the upstream and downstream
reactor positions, respectively. These are minimum values
derived from a step function, which is unlikely considering the
multicycle ramp up to the full growth rate observed in all QCM
data. Still the values are comparable to the ~110 cycle
inhibition shown by the QCM trace in Figure 6. They also
serve to illustrate the sensitivity (to Au preparation for
example) with which ZnO inhibition is occurring under the
process conditions reported here. Further discussion of the in
situ control can be found in the Supporting Information.

The insets of Figure 6 display SEM images at various stages
of nominally identical depositions. The ex situ images
corroborate the in situ evidence for little to no growth during
the initial stages of metal oxide ALD cycling (insert left). The
image is visually identical to a bare Au QCM crystal and also
shows no Zn by EDS. The second image (insert center) was
captured on a crystal for which the QCM trace starts to show
some mass gain but has yet to reach the full ZnO ALD growth
rate. An array of ZnO particles (bright white spots in the
image) is observed with spatial density of order ~1 X 1073
nm™> This is in reasonable agreement with the model fit to the
in situ measurement shown in Figure 6, which suggests an Ny
value of 1 X 107> nm™> In the steady mass addition regime the
inset right image reveals a roughened surface completely coated
with crystalline ZnO. The EDS spectrum (see Figure S6 in the
Supporting Information) and SEM image confirm the presence
of Zn and point to a coalesced-island morphology that now
consists of a continuous thin film. We hypothesize that the
C,,SH SAM is only slightly perturbed and largely buried
beneath the continuous metal oxide film as illustrated
schematically in Figure 1. The fate of the SAM and its most
common failure mechanisms in this intriguing system are the
subject of future investigations to be carried out with the aid of
in situ FTIR and mass spectrometry.

In light of the insights gleaned from this novel and high-
resolution approach, our hypothesis for the mechanism of
nucleation of ALD oxides on SAMs remains defect/pinhole
formation but with the caveat that in some special cases ALD
precursors might be incorporated to become an integral part of
the SAM. The unusually large inhibition of normal ZnO ALD
may point the way to new strategies for SAM defect
amelioration.

4. CONCLUSION

In summary, we demonstrate a time-efficient and high-
resolution method to analyze in situ the deposition dynamics
of ALD on SAMs on a cycle-by-cycle basis. An analytical island
growth model is applied to qualify the appropriateness of the
model and, when well fit, quantify the inhibition and nucleation
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density of several metal oxide ALD processes as a function of
growth temperature and precursor chemistry. The approach
allows the detailed investigation of a model SAM system,
alkanethiol on Au—loaded by either solution or vapor-phase
methods. Compared to previous reports of SAM-based
inhibition, C},SH on Au is shown to be effective at inhibiting
ALD oxides generally. Based on these studies, we find further
evidence to support a defect/pinhole mechanism that in at least
one case points to an unexpected dependence on ALD
precursor choice. This work provides insight into the
improvement of area-selective ALD of metal oxides and
presents a in situ method to understand its subtleties.
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ALD, atomic layer deposition

SAM, self-assembled monolayers

QCM, quartz crystal microbalance
SEM, scanning electron microscope
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DEZ, diethylzinc
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