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ABSTRACT
A specialized atomic layer deposition (ALD) reactor has been constructed to serve as an
instrument to simultaneously study the surface chemistry of the ALD process, and perform ALD
as is conventionally done in continuum flow of inert gas. This reactor is uniquely useful to gain
insight into the ALD process because of the combination of its precise, controllable, and
quantified dosing/microdosing capability; its in-situ quadrupole mass spectrometer for gas
composition analysis; its pair of highly-sensitive in-situ quartz crystal microbalances (QCMs);
and its complete spectrum of pressures and operating conditions --- from viscous to molecular
flow regimes. Control of the dose is achieved independently of the conditions by allowing a
reactant gas to fill a fixed volume and measured pressure, which is held at a controlled
temperature, and subsequently dosed into the system by computer controlled pneumatic valves.
Absolute reactant exposure to the substrate and QCMs is unambiguously calculated from the
molecular impingement flux, and its relationship to dose size is established, allowing means for
easily intentionally reproducing specific exposures. Methods for understanding atomic layer
growth and adsorption phenomena, including the precursor sticking probability, dynamics of
molecular impingement, size of dose, and other operating variables are for the first time
quantitatively related to surface reaction rates by mass balance. Extensive characterization of the
QCM as a measurement tool for adsorption under realistic ALD conditions has been examined,
emphasizing the state-of-the-art and importance of QCM system features required. Finally, the
importance of dose-quantification and microdosing has been contextualized in view of the ALD
literature, underscoring the significance of more precise condition specification in establishing a
better basis for reactor and reactant comparison.
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Chapter 1

Introduction
1.1 DEFINITION OF ATOMIC LAYER DEPOSITION
The Atomic Layer Deposition (ALD) process is essentially a layer-by-layer chemical
vapor deposition technique (CVD) where a sequence of two reactive steps occur separately, each
a reaction of a gas with a surface.1 One complete ALD cycle may depicted as adsorption and
reaction steps, A(gas) ( AS, followed by purge/evacuation of A(gas) from the reaction area, then
B(gas) ( BS, followed by purge/evacuation of B(gas) from the reaction area. The result of many
such cycles is the formation of a thin solid film of !9:)where the script notation is to indicate that
one or more atoms from A and from B are incorporated into the solid films, not the molecules
themselves. An example is presented for the reaction of TiCl4 with H2O to produce a film of
TiO2 in figure 1-1.2)

Figure 1-1: The ALD reaction of TiCl4 with H2O to produce a film of TiO2. Reproduced from
Leskelä and Ritala82)
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Atomic layer deposition is thus distinguished from CVD because the reactants A and B
do not meet nor react in the gas phase. Because ALD is well known, many excellent resources
exist to describe in much more detail how crucial it is to current and emerging technologies that
depend on thin film deposition,3,4 hence we will shift the specifics herein.

1.2 BRIEF OVERVIEW
So as not to be overly repetitive, the reader is also referred to the introduction to chapter
3, section 3.1, which is a more extensive introduction because chapter 3 is the text of a paper
submitted to the journal Review of Scientific Instruments titled “An Atomic Layer Deposition
Reactor with Dose Quantification for Precursor Adsorption and Reactivity Studies” by the author,
currently under review.
In brief, this specialized reactor was built after experimentally determining that
conditions reported in the literature from one reactor to the next, even for the same chemical
process, often varied considerably. ALD reactors built with in-situ diagnostics, including those
that have both a QMS and QCM, in some cases, have been used to understand qualitatively what
occurs during ALD surface chemical reactions, in terms of the gas phase presence of species
during individual steps, and the QCM measurements have been used to optimize empirical
conditions for the specific reactor to obtain the best combination of growth per cycle and dose
times/purge times.
To investigate the origin of these differences, a reactor was designed, constructed, and
tested that for the first time measures and controls the dose of both A and B reactants
quantitatively and to even very small, precise, and reproducible amounts of reactant. With the
addition of the in-situ diagnostics of dual quartz crystal microbalances (QCMs) and a quadrupole
mass spectrometer, and the inclusion of high vacuum operation and precisely calibrated ultra-
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sensitive pressure gauges over wide range, an instrument was developed featuring capabilities
that provide unique capabilities to quantitatively investigate the relationship of the dose quantity
and surface adsorption, both in the net overall quantity of the dose and in the dynamics of the
dosing relative to adsorption and reactions kinetics.
For motivating the importance of the initial adsorption reactions and the relative sticking
probabilities of precursors on substrates, the next section details consequences of these reactive
sticking probabilities on the early and subsequent growth morphology.

1.3 INITIAL STICKING/WETTING AND ALD GROWTH MORPHOLOGY
Thin film growth modes are generally classified into three categories, which were
developed in the context of PVD, and hence are often spoken of primarily in terms of interfacial
tensions and metallic or semiconducting films wetting or not wetting a substrate, analogous to
liquid film wetting of solids. Since ALD is a sequence of individual molecular chemisorption
steps, generally on fairly high temperature substrates, and since no liquid phase intermolecular
forces are a factor in the “wetting”, here we shall speak of the phenomena in terms of reactive
sticking probabilities, as they result from all different sources such as precursor flux, temperature,
identity of the substrate, etc. Because the saturative chemisorption steps in ALD are generally
thermodynamically irreversible, short-range inter-atomic and inter-molecular forces and their
kinetics tend to dominate outcomes.
These three growth modes classifications are commonly referred to as:
(1.) true layer-by-layer growth of complete monolayers per step, also called Frank-van der
Merve or (F-M) growth. One monolayer is completed before the next begins. This
growth mode is often assumed for ideal ALD growth, and hence there is the expectation
that any ALD process should work this way.
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(2.) Stranski-Krastanov or S-K growth, where intitially layer-by-layer smooth monolayers
form giving way to bulk crystallites and non-uniform build up of growth often to
overcome strain, or because of preferred crystal growth face directions, etc. A defining
characteristic is that the initial layers are complete and intact and completely “wet” the
substrate before bulk crystallite growth or roughness ensues.
(3.) Volmer-Weber of V-W growth, where adsorbate-absorbate interactions are stronger
than adsorbate-substrate interactions, and the film does not want to “wet” the substrate.
This is commonly seen at the interface of insulators or wide-bandgap SCs with metals or
semi-metal narrow bandgap SCs. It is also common where there is a great deal of
mismatch of lattice, electrical, viscoelastic, polarizability, and other physical property
differences forming at the interface between the substrate and the film.
Figures 1-2 through 1-6 elaborate on several outcomes for ALD growth beginning with initial
molecular adsorption of the first dose of reactive precursor.
In figure 1-2, a complete overview from initial molecular adsorption to final films
morphology is presented; then more details are broken down from the individual pathways in
figures 1-3 through 1-6.
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Figure 1-2: Overview of chemically reactive nucleation to film growth pathways. Depending on
relative precursor reactive sticking probabilities from the substrate to the growing film, very
different outcomes arise in film morphology with number of growth cycles. This is elaborated on
in figures 1-3 through 1-6.

It may be desirable for different applications to stop at any of steps 2(X) on. For example, ALD
is being explored for deposition of nanoparticle catalysts, in which case stopping at step 2A or 3A
might be desirable, but that would certainly not be desirable for metallic interconnects in circuits.

6

Figure 1-3: The initial outcome of the first few cycles of deposition is very important to the
outcome of the morphology of the film. These depend sensitively on the sticking probability, S,
of the reactive precursors on the substrate and first few layers of the film, as indicated. Conformal
step coverage of ultra-thin (nanometer scale thickness), step 2B, requires that S not be much
larger on the growth film than on the substrate, or else step 2A (V-W or 3D island nucleation)
will occur. Examples of step 2A growth occur typically from most transition metals onto nonmetallic substrates, such as oxide substrates. Examples of step 2B growth occur in cases such as
HfO2 and Al2O3, which is crucial for high-k dielectric deposition in the SC industry.
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Figure 1-4: Continuing from step 2A, if Sfilm > Ssubstrate, however they are reasonably close,
densification of small particles might be expected to result, although not necessarily uniform in
size distribution as depicted. If Sfilm ! Ssubstrate, V-W type growth will also continue, but with the

enlargement of existing islands more so than densification. If adsorbate diffusion or even cluster
diffusion is possible, small particles may simultaneously coalesce via Ostwald ripening; a
common problem for the deactivation of metallic catalysts at high temperature. ALD of
intervening ultrathin oxides, which preferentially react with the substrate, has allowed the
creation of unique barriers to Ostwald ripening, mixing growth types and materials.5,6
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Figure 1-5: Proceeding from a smooth, uniform nucleation all across the substrate in the initial
layer(s), step 2B, leads to two possibilities for continued growth. If the precursor sticking
probability onto the growing film is also relatively high and uniform, with Sfilm ) Ssubstrate, F-M or
smooth, complete layer-by-layer growth will occur, as in step 3D. The roughness remains very
low, and very smooth and in some cases epitaxial films result. The other possibility is step 3C,
whereby the precursor reactivity may be lower on the film than the initial substrate, leading to SK type growth. This roughness may level off, or may continue to increase with film thickness,
usually up to a maximum value of RMS roughness.
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Figure 1-6: Outcome of continued growth following steps 3A and 3B. As dense small particle
nucleation (3A) proceeds, eventually the substrate is covered over, which is the transition from VW to S-K growth. This would typically result in a very rough film, but can actually become
slightly smoother in some cases, now that the precursor has a surface onto which it has a
reasonably high sticking. Note that interface quality is poor regardless. In step 4B, with continued
V-W growth, extremely rough, even porous films result, with large 3D granular structures. This
latter extreme is rarely seen in ALD. If desired, perhaps it may be achieved with co-deposition of
an additional adsorbate that selectively blocks particular crystal faces and does not bind to others.
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From figures 1-2 through 1-6, we can appreciate the influence of the reactive sticking
probability of the ALD precursors on final films morphology. Temperatures, substrate identity
and surface preparation, and potentially even the dynamics of the exposure in a given step may
influence these outcomes greatly. These various factors tend to be explored in an empirical,
“brute force” engineering approach in the ALD literature. For this reason, a means to
systematically study the influence of precursor reactive sticking in a reactor that actually
functions like commercial deposition tools is needed. The quantitative dosing reactor described
in this thesis serves to fulfill this role.

1.4 EXPOSURE IN LANGMUIRS AND USEFUL INFORMATION LACKING FOR ALD
REACTIONS
The overall exposure of a substrate in an ALD reaction is nearly universally reported in
Langmuirs. The unit Langmuir (L) is defined as the number of molecules that impinge per square
centimeter of surface when exposed to a gas at P = 1 * 10-6 Torr for 1 second. Two problems
exist with the expression of the exposure in Langmuirs:
(1.) Ambiguity of the precise definition of the unit,
(2.) Many different temporal exposures result in the same number of Langmuirs, ie. that it is a
measure of a net overall integrated exposure over a period of time, providing no
dynamical information.

While the calculation of the exposure in Langmuirs is trivial, by multiplying the pressure
in Torr by the duration of the exposure in seconds, and dividing by 10-6, molecular speeds vary
with temperature and molecular mass, and molecular densities (volumetrically) vary with the
temperature. As a result, a 1000 (L) exposure of a gas at temperature T0 does not equal a 1000
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(L) exposure at T + T0. Furthermore, a 1000 (L) exposure to gas A with molar mass MA at T0 is
not 1000 (L) at T0 for gas B with MB + MA. This is the ambiguity of the unit. In chapter 3, net
exposures are measured and calculated from the explicit definite integral of the impingement flux
over duration "t, resulting in “real” units of molecules/area, not Langmuirs.
With regard to the second problem with the exposure in Langmuirs, the loss of dynamical
information is clarified visually in figure 1-7, with all six pressure profiles equating to the same
number of Langmuirs.
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Figure 1-7: Six clearly very dynamically different exposure profiles that all result in the same
number of Langmuirs. If the pressure axis was 10-6 Torr, and the time axis seconds, they are all
exactly 1 (L) of exposure on the interval from t = 0 to t = 3 s, because the shaded areas are equal.
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If the kinetics of the process matter, which of course they do in ALD and any reactive adsorption
process, figure 1-7 demonstrates Langmuirs are not very helpful. For this reason, a methodology
for a quantification of the duration of the exposure is presented in chapter 3.4.3.

1.5 ORGANIZATION OF THESIS
In the remaining chapters, chapter 2 demonstrates the performance of the reactor for the
case of ALD of Al2O3 from trimethylaluminum (TMA) and water. Properties of the films grown
are measured and compared with literature results to establish the reactor performs a true and
excellent ALD process. Chapter 3 is the text of the paper submitted, as previously mentioned,
and should be considered the most significant component of the thesis, fully describing and
demonstrating the reactor’s capabilities and significance. Chapter 4 is a discussion of the sticking
probability of ALD precursors, and the role of the new information this reactor provides in
understanding the adsorption steps such as A(gas) ( AS, also examining the relation of this
particular reactor’s capabilities for mechanistic, kinetic, and mass balances on the reagents due to
the exclusive combination of the quantified dose and other features. Chapter 5 elaborates from
chapter 3 on measurements and calculations related to the use of the QCM for adsorption
coverage measurements, and explains processes for ultrasensitive QCM measurement in the
extremes of the ALD environment. Chapter 6 describes the conclusions and future directions of
work with this instrument and understanding of new aspects of ALD surface chemistry that it
provides. Finally, appendices A-E add some extraneous or tedious details for methodologies, etc.
placed in the appendices so as not to obstruct the flow or main points of the other chapters.
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Chapter 2

Reactor Performance
2.1 CONFIRMING ALD GROWTH
The ALD process of depositing Al2O3 from TMA and water in viscous flow of inert
carrier gas has been particularly well documented in the literature.1,7,8,9,10 Thus this reaction was
chosen to become a comparison to ensure performance against the results of other research
groups and ALD equipment manufacturers.
Exploration of conditions for this reactor to achieve verifiable ALD growth occurred by
variation of a large number of variables, guided somewhat by literature conditions, yet specific to
this design. These variables included inert gas flow rate (both to the reactor and to purge the
QCM), deposition temperature, the fill times of each precursor, amount of time to flush each
precursor dose vessel and entrain the quantified dose into the system (a.k.a. “dose time”), and the
purge times following each exposure. Values for these growth condition variables tend to vary
considerably between research groups and reactor designs, such as for example total carrier gas
flow rates of 20 to 300 sccm, purge times from 0.2 s to 90 s or more, total system base pressures
of 0.09 Torr all the way up to 20 Torr, etc… The plethora of possible conditions to begin from,
from both the design point of view and operation point of view presented enormous challenges, as
many research groups will specify what empirically worked in their reactors without detailed
descriptions of those reactors. It became clearer well after experimentation had begun how much
time can be spent in this search to simply verify one’s reactor performs commensurately with
established results, a tedious but necessary task. This task serves the purpose not only of
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verification of the reactor, however, but as a baseline to compare this reactor with others, and to
provide insight into where to start with conditions when using a new process chemistry in it.
This was the motivation to use the most well-described reactors found in the
literature11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27 and compare their TMA/H2O processes, where
possible, to results for my reactor, as well as to make it possible to standardize and improve upon
existing designs through truly quantified dose measurement in a fully described reactor as
reasonably similar as possible to those commonly used, which is extensively detailed in Chapter
3.
Once suitable deposition conditions were found and decided on, by virtue of having an
in-situ QCM, and through thickness measurements it has been demonstrated that the reactor
achieves:
(1.) Excellent linearity in growth with cycle number.
(2.) Growth per cycle (GPC) nearly identical with literature results.
(3.) Mass gain per cycle (MPC) consistent with literature results.
(4.) Excellent area uniformity across the substrate.
This was demonstrated for the deposition of amorphous Al2O3 at T = 125 ºC through a total of
1000 ALD cycles on a 50 mm (nominal 2 in.) silicon wafer.

2.2 EXPERIMENTAL
The experiments performed were as follows: One 50 mm single-side polished primegrade <001> orientation silicon wafer was rinsed with isopropanol, blown dry with N2, and
inserted into a freshly-prepared cleaning solution of 4 parts concentrated sulfuric acid to 1 part
30% hydrogen peroxide (vol:vol) solution (from here forward referred to as “piranha solution”).
The wafer was soaked for 15 minutes, removed from the solution and promptly extensively rinsed
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with nanopure DI water, ethanol, and then blown dry with N 2. In order to examine the uniformity
of the wafer, the wafer was (mentally) divided into 4 quadrants, referred to as NW, NE, SW, and
SE using the flat edge facing the bottom. The substrate holder in the reactor, designed
specifically for such wafers, allowed placement and replacement of the wafer in exactly the same
position inside the reactor.
Immediately following the drying, single wavelength ellipsometry was performed on the
wafer, to establish the dielectric constant of the substrate (which now has several nm of oxide and
a high density of silanol groups on its surface), and done in such a way as to ensure the Psi and
Delta were consistent across the wafer. Five individual readings in random different spots in each
of the 4 quadrants were made, resulting in a total of 20 readings of the bare substrate.
The wafer was immediately inserted into the reactor (which had to done carefully since
the reactor was already at 125 ºC). The reactor was re-evacuated under constant flow of UHP N2
gas. The inert gas in this reactor was further pre-purified by a Matheson NANOCHEM
PuriFilter®, which brings additional contaminants (such as O2, H2O, or hydrocarbons) to ppb or
sub-ppb levels, as well as acting as a microparticle filter. After a reactor temperature reequilibration period and thoroughly ensuring any traces of air were flushed out, the ALD process
was begun.
The ALD growth to achieve a total of 1000 cycles of TMA/water was broken into 5
steps, 200 cycles each. The first step consisted of 200 cycles, followed by venting the reactor,
removing the wafer, performing ellipsometric measurements as quickly as possible to minimize
surface contamination of the fresh Al2O3 surface, and re-inserting the wafer into the reactor and
pumping back down under inert gas flow. Though the reactor door was opened during wafer
removal, inert gas flow was left running out the slightly ajar reactor door to minimize diffusion of
air into the reactor whilst ellipsometry was performed.
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Ellipsometric measurements were again made at 5 individual different locations in each
of the 4 quadrants of the wafer, resulting in 20 measurements total following the 200 ALD cycles.
The process was repeated for each of the 5 steps, except in the last step, after 1000 cycles total, 10
readings were made in each of the four quadrants, for a total of 40 individual measurements.
These films were grown at 125 ºC, total N2 carrier gas flow rate of 300 sccm ( = 135
sccm through the water manifold + 135 sccm through the metals manifold + 30 sccm for the
backside purge of the QCM housing). The base pressure of the reactor was P = 1.18 Torr. An
ALD cycle consisted of the following alternating steps: TMA was allowed to fill for 0.5 s, pause
0.5 s, dose/flush for 2.0 s, then purge for 10.0 s completing the metal cycle. Then water was
allowed to fill for 0.5 s, (no pause), dose/flush for 2.0 s, and purge for 15.0 s, completing the
water cycle.

2.3 FILM THICKNESS AND REFRACTIVE INDEX DETERMINATION
To determine a thickness by single wavelength ellipsometry accurately, one needs to
know the refractive index of the film. The Drude model, Fresnel equations and methods of
ellipsometry are discussed in detail elsewhere.28,29 However, many more details may be found in
Appendix A, including the raw data for the above measurements, an original computer program I
wrote to calculate parametric ellipsometric trajectories, explanation of its use, and examples of its
input and output. Using an incorrect refractive index or the wrong model is the source of much
error in reported thicknesses, as has been observed.28 It is important to note that the separation of
the refractive index curves, and their slopes with respect to Psi or to Delta vary dramatically
among substrates and film thicknesses. Initially a (complex) refractive index of n̂ = 1.55 + 0j
was used, based on Groner et al.10 Since insulating amorphous aluminum oxide always has a 0j
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complex part in the visible30, refractive indices will be referred to by their real part only, unless
otherwise noted.
To determine if this refractive index was the closest for this film, in figure 2-1 a
parametric plot containing 5 clusters of the points measured at the different locations, one cluster
for each number of cycles, was developed with a starting refractive index of n = 1.55. Across the
different clusters, the fit was really only good in regions of very small numbers of cycles, in other
words, in very thin films on <001> Si. So several additional refractive index trajectories were
plotted on the same graph, and the closest fit for all data points plotted at all five clusters of
thickness points became a refractive index of nAl2O3 = 1.63 for these films.

film with thickness in the most well-separated region of the curves could improve upon this refractive index determination.

cycles point, indicating a <1% variation in film thickness across the wafer after 100 nm of growth. Spectroscopic ellipsometry or a

(SW, NW, SE, NE). At the inset, the data points are separated by approximately 14 Å. The film thickness averages 1029 Å at the 800

The closeness of the clusters along the curve indicates how little variation in thickness there is from the 4 quadrants of the wafer

wafer at 800 cycles fall almost exactly on the red dotted curve. The red dots indicate a 1 Å difference in thickness from dot to dot.

in the inset, which is a zoom of the region in the 800 cycles region. The measured data points from the different quadrants of the

1.55 as a starting point, the refractive index these ALD-deposited Al2O3 films best fit is nAl2O3 = 1.63. This can be seen more clearly

curves of different refractive indices using a single transparent film on a reflective <001> Si substrate. Using refractive index n =

Figure 2-1: Parametric plot of measured ellipsometric Psi (!) and Delta (") values for several film thicknesses, with calculated
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2.4 GROWTH LINEARITY AND UNIFORMITY
Growth linearity and thickness uniformity were determined for the ellipsometry
measurements previously discussed. While this reactor has been designed to be a research
instrument, and hence the actual size of the wafers it handles are relatively small at 50 mm
diameter, the performance for such wafers under conventional ALD viscous growth conditions
are never-the-less as good as or better than commercial instruments. Table 2-1 indicates the
results of the experiments used to confirm this.

While the standard deviation in thickness between quadrants increases with number of cycles, the
actual percent of total thickness that this variation represents is under 1% in all cases. This may
be due to the roughening of the film somewhat as growth continues, which has been observed for
ALD growth commonly31, and could easily be investigated by AFM.
The average thickness across all quadrants was used with the number of cycles to plot
thickness as a function of ALD cycle number, and results are presented in figure 2-2.
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Figure 2-2: Growth linearity with ALD cycle number. A linear least-squares fit has been applied
to the data, including passing through the origin. The ability to “dial in” precise thicknesses of
films by controlling the number of cycles is a key advantage to ALD. Thickness control by
essentially any other conventional methods (evaporation, sputtering, CVD, electrochemical
deposition, etc.) is not this precise. The slope of the line represents the GPC under these
conditions, and from these results GPC = 1.29 Å/cycle.
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2.5 QCM RESULTS AND MASS PER CYCLE
Implementation of high-resolution, high-stability QCM in ALD systems presents several
challenges that will be discussed further in chapter 4, and in detail in chapter 5, but for purposes
of demonstration, the characteristics that indicate ALD growth, and distinguish it from CVD
growth or otherwise may be summarized by demonstrating:
(1.) linearity in mass and thus thickness with ALD cycle number (possibly after some initial
nucleation delay), and
(2.) that the mass/thickness for individual steps levels out and remains constant, indicating
completion of the surface reactions and no further mass change occurs during the inert
gas purge.
In Figure 2-3, these criteria are demonstrated for the aforementioned experiments.
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Figure 2-3: QCM data in 5 steps of 200 ALD cycles each, corresponding to the same experiment
from figure 2-2, parts (a.) through (e.). Both QCMs are shown, the first in red, the second in blue.
It can be seen that the mass gain is linear, and the QCMs track each other. In part (f.), a zoom of
only four individual cycles is shown for one of the QCMs, to resolve the details in growth. The
large step in mass is due to the reaction of TMA, the smaller step in mass due to the reaction with
water. Over the total of all 1000 cycles, the average GPC = 34.5 ng/cm 2.
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2.6 SUMMARY OF VALIDATION OF REACTOR PERFORMANCE
In table 2-2, some comparisons are made illustrating close correspondence to previous
studies of the ALD of aluminum oxide from TMA and water.

Table 2-2: Comparisons to Literature Results for Al 2 O 3 from TMA/Water
Growth Rate Temperature MPC Refractive Specific Number of
(ng/cm 2 ) index, n Gravity Cycles used
(Å/cycle)
(ºC)
This work
Groner et al. 2004 10
Elam et al. 2002 11

1.286

125

34.5

1.62

2.68

1000

1.34
1.07

125
177

39
38

1.55
n/a

2.9
3.5*

300
100

Matero et al. 2000 ‡
1.1
Elam et al. 2002 31
1.29
Corundum (alpha-alumina)
Amorphous Alumina

250
177

n/a
n/a

1.63-1.67
1.65
1.83
1.75

n/a
3.5*
3.98
3.5-3.7

1000+
2000

*an estimated/assumed value was used in this case
‡

Thin Solid Films, 2000, 368, 1-7

It is notable that amorphous Al2O3 deposited by ALD from TMA and water is only roughly 6773% as dense as corundum, or ,-alumina (such as sapphire in single crystal form), and has a
somewhat lower refractive index. These properties also appear to slightly lower than amorphous
alumina made by non-ALD bulk methods (which is also likely sintered at high temperature). The
various explanations for this include incorporation of H atoms (as –OH groups), worse at lower
temperature,10,22 and the lower density and crystallinity are clearly responsible for decreased
refractive index.32
We may thus conclude that the reactor works nearly identically to any other viscous flow
ALD reactor reported. In the chapter 3, the unique and useful features that distinguish it from
other reactors are presented in detail.
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Chapter 3

An Atomic Layer Deposition Reactor with Dose Quantification
for Precursor Adsorption and Reactivity Studies
ABSTRACT
An atomic layer deposition (ALD) reactor has been constructed with quantitative, precision dose
control for studying precursor adsorption characteristics and to relate dose quantity and exposure
dynamics to fluid flow in both the viscous and molecular flow regimes. A fixed volume of gas,
held at a controlled temperature and measured pressure, is dosed into the reaction chamber by
computer-controlled pneumatic valves. Dual in-situ quartz crystal microbalances provide
parallel mass measurement onto two differently coated substrates, which allows adsorption
coverage and relative sticking coefficients to be determined. Gas composition in the reaction
chamber was analyzed in-situ by a quadrupole mass spectrometer. Absolute reactant exposure is
unambiguously calculated from the impingement flux, and is related to dose, surface area, and
growth rates. A range of control over the dose amount is demonstrated and consequences for film
growth control are demonstrated and proposed.
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3.1 INTRODUCTION
Atomic Layer Deposition (ALD) is a chemical vapor deposition technique in which
alternating pulses of different vapor-phase reactants chemisorb on a surface, growing films in a
layer-by-layer fashion with molecular scale precision. ALD has proven to be a unique and
successful method because one obtains very precise and reproducible thickness control by simply
varying the number of deposition cycles, because the films typically are nearly atomically smooth
and pinhole free, and because the films can conformally coat step edges and complex 3D
substrates with deep aspect ratios.1,8,33 Furthermore, a wide range of materials may be deposited
by ALD,8 mostly performed at moderate temperature, and some materials may even be deposited
selectively in certain regions of chemically patterned substrates, known as area-selective ALD.
In an ideal ALD process, a pair of gas-phase precursors reacts separately and exclusively
at surfaces. Each precursor must adsorb in a self-limiting fashion, up to a monolayer coverage,
after which it no longer deposits, which is often called saturation. The adsorption of one
precursor creates complementary surface chemical moieties for reaction with the other, and the
different precursors do not meet nor react in the gas phase. This sequential separation of the
precursors is most commonly achieved by flushing the residual reactant vapor away with an inert
gas purge, or in some cases by thorough evacuation between exposures. Chemisorption should be
rapid (compared with the durations of their dose pulses) and complete (for saturative doses).
Nucleation of the growing film should be homogeneous everywhere. For an ideal ALD process,
adsorbed precursors do not desorb, decompose, or form multilayers that are difficult to remove at
moderate deposition temperatures nor do they produce byproducts that etch or contaminate the
films. Meeting these requirements means that the exact precursor dose is not particularly
important for film growth as long as sufficient precursor dose is used to saturate the surface in
each step and sufficient purge or evacuation is provided to prevent gas-phase reaction. Some
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ALD processes are believed to be close to ideal, such as reaction of trimethylaluminum (TMA)
with water to form aluminum oxide (Al2O3).8 However, many processes are far from ideal, such
as the growth of metallic Pt from methylcyclopentadienyl(trimethyl)platinum(IV) and O2 gas,34
and currently few means exist to quantitatively compare different ALD reactions other than that
they are known to work under specific conditions, and not work otherwise.
Reactor geometries, precursor and inert gas flow rates, and valve configurations vary
considerably among different reactor designs. In some designs, solid or liquid precursors are
placed in an open boat in a heated tube;14,35 in others a bubbler is used similar to continuous-flow
CVD systems;19 and in perhaps the simplest configuration, known as “vapor draw”, an evacuated,
closed source vessel has a single valve that opens to flow into the deposition area, where flow
occurs via a difference in pressure from the (higher) vapor pressure of the precursor to the (lower)
reactor base pressure.11,12,20 Despite these differences, the variable commonly used to describe
the quantity of vapor in a dose is the duration (in seconds) of the open valve(s) allowing precursor
flow into the deposition area. This convention does not lead to a quantitative description of the
number of moles of vapor in a dose, nor does it say anything about the actual precursor exposure
resulting from a dose. For an ideal ALD process at a fixed temperature and with a given pair of
precursors, the pulse times are typically determined empirically for optimum growth on a planar
substrate for a particular reactor, and for this reason quantitative dose amounts are typically not
specified. However, in non-quantitative systems, several drawbacks exist. For one, little can be
determined about the efficiency of reactant use. Secondly, predictive capability is problematic
for relating carrier-gas flow rates, pulse durations, purge times, and temperatures to reactant
exposures needed to obtain uniform, conformal ALD-growth. Thirdly, in practice, it is difficult
to relate the empirically-derived conditions reported in one reactor to the next. Finally,
difficulties may be encountered in determining growth conditions for several more challenging
cases. Such cases include very low temperature depositions; depositions onto high-aspect ratio,
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high-surface area, or large area substrates; or depositions using reactants that deviate from an
ideal ALD growth. Recently, the importance of dose control was demonstrated even in the
example of what was thought to be a highly ideal ALD reaction, the deposition of Al2O3, from
TMA/water, which has been reported to be not perfectly saturative at 125°C.9
A better understanding of detailed dose and exposure information would also be
particularly valuable for area-selective ALD, or additive pattern transfer, whereby differences in
the sticking probabilities on two different surface chemical groups allows selective growth, or in
other cases where nucleation differences exist from one substrate to the next, ie. “substrate
inhibited growth” or “substrate enhanced growth”. Such quantification would also be useful for
applying ALD to the controlled deposition of nanoparticles,36 and structured films, as in catalysis
applications,6 nanolaminates,31 or enhancing growth on particular crystal faces37,38 for anisotropic
nanostructures, precise dopant control, etc.
Toward these ends, we have designed, developed, and constructed an ALD reactor with a
unique quantitative dosing system, where absolute number of moles of gas per dose are both
measured and controlled. This new system is capable of 1.) systematic study of precursor
reactivity with the growing film, and initial reactivity with particular substrates, 2.) mass balances
on reactants, 3.) more thorough understanding of how to design to maximize precursor utilization
and minimize purge times, 4.) measurement of the sticking probability of precursors (when
coupled to an in-situ measurement of adsorption), 5.) real-time monitoring of the reproducibility
of dose quantity as precursor sources are depleted or other conditions change, and 6.) applications
of intentionally dosing to less than a saturating dose in a controlled fashion, some of which are
proposed below (in section 3.6). Critical to this design is that the dose quantity can be varied
reproducibly regardless of reactor base pressure, gas flow rate, and that the same dose amount can
be used for viscous flow and high vacuum operation. We demonstrate these capabilities by a
series of tests with TMA/H2O deposition cycles for Al2O3 films.
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3.2 THEORY OF MEASUREMENTS

3.2.1 QCM and Adsorption
The quartz crystal microbalance (QCM) has been a particularly valuable in-situ
diagnostic in ALD systems for real-time monitoring of adsorption/desorption phenomena and
providing film-thickness determination. The interpretation of the mass gain measured during a
half-cycle of ALD growth has proven to be more subtle than in ballistic, high-vacuum deposition
systems due to several factors; the high temperatures involved, the influence of small temperature
changes on the resonance frequency, control over the exact area of the deposition, and the high
precision and relatively fast dynamics of measurement required. Most of these challenges,
however, have been overcome with simple, but often elegant solutions,11,39,40 including gluing the
active face of the crystals to seal the area of deposition, backside purging the sensor housing with
inert gas, and using polished crystals to minimize the difference between the geometric and
molecular surface area. The use of GaPO4 piezoelectric resonators in place of quartz has greatly
improved high-temperature stability.41 In the present work it was found, particularly at high
vacuum, that it was necessary to attach an internal heater and temperature controller to achieve
and maintain the temperature of the crystals at the temperature of the substrate under all
conditions. For thin, rigid, ALD-deposited films, the Sauerbrey equation42 is a valid relationship
for frequency change, !F , and change in adsorbed mass on the active area of the crystal, !m ,
!F =

"2NF02
A !q µq

!m

with !q , the density of quartz, µq , the shear modulus of quartz, A, the area of the electrode, F0 ,
the resonance frequency of the fundamental, and N, the oscillator overtone number (N = 1 for the
fundamental, N = 3 for the third overtone etc.).42,43,44

(3.1)
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To relate the molecular adsorption, D [molecules/m2] to the mass measured by the QCM,
mQCM, dimensional analysis shows that one needs Avogadro’s number, NA, and M, the molecular
mass of the adsorbate, which gives
$ ! kg $
1 mole
! molecules $ ! kg $ !
&= 2
#
2
&
&
#"
#
m
% " mole % " N A molecules % #" m &%

(3.2)

DM
= mQCM
NA

(3.3)

This equation is valid for adsorbates of well-defined molecular mass, such as physisorbed
inert gas molecules, but for dissociatively chemisorbed adsorbates the molecular mass is, in
general, different than the gas phase species, a case typical in ALD and other reactive depositions.
A simple modification to use the average molecular mass of the adsorbed species, mavg,
generalizes equation (3.3).
Dmavg
NA

= mQCM

For systems with saturative adsorptions, mavg may be measured by the maximum mass
gain on the QCM, at surface coverage ! = 1 , in combination with a measure of the number of
molecules per unit area. For measurement of the relative adsorption onto two different types of
surfaces, our system has two in-situ QCMs. When these are at the same temperature, and receive
identical flux of precursors, this parallel mass measurement allows the study of growth
differences between the surfaces, including quantities such as a relative sticking probability.

(3.4)
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3.2.2 Impingement Flux and Dose
To be general, consider a gas flux containing a mixture of components. The
quantitative amount of a particular component that a substrate receives from a dose is related to
the molecular impingement flux of the component, as defined by the Knudsen equation from
kinetic theory using the ideal gas law,
Ji =

pi N A

(3.5)

2!M i RT

Ji is the impingement flux of the ith component in the dose mixture, in units of
[molecules m-2 s-1], pi is the partial pressure of the ith component, Mi is the molecular mass, and
R and T are the gas constant and absolute temperature, respectively.45,46 As an instantaneous
quantity, Ji must be integrated over time to obtain the net exposure, Qi, in [molecules m-2 ],
resulting from a dose.
t2

Qi =

!
t1

pi N A
2!M i RT

dt

(3.6)

If pi is known as a function of time, at constant temperature this simplifies to:

Qi =

NA
2!M i RT

t2

! pi dt
t1

While a correlation must exist between the dose in moles and the net exposure resulting
from that dose in moles/m2, this relationship is system specific, depending on the geometry, flow
conditions, and pumping rate, but it has generally not been presented in literature descriptions of
reactors. This information is presented herein for this particular reactor design (section IV-B).
The net exposure resulting from a dose also does not describe the dynamics of that
exposure, i.e. the residence time for a dose and its relationship to the size of the dose, or the

(3.7)
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carrier gas flow rate, the pumping rate, etc. Many aspects of reactor design and operating
conditions affect the dynamics of exposure, and these dynamics are not simply related to the
duration of a valve open time, as is usually presented as the only measure of dose duration. A
proposed methodology for further quantification of the dynamics of the exposure through an
estimate of a residence time of exposure is presented for a completely-characterized reactor such
as this (in section IV, part c).

3.3 DESCRIPTION OF REACTOR AND DESIGN CHARACTERISTICS

Figure 3-1: Reactor overview with detail of quantified dosing section. See text and table 3-1 for
description of fill, measurement, and dose & purge functions. Dose quantification and control
occurs in real time. All valves in this figure are rapid action, with timing controlled by computer.
High vacuum conductance liquid nitrogen-filled trap prevents ALD reactants from entering
pump, and oil from backstreaming into reactor.
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3.3.1 Dosing section
The reactor consists of two independently controlled gas manifolds: a metal precursor
source doser (bottom of figure 3-1), and a reactant source doser (top of figure 3-1). The latter is
typically charged with water, but also could be used to dose oxygen, hydrogen, or any
complementary gas or vapor reactant). Each gas manifold has a mass flow controller for
carrier/purge inert gas. Each precursor/reactant source is connected to a dose bottle, volume 1 or
volume 2 in figure 1. Capacitance manometers monitor the pressure in each dose bottle; a 10
Torr full-scale gauge (internally temperature controlled at 100°C) for the metal source bottle, and
a 100 Torr full-scale gauge (internally temperature controlled at 45°C) for the water bottle. Each
dose bottle has a dose valve (valves V1 and V7) that feeds into the reactor through heated tubing.
The total volume of precursor gas comes from each complete dose vessel, consisting of bottle,
tubing, connecting valves, and gauge connection; which is held at a selected temperature by use
of thermocouples, heating tape, and a PID temperature controller. In this way, the dosing
manifold forms a complete dose vessel with fixed, calibrated volume, controlled temperature, and
measured pressure. The manifolds and valves are mechanically mounted on a sliding rail, so that
the bottle may be changed to insert different volume bottles.
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3.3.2. Operation
Typical operation of the dose manifold consists of sequential fill, dose, purge, and
evacuation steps (the latter may be concurrent with the purge step). Table 3-1 indicates the states
of the valves (in figure 3-1) for these different steps for the metal precursor half of the ALD
process. A similar procedure is applicable for the co-reactant (water) step.

Table 3-1: Typical viscous flow operation of the reactor.
Operation
fill
dose
purge
evacuation*

Valve settings
V6, V3, V8 open --- others closed
V2, V1, V8 open --- others closed
V3, V8 open --- others closed
V3, V8, V5 open --- others closed

*optional for filling to pressures less than base pressure

During the dose step, the dose vessel is flushed with inert gas so that total quantity of
reactant is rapidly dosed into the reactor. Separate pumping of the metals dose vessel during the
evacuation step allows very small amounts of vapor, drawn from the source at pressures less than
the reactor base pressure, to be introduced to the inert gas stream, and still be rapidly entrained.

3.3.3 Design advantages
Advantages of this design include (i.) that the dose quantity can be varied reliably and
reproducibly for any system base pressure, gas flow rate, and in the same fashion for viscous flow
and high vacuum operation, (ii.) that the dose vessel can provide an in-situ measurement of the
precursor vapor pressure, (iii.) that neither the amount of the dose nor the rate of entrainment into
the gas stream depends on the evaporation rate of the precursor or the pressure difference from
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the precursor’s vapor pressure to the reactor base pressure, and (iv.) that one precursor may be
allowed to fill while the other is dosing or purging, which is particularly useful for low-volatility
and slowly evaporating precursors. An more subtle aspect of this design is that the separation
into two manifolds means valves that fill and dose reactants are not exposed to both reactants, but
instead that the metals manifold valves see only metal precursor and inert gas, and the water
manifold valves see only water and inert gas; hence the deposition process will not occur on the
internal valve surfaces. Condensable vapor streams are exposed only to heated valves or tubing
before entering the reactor. Not shown in figure 3-1 is also a separate line, bypassing the reactor,
connected through a manual valve directly to the pump. This is for the purpose of purging and
evacuating each dose vessel on startup, and allows removal and installation of sources without
interruption of the reaction chamber.
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Figure 3-2: Reaction chamber and pumping section detail. Gate valve 1 and the system vacuum
valve are for high vacuum and viscous flow type operation, respectively. The quadrupole mass
spectrometer (QMS) is differentially pumped by turbopump 2 to a pressure of ~10 -8 Torr, as
depicted with a crosshatch pattern, through a removable internal vacuum flange with a pinhole.
Not shown are the QCMs, capacitance manometers close to the substrate, and precision leak
valve.
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3.3.4 Reaction chamber and pumping section
Further detail of the reaction chamber and pumping system is in figure 3-2. The two gas
manifolds feed into a laminar-flow mixing/preheating stage which consists of a 13.5 inch (34.3
cm) long, 2.37 inch (6.02 cm) ID stainless steel tube with a 4-element, 13.375 inch (34.0 cm)
Kenics™ static mixer inside, and 4.5 inch conflat (CF) vacuum flanges. Three 900 W, 240 V
band heaters are wired in parallel and used with two thermocouples to monitor and control the
temperature of this stage with a PID controller, and it is insulated with Zetex™ ceramic fiber
tape. This stage ensures that the gas stream has uniform composition, uniform temperature up to
the reaction temperature, and uniform flow velocity profile at its exit. Temperature uniformity of
the gas flow impinging on the QCM has been shown to be important to prevent convection from
the gas dose from causing artificial apparent mass changes on the QCM.39 The reaction chamber
consists of a cross-flow design made from a 4.5-in CF cube. The reaction chamber is warmwalled, heated by external flange heaters, heating tapes, and conduction from the substrate heater,
and insulated by Zoltec Pyron™ carbon-fiber based blankets (of the type used in welding
applications). The substrate holder/heater is a stainless steel cylinder welded to a 4.5-in CF
flange with five 100 W cartridge heaters connected externally to the vacuum, and two
thermocouples inserted to within 3mm of the surface at the leading edge and center. The center
thermocouple is used for PID control of the heaters, and the edge-to-center temperature
uniformity is better than 2°C at all temperatures. It is mounted to hold a 2 inch wafer upright in
nearly the center of the cube. Samples and mass sensors are loaded from a 4.5-in CF door with a
Kalrez™ 7075 high-temperature O-ring, which is the only non-metal vacuum seal on the system.
The reaction chamber has two mutually exclusive exhausts, one for viscous laminar flow to a
(nominal 15 m3/hr) rotary-vane vacuum pump, the other to a (nominal 210L/s) turbomolecular
pump for UHV operation. High vacuum operation then consists of gate valve GV1 (figure 3-2)
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being open to Turbo 1, and the vacuum valve to the mechanical pump closed; and vice versa for
viscous operation. A second turbopump, Turbo 2, is used to differentially pump the quadrupole
mass spectrometer (QMS). A second rotary-vane pump (nominal 21 m3/hr) is used to back both
turbopumps, and to evacuate the dose vessel (in viscous flow mode). Two capacitance
manometers, which are internally temperature controlled at 45°C, are connected to the reaction
chamber (not shown in figure 3-2), a 100 Torr full-scale and 1.0 Torr full-scale. A 20 mTorr fullscale capacitance manometer (depicted in figure 3-2) is connected on the turbopump-side of the
high-vacuum gate valve, GV1. The 20 mTorr gauge and a Bayard-Alpert ion gauge (IG1) are thus
used only in high vacuum mode, and they are behind an additional pneumatic 2.75-in gate valve,
GV2, which for some experiments is dynamically closed during one reactant dose to prevent the
deposition from occurring on the gauges. Not shown in figure 3-2, but also connected to the
reaction chamber is a UHV variable leak valve behind a 2.75-in CF gate valve, which can be used
for precision leaks for isotherm experiments and continuous trace reactant introduction. The high
vacuum gauges were calibrated by flowing N2 into the reactor through the leak valve and the
mass flow controllers. The true reactor pressure in high vacuum mode thus comes from a
calibration curve established by temporarily placing the 20 mTorr capacitance manometer on the
main chamber, and is slightly higher than the raw reading on either the 20 mTorr gauge (in its
normal position) or the reading from IG1. IG1 was corrected for N 2 sensitivity using overlapping
pressures with the capacitance manometer (from 10-5 < P < 10-3 Torr).
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3.3.5 Diagnostics and computer control
The QMS is a Hiden triple mass filter model 3F, with mass range of 1-300 A.M.U.,
equipped with an electron multiplier detector. During typical operation at a system pressure of ~1
Torr, it is differentially pumped through a 30 micrometer orifice, for an operating pressure of
about 2.8x10-7 Torr measured by nude Bayard-Alpert gauge IG2 in figure 3-2. The QMS is
capable of a minimum detectable partial pressure of ~10-15 Torr (inside the differential pumping
stage, in this case).
The two QCMs (Maxtek/Inficon BSH-151 bakeable holders) were custom modified by
welding them close together, drilling 1/32 inch (0.79 mm) holes inside the drawers from the water
cooling lines to provide an inert gas purge behind the back of the crystal and electrodes, and
welding them onto a 4.5-in CF flange. During viscous flow operation, inert gas was delivered
through a 100 sccm MFC, typically at 30 sccm. For optimum temperature measurement and
control attachment pads for thermocouples were welded less then 3 mm from the crystal faces,
and a 572 Watt, 10 x 50 x 2.5 mm AlN ceramic heater was attached to the rear of the crystal
housing internally. This was controlled with a PID temperature controller with K-type
thermocouple to within +/- 0.2°C over the range from room temperature to ~320°C during the
course of a deposition with carrier gas, and to better than measurement resolution (0.1°C) in UHV
over several hours. The sensor face of the crystals is parallel to and opposite the substrate holder,
at a distance of ~21 mm, so that they experience nearly identical flow and flux. Quartz crystals
used were 6 MHz polished AT-cut type with RMS surface roughness of ~5 Angstroms for
experiments <~150°C, and polished Y-11º cut GaPO4 crystals were used for experiments
>~150°C. To calibrate which crystal type was most stable at a given temperature, the series
resonance frequency of the fundamental as a function of temperature was measured for each type
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by detecting minimum transmission impedance using a function generator and RF amplitudesensing circuit.
Valve dosing was computer-controlled using National Instruments (NI) Labview
software and NI data acquisition hardware, which was also used to record all the pressures from
the capacitance gauges, and interface with either a Maxtek TM-400 thickness monitor or external
oscillators circuits and HP/Agilent 53181A frequency counters for the QCM measurements. The
latter, operating at the 3rd overtone of the fundamental (18 MHz), proved more sensitive and
offered greater flexibility between measurement accuracy and response time. Frequencies were
converted to masses using equation (3.1).
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3.4 DEMONSTRATION OF REACTOR

3.4.1 Control of dose
The exact dose vessel volumes include the internal volumes of the bottles, valves, and
connections, and can only be estimated geometrically. Hence, calibration of the accurate dose
volumes was performed by measurement of the pressure rise verses time as the empty vessels
were filled at a fixed mass flow rate, using the mass flow controllers. Using the ideal gas law,
and differentiating with respect to time, t, at constant V, T:
V

!P
!n
= RT
!t
!t

(3.8)

Controlling the mass flow rate, m! = dm / dt , is the same as controlling the molar flow
rate, n! = dn / dt , so with molecular weight, M: Mn = m , so m! = Mn! , and we may write:
n! =

m!
M

(3.9)

Integrating equation (8) over time from ti to tf:
V"

tf

ti

t f dn
!P
dt = RT "
dt
ti dt
!t

(3.10)

and using equation (9), this becomes:
V ( P(t f ) ! P(ti ) ) = RT

m!
( t ! ti )
M f

(3.11)

which can be rearranged to:
1
M !P
=
!
V
RTm!t

For a constant mass flow, !P / !t is constant. After a short time, the P becomes linear
with t, and is used to calibrate the volume using equation (3.12). Five different nitrogen fill

(3.12)
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cycles were recorded at a given mass flow rate, each yielding a volume. The procedure was
performed at several different mass flow rates, and these volumes were then averaged. The final
calibrated volume of the metal precursor source dose vessel used (corresponding to VOL. 1 in
figure 3-1) was 73.9 +/- 0.5 cm3, and of the water source dose vessel (VOL. 2 in figure 3-1) was
66.7 +/- 0.2 cm3.
Control over the dose amount is achieved by controlling the fill pressure, since the
volume and temperature are fixed. For volatile liquid and solid sources, the fill time and source
temperature are sufficient to provide control of the fill pressure. Figure 3-3 demonstrates the
control over the dose achieved for TMA vapor for different fill times.
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Figure 3-3: Control of dose amount achieved from drawing vapor off of a liquid TMA source,
with fill pressures (left axis) and dose amounts (right axis) calculated using calibrated dose
volume and fixed vessel temperature of 100ºC. Upper curve represents room temperature source,
lower curve with source cooled to 0ºC. Points are averages of 30 measurements, error bars are +/1 standard deviation of the 30 measurements, and are primarily to illustrate reproducibility of fill.
Inset zoom is of lower left boxed region of lower curve.

For non-condensable gases, the fill time and placement of a restricting needle valve
(0.004 Cv flow coefficient) immediately before the fill valve, to slow the fill rate to a time scale
that the fill valve timing effects, provide control of the pressure. In this case use with a low
pressure regulator ( ~10-15 psig is typically supplied) on the cylinder is most effective for fill
pressures << atmospheric.
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3.4.2 Measurement of impingement flux
The net exposure resulting from a dose was measured by numerically integrating the
impingement flux, as in equation (3.7), with the bounds of integration encompassing a pressure
peak resulting from a dose into high vacuum. To capture the most accurate pressure, the
capacitance manometer with full-scale range of 20 mTorr was used. It was determined that due
to the long, slow decay of the pressure peak, and a slight zero-drift and noise in the measurement,
it was difficult to select the tf of the integration, and objectively measure the integral
reproducibly. This was especially true for small doses. Hence, instead, pressure peaks were
integrated after fitting to a function, a convolution of exponentials, of the general form:
f (t) =

(

k1k2 e !k1t ! e !k2t

)

k2 ! k1

In this function form, for k1 > k2 , k1 is associated with an exponential rise time, and k2
an exponential decay. Larger k1 results in a faster rise, smaller k2 results in a longer decay.
Figure 3-4 illustrates the process of quantifying the dose and integrated impingement
resulting from the dose.

(3.13)

and dose vessel (bottom half) are into high vacuum (P < 10-5 Torr); negligible compared to the quantities measured.

of TMA vapor drawn from a 0ºC source into the dose vessel, held at 100ºC. Fills and empties of both the reactor (top half)

temperature of the dose vessel, true absolute doses are converted to micromoles using the ideal gas law. All doses shown are

pressure, because at the peak, all valves enclosing the dose vessel are closed momentarily. Using the fixed volume and

reactor. (d.) Doser fill consistency example. Circles represent the locations of peak pressure and hence total dose vessel fill

Quasi-static doser pressures controlled with fill time. The rise is during the fill, the decay is the emptying of the dose into the

plot is the data and fit together; bottom graph is the fit function alone. (b.) Illustration of the fits of 5 such pressure peaks. (c.)

dose (lower half). (a.) Function fit of a single system pressure peak to form of equation 13. Top plot is the residual, middle

Figure 3-4: Example of method for calculation of integrated impingement flux (upper half), and for quantification of
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This process developed the relationship between the net exposure resulting from a dose to
the dose amount, in figure 3-5, which is linear for the region investigated.

Figure 3-5: Relationship between the net exposure, measured as the integrated molecular
impingement flux (eqn. 3.6), and the quantified dose in micromoles. Each point represents the
average of 5 integrated impingement fluxes and 5 dose amounts per fill time, as depicted in figure
4(b.) and 4(d.). The straight line is a least-squares fit to the data. The number of equivalent TMA
monolayers that correspond to a given net exposure is plotted on the right axis. This is determined
by dividing the net exposure by the estimated monolayer packing density of TMA, 3.79 x 10 14
molecules per cm2 (see text). As an aside: note that the actual number of equivalent TMA
monolayers of flux at the QCM and substrate is smaller than this number during a deposition,
because significant surface area exists along the flow path prior to the substrate, and this reactive
surface area would consume a portion of the quantified dose before reaching the substrate. This
upstream surface area was extensively saturated with TMA immediately prior to the
measurements in figure 3-4 used in this correlation
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This relationship is important because it allows an accurate estimate of the exposure
resulting from a dose by simply knowing the dose amount and because it elucidates what the
range of control of the net exposure is in terms of dose, for this particular geometry. The number
of equivalent TMA monolayers corresponding to these exposures was calculated by estimating
the TMA monolayer packing density, in molecules per cm2. From the liquid density47 of TMA,
0.743 g/cm3, using the approximation that TMA can be represented as well-packed spheres in the
liquid, we used the volume fraction of spheres of ! / (3 2) ! 0.74048 to determine a spherical
molecular diameter, which was 6.1078 Angstroms. The monolayer packing density was
estimated as ~3.79 x 1014 molecules/cm2 on the basis of a 1 molecular-diameter-thick slice of the
liquid. The exact monolayer packing density will, in general, be specific to the substrate onto
which the monolayer would adsorb, because of differences in numbers of binding sites,
mechanism, etc., but this number serves as a geometric estimate.

3.4.3 Exposure dynamics
In the most ideal case of extremely fast adsorption and reaction kinetics, the duration of
the exposure and its time trajectory in a flow reactor are of little importance. However, in ALD
reactor design and operation, the conflicting goals of minimizing the cycle time and yet
maximizing the growth per cycle (GPC) are always present, and not all reaction chemistries are
fast compared to these time scales. Conformally coating deep aspect ratio structures generally
requires much longer cycle times, and in cases where mean free paths are comparable to
nanostructure dimensions, understanding high vacuum ALD matters. In all reactors, a reactant
pulse will broaden in time by diffusion, by gas hold-up in inefficiently purged/evacuated regions,
as well as by differences in pumping speed, etc. Many factors affect the efficient utilization of
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reactant gas, inert gas, and time, such as valve flow coefficients and vacuum conductivities, as
recently demonstrated.48 Relatively few diagnostics have been applied to explicitly look at the
time dependence of the gas-phase reactant, as it relates to the surface reactions, with the notable
exception of recent IR techniques.49,50,51 QMS techniques have been applied to ALD for some
time,52,7,53 but generally qualitatively to look only at the presence of particular species in the gas
phase, for understanding reaction mechanisms, rather than to probe actual reactant exposure
dynamics.
One measure providing such dynamical information is the residence time of a dose. A
proposed way of quantifying it is by the full width at half maximum (FWHM) of the
impingement flux peak resulting from dose. Figure 3-6 illustrates the time evolution of
differently sized doses into a high vacuum flow without carrier gas, demonstrating that larger
doses have smaller residence times under these conditions, though net exposure is proportional to
dose size, as previously discussed.
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Figure 3-6: Dynamics of differently-sized doses into high vacuum flow, without carrier gas. Dose
size increases with fill time, and also does peak reactor pressure resulting from the dose. One
proposed measure of a residence time of the exposure of a dose to the substrate, the full width at
half maximum (FHWM) of each pressure peak, is displayed in the inset, demonstrating the
inverse relationship between dose size and residence time. Note this effect will be enhanced for
larger !P as the dose travels through the reactor, and would not necessarily follow the same
relationship for continuum flow situations. (see text).

For some particular value of the dose size, the residence time and net exposure are
sufficient for saturative growth. However, in the case of high vacuum flow (where the Knudsen
number, KN >1), we see from figure 3-6 surprisingly as the dose increases, resulting exposure
durations measured by the FWHM do not increase with increasing dose size. Using FWHM to
demonstrate that even though larger doses integrate to larger exposures, the duration of the
largest part of the exposure is smaller because the exponential decay is approximately the same
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as for smaller doses. This means that for exposure residence times shorter than the kinetics of
reactive sticking allows, increased dose is wasted. The physical basis of this counterintuitive
effect is a consequence of the vacuum throughput relationship Q = SP, where Q is the
throughput is [Torr L-1 s-1], S is the pumping speed in [L s-1], and P is the total pressure in
[Torr].45
The combined effect upon reactive adsorption of exposure durations and net exposures
may be systematically decoupled with this reactor design, both in high vacuum flow using the
true Ptot(t) and viscous flow using the pi(t) from the QMS. In general, residence times measured
by this FWHM method are anticipated to have the opposite relationship to dose size than in figure
3-6 during viscous flow, as profiles indicated by IR results suggest,50 however transport
phenomena dynamics of the particular design will dictate this relationship.54 In any flow regime,
if exposure residence times are shorter than sticking duration, with doses larger than saturative
impingement, reactant is wasted downstream of the substrate, so such a measure is useful.

3.4.4 Calibration and quantification of QMS
Since ALD is most commonly performed in viscous flow, it is desirable to be able to
relate actual impingement flux and exposure dynamics of precursors under these conditions. For
this, one needs to know the true partial pressure of reactant in the gas stream as a function of
time. The QMS used here outputs the counts per second of the electron multiplier detector. To
develop a calibration to convert this to partial pressure, the vapor of a reactant was bled through
the leak valve into the reactor under steady state conditions with the reactor being pumped by
turbopump 1, monitoring the pressure from the 0.020 Torr range capacitance manometer (figure
3-2). Figure 3-7(a.) is a mass spectrum obtained under these conditions, with electron impact
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ionization at 70 eV. Figure 3-7(b.) is an example of how the QMS was calibrated by recording
several different pressures and correlating them to the mass spectrometer’s counts/s at M/Z=57
A.M.U.

Figure 3-7: (a.) Mass spectrum obtained for trimethylaluminum (TMA). (b.) Calibration curve of
actual reactor pressure of pure TMA vapor to QMS signal in counts per second at mass to charge
ratio 57, with linear fit. This M/Z value is the most abundant Al-containing ion. Larger signals at
M/Z=15 (CH3+) and M/Z=16 (CH4+) overlap with the CH4 product of reaction, so would be poor
choices for a TMA pressure calibration.

A demonstration of monitoring the ALD reactions in this system for TMA and water at
125ºC in 300 sccm of nitrogen at ~1 Torr is given in figure 8. This setup allows for an
accounting of fate of a measured dose of reactant. Specifically, the ensemble of a calibrated
QMS, a QCM, and dose quantification & control now allows detailed mechanistic molecular
mass balances and their relation to Ji(t) and gaseous byproduct production, even with the
inherently non-steady state ALD process.

accounting of where and when the reactant is consumed, and byproducts of the reaction produced (in progress as of this writing).

water (right axis). Calibration of the QMS partial pressures, combined with quantified dosing and the QCMs, allows for accurately

TMA molecule fragments. (b.) 4 typical ALD cycles showing the QCMs masses (left axis) correlated to the QMS peaks from TMA and

water purge step was insufficient. During the water dose, they would most likely be associated with releasing ligands from surface bound

of TMA molecules in the ionizer of the QMS, or the product of reaction with walls of the reactor, or even possibly CVD-like reactions if the

growth. Because M/Z=15 & 16 are associated with methane, contributions at each peak during a TMA dose may be due to the fragmentation

Figure 3-8: (a.) Monitoring M/Z=57 for TMA, M/Z=18 for water, and M/Z=15 & 16 during the course of 6 typical ALD cycles for Al2O3
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3.4.5 Parallel mass measurement for relative sticking probabilities
This setup is useful for measuring the relative sticking probabilities onto two differently
coated substrates, a useful technique for quantifying growth selectivity and designing surface
structures and conditions for area-selective ALD growth. As a simple demonstration of such a
parallel mass measurement, the two QCM crystals, previously coated with Al2O3 in the reactor,
were measured together for 50 cycles of Al2O3. Following this, one of the crystals was removed
from the reactor, and a self-assembled monolayer (SAM) was prepared on the crystal by soaking
in 1 mM stearic acid (octadecanoic acid) solution in isopropanol for >24 hours.55,56 This highly
hydrophobic SAM was expected to inhibit further growth of Al2O3 by blocking surface hydroxyl
groups, leaving a surface mostly terminated in –CH3 groups, thus reducing the number of surface
sites for TMA chemisorption. The SAM-coated crystal was then re-inserted into the reactor, and
an additional 50 cycles of Al2O3 were performed. Figure 3-9 illustrates the difference in growth
between these two types of surfaces.
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Figure 3-9: Parallel mass measurement onto two QCM crystals. Experiment #1 was 50 Cycles of
Al2O3 growth from TMA/water at 70ºC onto two crystals previously coated with Al2O3, or
“uncoated”. This was meant to serve as a control. During experiment #2 the same 50 cycle
sequence was performed with a stearic acid self-assembled monolayer (SAM) on crystal 2, and
with only bare or uncoated Al2O3 on crystal 1. The lower plot shows substrate-inhibited growth,
yet the TMA/water reaction in not completely inhibited even on this hydrophobic substrate. (see
text)

The stearic acid SAM coating clearly inhibits growth significantly for at least 35 cycles,
after which the slope of the mass gain with time returns to about the same as the initiallyuncoated Al2O3 crystal. In figure 3-9, slight variations on the control sample crystals may be
noticed. These are attributed to non-optimal temperature synchronization between the crystals.
At high temperatures, fairly precise temperature uniformity over the course of the experiment is
necessary to accurately observe small mass differences.40 One needs to understand the response
between the crystal pair when there is no intentional difference to get the best data out of such a
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comparison and ensure the control experiment results in a more perfect overlap of the top three
plots in figure 3-9, yet this serves to demonstrate the technique.
Dual QCM experiments have previously been used to study metal depositions by
evaporation onto SAMs, and combined with other data to understand the mechanism by which
metals adsorb and react with these surfaces.57,58 In these systems, however, film growth results
from metal atom adsorption and condensation onto cool (25ºC) substrates. Hence, absolute
sticking probabilities onto SAMs may be calculated by assuming the sticking of evaporants is
unity onto the bare metal. With ALD, however, the process is more complicated because of the
piecewise cyclic nature of adsorption, and because the adsorption is reactive instead of
condensation-like. If the combination of sticking and surface reaction is termed reactive sticking,
we can, however, measure a relative reactive sticking probability for an ALD precursor pair like
TMA/water in this case, with a dual QCM experiment. The sticking probability is relative,
because we know that both crystals receive the same integrated flux of precursor (the same
exposure), but we are not assuming that the reactive sticking of precursors onto Al2O3 is unity.
That is to say, whatever the absolute sticking probability of precursors is onto the growing film,
we are measuring the sticking onto the SAM relative to the sticking onto bare Al2O3. Figure 10
shows this sticking probability, S("), as a function of ALD cycle number, as well as the mass per
cycle (MPC) calculated from the data in figure 3-9. The S(") is calculated by measuring
segments of the slopes of the mass gain (from figure 3-9) for the SAM-coated crystal divided by
the slopes of the uncoated crystal, analogously to what was performed for PVD metal deposition
onto SAMs.58
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Figure 3-10: Relative reactive sticking probability (left axis) and mass per cycle (MPC – right
axis) as a function of cycle number. The MPC measurement shows how many cycles are
deposited onto the SAM-coated crystal before the same growth rate reappears as on the uncoated
crystal. Presumably the SAM is completely covered by Al2O3 at that point, which also is
indicated by the relative sticking probability returning to ~1. Measurements of this type should
lead to a more quantitative understanding of substrate (or surface-chemistry-based) selective
growth. TMA is considered an especially reactive precursor, and is unlikely to grow completely
selectively, yet clearly exhibits some nucleation delay on a methyl-terminated SAM.
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3.5 DOSE CONTROL AND GROWTH RATES
With the ability to dose very small quantities of precursor, we can reproducibly grow
with either single saturative steps (as is conventionally done) or with single or multiple subsaturative steps. While it was anticipated that the total MPC ultimately attained should be the
same by either method, we have preliminary evidence that the dynamics of the dose, ie. piecewise
vs. all-at-once, matter for the ALD process, in perhaps a way that is subtler than simply whether
enough integrated exposure is used to saturate in a single step. By controlling the quantified dose
of reactant, relating it to the net exposure and dynamics of exposure, this reactor design allows a
more thorough investigation of the surface chemistry of the ALD process, which will be detailed
in a future publication using the unique combination of features and methods herein.

3.6 CONCLUSIONS AND FUTURE APPLICATIONS
A unique ALD reactor has been designed and built which allows a new level of precise,
accurate, controlled reactant doses. A relationship has been developed between the dose amount
and actual impingement amount at the substrate. The combination of in-situ diagnostics,
pumping and flow capabilities, calibrations, and mechanisms to measure the dynamics and
totality of each reactant dose’s exposure allow the ALD reaction process to be studied in new
ways. These include measuring relative reactive sticking probabilities and a proposed complete
mass balance on reactant consumption.
Future work with this setup will involve measurement of absolute sticking probabilities
of precursors as a function of coverage, and study of the reactant-dose to growth-rate
relationships for subsaturative doses. Subsaturative dosing may be useful for highly controlled
trace dopant incorporation, potentially leading to improvement in dopant distribution in
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semiconducting films. It also may potentially be useful for controlling unwanted reactions that
oxidize sensitive interfaces, such as using absolutely minimal reagent exposures when depositing
gate dielectrics on III-Vs and other high-mobility substrates, like Ge. The parallel mass
measurement approach may be used with barely-saturative dosing to explore area selective
growth mechanisms, and develop means to design conditions to engineer them.

The authors would like to acknowledge helpful discussions with Orlando Cabarcos and
Lloyd Bumm, and partial financial support from the Penn State MRSEC under NSF grant DMR0820404.

This concludes the verbatim manuscript submitted to the journal Review of Scientific Instruments, which as
of this writing is under review as a second revision. More detailed elaborations on some of the more subtle
points, and applications of its use in ALD measurements are in the remaining chapters.
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Chapter 4

The Sticking Probability and its Relation to ALD
4.1 DEFINITION AND COVERAGE DEPENDENCE
The sticking probability, or sticking coefficient, of a reactive precursor is an important
quantity to begin to understand the complex surface chemistry of atomic layer deposition. We
will begin with some definitions to clarify what exactly we mean when discussing the sticking
probability, and what quantities related to sticking may be measured in this unique reactor. In the
simplest way of thinking about it, the sticking probability may be defined as:

S =

number of molecules that stick
number of molecules that impinge on a surface

Or more precisely, if we define Rads as the rate of adsorption, J the impingement flux (as defined
in equation 3.5), then we may say:
S=

rate of adsorption Rads
=
J
impingement flux

Sticking probabilities, historically, have primarily been measured by well-defined molecular
beams onto specific surface lattice planes of single crystals. The reason for this has mostly to do
with the significance of understanding sticking behavior for gases that undergo heterogeneous
catalysis59,60 on transition metals, ie. H2 or CO on Ni <001> vs. on Ni <110>, etc. In its strictest
definition,61 the true sticking probability depends on a host of detailed factors, for example:
(1.) the crystal plane onto which the adsorbate sticks
(2.) the incident angle of the impinging atoms/molecules
(3.) the kinetic energy of the impinging atoms/molecules

(4.1)
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(4.) the temperature of the substrate
(5.) the number of available sites for adsorption or coverage, $
(6.) mobility of the adsorbate on the surface.
In our discussions of a practical sticking probability, that is, one that is of interest in
understanding ALD reactions with surfaces, we will henceforth refer to the average over all
incident angles onto a crystalline/polycrystalline/amorphous substrate from an adsorbing gas with
Maxwell-Boltzmann distributed speeds at the temperature of the gas. However, sticking
probabilities are often reported as a number, which is often S0, the sticking probability at $ = 0, or
a bare surface. The sticking probability is a function of coverage, however, and the nature of this
relationship is important in understanding the surface reactions in the event that sticking is
irreversible, as is assumed for most ALD precursors. Figure 4-1 makes clear why S should in
most cases be a function of !, that is S(!), not simply a number. Furthermore, in reactive
sticking, or dissociative chemisorption, for the most part one cannot distinguish rates or amounts
of surface reacted species from their adsorbed precursors. In other words, understanding the
sticking effectively understands the chemisorption reaction.

Figure 4-1: Illustration of why the sticking probability should vary significantly with coverage.
From left to right the impinging molecule encounters fewer open sites for adsorption as the
coverage of adsorbate, !, increases. The leftmost represents S(0), or the initial sticking
probability, S0.
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In figure 4-2, the various observed relationships, and the different types of behavior are
explained in many cases in terms of adsorption mechanism, as detailed in Masel62, and
elsewhere.63

Figure 4-2: Typical classes of behavior observed for the sticking probability as a function of
coverage. Reproduced from Masel, Principles of Adsorption and Reaction on Solid Surfaces,
pp.381.62
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4.2 METHODS OF MEASUREMENT
The most famous way of measuring a sticking probability is known as the King and
Wells64,65 method, or modifications66 thereof. However, it is a difficult and impractical technique
for ALD precursors, which are generally low vapor pressure liquids or solids, designed to react
with and coat the walls of vacuum chambers, and such film and particle formation is notorious for
ruining pumps, gauges, etc.67 Furthermore, while sticking probabilities vary from 10-10 < S - 1.0,
it only works well for cases of fairly high S. Also, it is desirable to have a system in which
sticking can be investigated and ALD can be performed in its traditional viscous flow pressure
regime of ~ 1 Torr, completely incompatible with UHV chambers. This reactor provides a
mechanism to investigate ALD precursor sticking, but not by the King and Wells method.
One other way of measuring a sticking probability is simply by an uptake curve, which is
what Allara and coworkers57,58 did for the measurement of metal evaporants through a dual QCM
technique, as discussed in chapter 3.4.5. An uptake curve is essentially the slope of the plot of
coverage verses exposure. These are familiarly seen, as in the case of the textbook Langmuir
isotherm experiments, where coverage is plotted as a function of pressure.68,61,62 For a constant J,
equivalently it may be plotted as a function of J, or also equivalently a function of t, because J =
f(P,t). Importantly, however, these are for a single adsorbing molecule, onto a single type of
surface.
For an ALD reactant AB-sequence pair, we have both the adsorption of A onto the Bsaturated surface (step 1), and the subsequent adsorption of B onto the A-saturated surface (step
2). This overall uptake curve may be performed, for the pair, as demonstrated in chapter 3.4.5,
figures 3-9 and 3-10. This information is useful for relative ALD reactivity onto different
substrates, but from it, one cannot easily untangle the convolution of the sticking probabilities of
each individual chemisorption reaction. Furthermore, one does not perform this process by
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alternating two separate chopped molecular beams under otherwise UHV conditions, nor as a J =
constant exposure; at least not in an instrument that can also perform viscous ALD reactive flow.

4.3 DEMONSTRATION OF MEASUREMENTS AND DISCUSSION OF
INTERPRETATION
Herein lies the value in independently measuring the mass gain per cycle, or MPC, from
each component of each step and taking averages over many steps. Python code was used to
isolate the mass gains arising from the individual adsorption steps for a series of experiments in
which the dose of the TMA was varied, but the dose of the water was kept the same and at a
saturative value. The variation in the dose of TMA was accomplished by altering the
programmed valve open time, or fill time, as in figure 3-3. The results for thirteen such curves
are displayed in figure 4-3.
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Figure 4-3: ALD of TMA/water with a constant (saturative) water dose size, and diminishing
TMA dose size until the overall MPC decreased to zero. From the averages of the 50 cycles
performed per dose size, the average amounts of the dose were converted to exposures using the
linear equation fitting the data in figure 3-5. Note that these experiments were performed in high
vacuum without any carrier gas and without any QCM purge.

Subsequently, as an example of how an uptake curve can be measured from such data,
the mean TMA exposures were plotted as a function of their corresponding average metal dose
MPC, that is, not the MPC of the complete ALD cycle, but only of the TMA adsorption step.
Figure 4-4 represents the first attempt at this type of measurement.
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Figure 4-4: A type of uptake curve that may be generated from the combination of accurate
measure of the integrated exposures resulting from a dose with the mass gain on the QCM due to
the dose. Points on the x-axis are calculated from the empirically determined overall reactor
exposure that results from a particular dose size. The error bars represent ±1 standard deviation of
the dose size, as it is converted to the integrated exposure resulting from a dose, the linear
correlation in figure 3-5. Each point represents the average of 50 readings, both in x and in y. The
average metal MPC comes from the TMA adsorption steps in figure 4-3. No mass gain is seen for
the two smallest exposures. This indicates upstream reactant consumption, as after each water
step the dose encounters significant surface area due to the walls of the preheater/static mixer
depicted in figure 3-2. (see text)

At least two possibilities exist that account for the non-adsorption of the first ~1*1017
TMA molecules per cm2 that enter the reactor from the dose/exposure calibration.
Possibility (1.): As mentioned in the caption, significant surface area upstream of the
QCM exist, which are of fully-hydroxylated alumina following the water dose, and much of the
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dose is consumed. This is supported by two pieces of evidence. The first is the relatively large
amount of methane seen in QMS relative to the TMA containing species at M/Z = 57 in figure 38 part (a.). The second, which is not shown, is that the overall amount of gas resulting from the
dose as measured by the total pressure gauge is larger than expected for the size of the dose,
indicating the production of methane from reaction with the walls, which would not be expected
to adsorb onto the QCM. Depending on how many ligands are released from the adsorption step,
there could actually be a net gain in the total number of moles of gas after wall reactions.
Possibility (2.) Some TMA just did not stick. We don’t know the sticking probability of
TMA on freshly hydroxylated Al2O3 produced by ALD at 125ºC. Unfortunately, this set of mass
and exposure data was collected before the QMS was installed on the ALD reactor.
This leads to the proposed future work of performing these experiments with the QMS
and QCM. Several means exist of improving the measurement and isolating the methane peaks
seen in the mass spectrum that are due to TMA from those due to reaction with the walls. Using
D2O instead of H2O as the co-reactant is the first obvious one. CH3D, the product of wall
reactions, if TMA reacted with –OD groups (instead of –OH) would have M/Z = 17 AMU, a peak
not seen in the TMA spectrum, figure 3-7(a.). Furthermore, improvements on the QCM
measurement (discussed at length in chapter 5) would be critically important. Better control over
the repeatability of the dose size could be achieved by cooling the TMA source lower than 0ºC,
so dose sizes could be controlled with longer valve open times. Lastly, averaging over a larger
number of cycles would reduce the error, and since the process is highly automated (even the data
analysis), this wouldn’t be difficult.
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4.4 MEANING FOR ADSORPTION REACTION AND QUANTIFIED DOSING ALD
REACTOR
As described, this direction of dosing diminshing amounts of reactant in an individual
step, specifically the TMA step in the TMA/water reaction pair, which our reactor is uniquely
useful for in its micro-dosing capability can in principle measure several individual points on a
plot of S vs. ", provided we know the impingement at the location of the measurement of $. As
described in chapter 3 and demonstrated in a preliminary experiment in section 4.3, with this
design we can measure !TMA, or the mass gain related to it, strictly, both as a result of an
integrated impingement, QTMA, from equation (3.6), and as an instantaneous impingement,
JTMA(t), from equation (3.5). Perhaps more importantly, we can do this both in high vacuum
flow and under actual viscous ALD operating conditions. If there were to be a difference
between viscous and high vacuum, that would be a very interesting finding in the “pressure gap”
problem,69 with respect to ALD. This is especially true as spatial ALD,70,71 and higher pressure23
(like ~atmospheric) ALD is a burgeoning direction for applying ALD in applications other than
high-k gate dielectrics for microprocessors and memory.71,72 As yet, little is understood about the
relationship of transport phenomena to surface reaction rates and mechanisms,73 which will be
crucial in the successful application of spatial ALD.
To illustrate the significance of knowing S(!) and and J(t) together, we may write the
rate of surface adsorption reaction,45,62 which is the change in the concentration of a surface
adsorbed species, CS, as:
Rads =

dC s
= S(!)!J(t)
dt

It was noted in equation 3.5 and figure 3-4 how J(t) can be measured in our reactor, and the
adsorption, D, in equations 3.3 and 3.4 is almost the same quantity as CS , which can be measured

(4.2)
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from the QCM through those same equations. The difference between D in equation 3.4 and CS
is that CS is strictly written for the concentration of a single species, and D is written for the total
adsorption of all dissociated surface species. In equation 3.3 (ie. an intact reversibly physisorbed
atom/molecule), they are the same. For an ALD precursor adsorption reaction, however, we are
really interested in the metal atoms that adsorb, not the ligands, and techniques exist to measure
the areal density of, say, Al atoms deposited per TMA adsorption step. These techniques, such as
XPS, RBS, XRF, etc. can be applied ex-situ for a sequence of steps where each step has been the
same (ie. precision ALD), even if they could not be sensitive enough for the results of single
steps. Even without in-situ surface spectroscopic techniques such as IR, XPS, etc., the areal
densities of metal atoms can be combined with the overall mass gains (QCM) to measure mavg in
equation (3.4).
Measurements of these rates are exactly what is required to apply a chemical engineering
reactor design approach for building better ALD reactors, both convention ones, and the nascent
spatial and roll-to-roll designs.
So use of a QCM to measure this molecular surface coverage, 0 - $ - 1, where $ = 1 is a
full monolayer of adsorbate, is the subject of the following chapter.
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Chapter 5

QCM Implementation and Sensitivity for ALD Adsorption
Measurements
5.1 MOTIVATION
Some discussion of issues surrounding the implementation of a QCM as an in-situ
diagnostic for ALD were discussed in chapter 3, however, here a more detailed analysis of the
QCM as a tool for measurement of adsorption coverages at high temperature reactive systems is
presented.
The ultimate resolution and signal-to-noise ratio (SNR) of mass measurement by QCM
technique depends on several factors in systems such as, but not limited to, this ALD reactor.
These issues include at least:
(1.) the frequency of the normal mode of the oscillator, F0
(2.) quality factor of the crystal’s impedance with frequency
(3.) the area of the electrode (and control over deposition areas)
(4.) temperature stability during measurement, and related,
(5.) sensitivity to the crystal’s frequency to temperature changes
(6.) frequency noise/stability in the circuitry and feedthrough connections
(7.) stability of the frequency against which changes in the QCM’s frequency are measured
(8.) amount of material deposited on the crystal.
Usually, when using commercially available vacuum equipment, one is limited to crystals
typically ~ 0.5 in. or ~ 1.0 in. diameter, with 2 MHz < F0 < 10 MHz. Higher frequencies are
better from the Sauerbrey equation (eqn. 3.1), and smaller areas are better. These are things one

72
has little control over, and in all experiments presented, the commonly used Maxtek/Inficon
BHS-150 bakeable crystal holders were used with the nominally 0.5 in. diameter crystals. All
crystals used were 6 MHz (fundamental) crystals.
For users of “black box” thickness monitors, such as the Maxtek TM-400 used in some
experiments, one has very little information about the individual contributions of issues such as
the quality factor of the crystal, and the circuitry performance claimed does not always match the
measurement results. Thus quoted mass resolutions are practically never realized in the author’s
experience. For most users, wanting to know if they have 10 nm of Au or 15 nm of Au, say, in an
evaporator, the resolution is more than good enough to never question the instrumentation.
Measuring fractions of a monolayer of an adsorbed low-molecular weight species at high
temperature is another matter entirely. So the rest of this chapter will discuss (a.) frequency
requirements for observed masses related to fractional monolayer coverage, (b.) tightness of
temperature control to achieve particular mass resolutions, and (c.) a custom setup designed to
characterize crystals a priori inside the ALD vacuum system and a few practical issues not
elaborated on thoroughly in the literature for achieving “good” QCM response in ALD or other
high temperature, small mean free path (&) pressure regimes with reactive adsorbates.

5.2 MASSES, FREQUENCIES, AND MONOLAYERS
A single atom thick layer, or monolayer, of the most densely packed crystal plane of Al
metal, will be one metric, and the other will be a hypothetical single molecule thick layer of
TMA, with a packing density assumption. Aluminum is an FCC metal, so its most densely
packed plane is the <111> plane, illustrated in figure 5-1. Using the lattice constant of 4.04958 Å
for Al, and some geometry, the density of atoms per area can be calculated, and using the atomic
weight of Al, from it the mass per area of a single atom thick Al layer is presented in table 5-1.
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One may interpret this as a thickness using the interplanar spacing of Al <111>, which is 2.338
Å, or using the van der Waals diameter of Al, which is 3.68 Å, the former probably being more
meaningful than the latter.

Figure 5-1: (a.) Perspective view of one unit cell of FCC Al metal, with the <111> direction plane
highlighted. (b.) Same unit cell viewed with the <111> plane in the plane of the page, with only
the atoms in the <111> plane visible. (Note: images were created with VESTA74 software, freely
available at http://jp-minerals.org/vesta/en/ )

The simplest way to think of what a densely packed monolayer of TMA molecules might
be is to make some assumptions based on the liquid properties. The liquid density is % = 0.743
g/cm3, and the molecular weight of the monomer M = 72.09 g/mol. Strictly speaking, TMA is a
dimer in the liquid, but monomeric at high temperatures in the gas phase, and more likely would
adsorb onto a surface as something similar to close packed monomers at ALD temperatures).
Using NA, this means it has roughly 6.207*1021 molecules/cm3. TMA is, of course, not spherical,
but assuming the average of random orientations in the liquid, we may consider it composed of
spherical molecules. If we further assume that the 6.207*1021 molecules/cm3 are essentially
densely packed spheres, we can determine a spherical diameter based on the old “cannonball
stacking problem”. Which is to say, what is the volume fraction of most-closely packed spheres
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out of the total volume? The volume fraction of close packed spheres is well known
geometrically, and is:
!
3 2

=

Volume of spheres
! 0.74048...
total Volume

From this we can determine the total molecular “volume”, the volume of a single spherical
“molecule”, its diameter, and thus the thickness that would correspond to a slice of the spheres
one molecule high. As mentioned in chapter 3.4.2 and figure 3-5, this estimated TMA spherical
diameter = 6.1 Å. From this we estimate the monolayer packing in table 5-1.

Table 5-1: Full Monolayer Areal Densities
Surface atom density,
Al metal <111> plane:
1.40825E+15 atoms/cm2
Al has atomic weight:
26.981538 AMU/atom
1 AMU equals: 1.660538921E-15 ng
Surface mass density,
Al metal <111> plane:
Surface monomolecular density,
TMA estimation:
TMA has molecular weight:
Surface mass density,
TMA estimation:

63.0951 ng/monolayer (cm -2)
3.7910E+14 molecules/cm 2
72.09 AMU/molecule
-2
45.38 ng/monolayer (cm )

It is a side point, but interesting to note from table 5-1 that though the TMA monolayer
only contains ~27% of the Al atoms that the densely packed metal does, its mass is ~72% of the
metal’s monolayer, which might seem odd considering the specific gravity of Al = 2.70 and the
specific gravity of the TMA = 0.743. However, this is a consequence of the differences in
atomic/molecular masses. The ratio of specific gravities is 0.743/2.70 = 0.275 (or ~ 27%), which

(5.1)
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is something of a check on the calculations, if it is not a coincidence, and provides food for
thought on back-of-the-envelope calculations.
Inverting the Sauerbrey equation (eqn. 3.1) to determine the frequency change required
to measure a particular areal mass, on the basis of a 6 MHz crystal operating at its fundamental,
determines the frequency resolution and stability that would need to be obtained to measure that
mass. A complete table for both quartz and GaPO4 type crystals at several frequency resolutions
is in Appendix B, both in the fundamental and third overtone oscillation mode.
So one might ask the question: For a given monolayer fraction that one would like to
observe what sort of frequency measurement is required in by QCM? This is the question
addressed in figure 5-2 for the Al <111> monolayer and TMA monolayer discussed above, but is
also good context for general mass measurements with a typical vacuum system QCM.
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Figure 5-2: Required frequency resolution to obtain measurement of different fractional surface
coverages for monolayers of Al metal and trimethylaluminum (TMA), assuming the Sauerbrey
relationship and a 6 MHz quartz crystal. The right axis demonstrates all measurements are in
parts per billion "F from 6 MHz, requiring very high quality factor crystals and many other
aspects of frequency stability through the duration of the experiment.

As an example, from the slope of the line for Al metal, to measure to within 1% of monolayer
would require a 0.05 Hz difference from 6 MHz, 9 ppb resolution. In the next section
temperature stability will be addressed in the practicality of measurements such as these.

77
5.3 SERIES RESONANCE FREQUENCY AND TEMPERATURE

5.3.1 Measurement of crystal frequency variation with temperature
Of the factors to be considered at the beginning of this chapter, whether it should be
possible to achieve extremely sensitive mass measurements such as sub-monolayer coverages, the
factor by far most important and difficult to experimentally implement is the stability, precise
measurement, and control of the temperature over the course of an experiment.
To investigate the quality factors and resonances of QCM crystals of different types, an
experimental setup was devised that will be explained in the section 5.4.3. What is important to
know for these QCM crystals, which are thickness shear mode piezoelectric resonators, is how
much the resonance frequency of the maximum amplitude transmitted sine wave (a.k.a. the
maximum admittance point in electrical terminology) varies with temperature. (Recall the
admittance is 1/Z, where Z is the AC RF impedance in Ohms.) This point, the true series
resonance frequency, was investigated in a way that isolates the influence of other factors, such as
the stability of one’s oscillator circuit or variations due to the drift of a reference frequency that
the series resonance frequency was measured against, as is done in “black box” QCM units.
(This is because the sine wave generator had an internal high-stability OCXO, which is among
the best time bases.)
A change in this point of maximum admittance due to temperature changes causes an
apparent difference in the mass or thickness that any QCM records. Much effort was put into the
experimental consideration of achieving excellent temperature stability and control of the pair of
QCMs.
Once a means to sweep through frequencies and measure admittances at each frequency
was devised (section 5.4.3), a series of 14 experiments were performed by two frequency sweeps
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at each of seven temperatures relevant to the “ALD temperature window” between 40-310 ºC. At
each temperature, one sweep was collected for the QCM containing a quartz crystal, and the other
containing a GaPO4, or ortho-gallium phosphate crystal. Before each curve was recorded, the
point of maximum frequency and temperature stabilization was determined by a combination of
both (a.) an oscillator and frequency counter that the frequency reached its minimum fluctuation,
and (b.) the for the pair of closely mounted thermocouples that the temperature had stabilized as
best as it would. The oscillators were then disconnected and frequency sweeps were performed,
recording resonance curves at the given temperatures. Because the maximum resonance
frequency could fall in between the minimum step size of the output frequencies of the sine wave
generator, each peak was fit to a Lorentzian function, and the frequency maximum was
determined by the point corresponding to the maximum of the Lorentzian (data not shown).
Figure 5-3 illustrates the combined results of plotting these maximum frequency points as a
function of temperature for both quartz and GaPO4 at the seven temperatures measured.
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Figure 5-3: Measured true series resonance frequency shift as a function of temperature. Because
the two nominally 6 MHz crystals actually had different resonance frequencies, each plot was
shifted to the f0 measured at the first temperature. The behavior of the frequency with temperature
is dramatically different, as expected, for quartz and GaPO4. The inset shows a sample of the
actual resonance curves, vertically offset for clarity, at different temperatures for case of quartz.
From the inset, it can be seen that for quartz the quality factor is much worse for the resonance at
T = 309 ºC. It was observed that the steeper the slope of the resonance curve with temperature,
the worse was the quality factor.
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5.3.2 Errors in frequency and mass measurement due to temperature changes
The curves in figure 5-3 were fit well with a 4th order polynomial (see appendix C for the
curve fits and other details), and the first derivatives of these fits were calculated. To measure the
effect that a small temperature difference, "T, would have on the error in frequency,
!f (T0 ) = f (T0 + "T ) compared to a perfectly stable frequency,

df
= 0 , a first order correction to
dT

the temperature was used:75
!f (T0 ) =

df
dT

! "T
T0

In figures 5-4 and 5-5, this error in frequency was plotted as a function of T for the set
!T = {1.0, 0.1, 0.01 } °C , for quartz and GaPO4, respectively.
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Figure 5-4: Calculated errors in frequency due to temperature changes of 1.0, 0.1, and 0.01ºC for
quartz crystals in the ALD temperature window of 40-310 ºC. Based on experimental data from
figure 5-3. (see text)
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Figure 5-5: Calculated errors in frequency due to temperature changes of 1.0, 0.1, and 0.01ºC for
GaPO4 crystals in the ALD temperature window of 40-310 ºC. Based on experimental data from
figure 5-3. (see text)

The effect of reducing the temperature drift (on the long time scale), or fluctuations at the
crystal surface (on the shorter time scale), as the single most important experimental parameter
for precise measurement of mass is now quantitatively presented; isolated from whether one has a
good oscillator or other frequency measurement setup. Consider trying to measure a coverage of
$ = 0.5 from figure 5-2, which would require a frequency resolution of ~2 Hz. If we were to try
this at 100 ºC, quartz would be the best choice, and a #T = 0.1 ºC would result in a frequency
error of ~0.9 Hz, 45% of the value to be measured. Whereas, a #T = 0.01 ºC temperature change
would result in ~0.09 Hz, only 4.5% of our measurement. (Most thermocouples are only accurate
to 0.1 ºC, platinum RTDs can be accurate to 0.01 ºC.)
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To more clearly compare quartz to GaPO4, figures 5-6 and 5-7 compare frequency and
mass/area, respectively, for the specific case of a #T of 0.1 ºC, a potentially reasonable variation
in temperature over the course of a multi-cycle experiment.

Figure 5-6: Comparing quartz and GaPO4 crystals at different temperatures for the error in
frequency due to a #T = 0.1 ºC. (Error closer to zero is better.) Around 150 ºC is where the
GaPO4 crystals perform better as temperature increases.

In figure 5-7, this is presented with the frequency converted to mass/area using the
Saurbrey equation (full data in appendix B). Since we are always interested in the mass/area,
which can be converted to thickness if the density of the depositing material is known, not the
frequency shift of an oscillator, per se, figure 5-7 is more directly meaningful to the practical
experimentalist.
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Figure 5-7: Comparing the error in mass/area resulting from a temperature change of 0.1ºC for
quartz and GaPO4. This has the opposite sign convention to figure 5-6, as a consequence of the
resonance frequency decreasing with an increase in mass, and for simplicity, we are assuming a
positive temperature variation. (The graph would be symmetric about the line y = 0 for a
temperature change of #T = - 0.1ºC.)

Does this mean that it is hopeless to try to measure such small masses like fractions of a
monolayer in a setup such as this? Fortunately, such is not the case. But it should be pointed out
that multiple iterations of combinations of internal QCM heaters, temperature controllers, and
placements of thermocouples were performed. Furthermore, significant lengthy temperature reequilibrations were required between experiments, particularly if the system was vented to add or
remove a substrate. Temperature fluctuations on the short time scale (<60 seconds) are indeed
very small, and the faster the time constant of the PID feedback loop76 for the temperature
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controller, reading, and heater response, the lesser these fluctuations matter. For this reason, a
high wattage, small thermal mass, high ramp rate aluminum nitride internal QCM heater with
integral T/C was ultimately chosen (Watlow ULTRAMIC® advanced ceramic heater), as well as
a PID temperature controller with an extremely small time constant (0.025 s, or 40 samples/s --the RKC instruments HA-400).
Also, the worse problem is the longer time scale (hundreds of seconds) drift in
temperature, at least for averages that involve the slope of the overall mass vs. time curve. (This
is likely why in the literature; authors rarely present more than a few cycles of deposition in
figures.) In my experiments, a data analysis method has been developed to measure the mass
components of individual steps, through several computer programs written in the Python
computer programming language. Thus inconsistencies over the whole experiment can be
compared with the averages as measured from the individual steps. (For example, individual step
masses were calculated in figure 3-10, on the right axis.)

5.4 QCM CRYSTAL HOLDER DESIGN AND IMPLICATIONS FOR ULTRASENSITIVE MEASUREMENT

5.4.1 Crystal holder effects related to ALD-condition pressure and temperature
As described in chapter 3.3.5, the QCM in this system is based on a commercial design,
but extensively modified. The requirements that must be met for this particular ALD system are
that the QCM work under all regimes of pressure, be well-controlled to exactly the temperature of
substrate, be able to withstand high temperatures, be accessible for crystal change without
removal of a vacuum flange, and of course, provide high mass sensitivity. No commercial
vacuum feedthrough and crystal holder system is designed for all of these criteria, and even the
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modified compromise based on the Elam and George lab design11 needs improvement, for the
goals herein for this system. Figure 5-8 is composed of photographs of this sensor head and its
crystal holding drawers, clarifying some points about the implementation.

Figure 5-8: The QCMs sensor heads/crystal holders are of the type used for depositions such as
evaporation. The ~14 mm crystals go into the gold-plated drawers, the drawers slide in and out
for crystal installation and removal. Left: What would normally be the four water-cooling tubes in
the back are now vacuum-tight flow lines of an inert backside purge of the electrode side of the
crystal from the description in chapter 3.3.5. The front two tubes are the RF electrical
feedthroughs to the crystal’s rear electrode (the non-deposition face). The right hand side of the
figure illustrates the crystal drawers after the viscous flow deposition of vanadium oxide, causing
the blue discoloration. (see text)

As mentioned, the extremely conformal coating nature of ALD in its viscous flow
operation makes it difficult to have unsealed or unpurged electrical connections. If depositing
semi-conducting or conducting materials, the electrode would short circuit. If depositing
insulating materials, like the vanadium oxide in the picture, eventually these would coat over the
contacts creating an electrical open circuit. Hence during viscous flow the small inert gas purge
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from inside the crystal holder, which escapes out through the edges around the drawer, is vital,
and works well to limit the precursors from reacting in these areas, as evidenced by the coated
crystal drawer but clean electrodes in figure 5-8. For the same reason, high-temperature
electrically conductive epoxy is applied in the tiniest ring around the crystal’s deposition face
contact, to limit the film growth to the active area of the electrode only. These also have the
added bonus of eliminating what otherwise would be a gas hold-up, inefficiently evacuated and
purged region. This would be a slow “virtual leak” of sorts after each pulse, possibly causing a
CVD-like growth in the worst possible place, right over the measurement crystal.
During high vacuum deposition without carrier gas, the degree to which coating in these
undesired areas occurs depends on mean free path, &, of the molecules, and the duration that they
have to diffuse into the cracks in relation to the crack size. From figure 3-6, we see that the
largest doses used of TMA thus far, which are far larger than what appear to be saturative doses,
peak in pressure at < 3 * 10-3 Torr, for durations of less than 1 s. In appendix D, the mean free
path was calculated as a function of pressure for similarly sized molecules, and & is ~ 5.0 mm at
0.003 Torr, much larger than the gap surrounding the drawer. So we optionally may use a very
small backside inert purge (say < 10 sccm) during high vacuum depositions, but under most
circumstances there is no need to. (The crystal holders where designed for deposition systems
operating at < 10-6 Torr.) For comparison, in viscous flow at ~ 1 Torr, & is more like 15 µm.
Referring back to figure 5-8, the internal QCM heater is not depicted. However, another
reason these crystal holders are not ideal for sensitive temperature control is the large mass of
stainless steel that they are composed of (with poor thermal conductivity and thermal diffusivity).
Such a large mass of SS to some extent defeats the special temperature controller and heater used.
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5.4.2 Crystal holder effects related to RF electronic design
In terms of RF electronics, these and other commercially available crystal holders that
could be used are terrible, as well. It is an important point to note that of the electrical
connections to the two faces of the crystal, one of them is the chassis ground! This is made
clearer from figure 5-9.

Figure 5-9: A depiction of how to load crystals into the Maxtek/Inficon drawer. The gold color
represents one electrode of the crystal. The blue slab represents the insulator. (This insulator is
actually a white ceramic in the photograph in figure 5-8.) Where’s the other electrode of the
crystal? The drawer itself and sensor head, and entire metal chassis of the instrument, which is
also the electrical earth ground! (This figure was modified and coloration added from Inficon
Installation and Service Manual, Sensor Heads, which came with the instrument.)

This fact limits the types of connections that can be made to the crystal in-situ in the vacuum
system, which means all oscillator circuits for which the ground of the circuit is not one face of
the crystal are impossible, for instance. The feedthrough tubing, standard 0.125 in. OD SS
tubing, does not make a Z-matched 50 ' connection to the crystal, and adds a great (and
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feedthrough length dependent) amount of parasitic capacitance to the ensemble electrical element
that the crystal becomes in any circuit.77,78,79
As previously pointed out, this does not so much matter if one is evaporating transition
metals from tens of nm to µm thicknesses, which result in kHz changes in frequency, as these
systems were originally designed for, for use with “black box” thickness monitors.

5.4.3 Experimental setup for in-situ crystal analysis with ALD reactor
So for the purposes of (a.) analyzing the performance of crystals, (b.) checking quality
from crystal to crystal, (c.) attempting to isolate all the challenges associated with making
consistent ultra-sensitive mass measurements during a deposition, and (d.) to be able to create the
temperature dependence measurements such as those in figure 5-3, a specialized experimental
setup was devised. Originally, the intention of this experimental setup was to use a lock-in
amplifier technique, similar to M. Chan and coworkers80,81 in their low-temperature He adsorption
experiments, for mass measurement during deposition. The technique, which was originally
described in the paper by Lea and coworkers82 is to follow the resonance frequency shift by
passing a modulated RF signal through the crystal and phase-detecting it using a lock-in amplifier
in a feedback loop with a signal generator. Though this technique has a series of distinct
advantages over using an oscillator circuit and frequency counter,83,43 after several attempts it
failed for our system due to the grounded crystal electrode. Unfortunately, this misconception
was not obvious at first, and no mechanism to isolate the ground sufficiently for that pupose was
devised, yet the measurement techniques developed from this attempt still served the
aforementioned purposes (a.)-(d.). The experimental setup is described in figure 5-10.
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Figure 5-10: The experimental setup for in-situ QCM crystal analysis. The blue box
encompassing the ALD reactor seems to be both shorted to, and yet isolated from the feedback
loop. This is because the RF signal between the ground isolator and the amplify & rectify circuit
is referenced to a floating ground (depicted in purple). Points of earth and chassis ground are
indicated (green). Dashed red pathways are optional for oscilloscope connection.
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The method by which the in-situ frequency sweeps were performed using the setup in
figure 5-10 is as follows: The computer sets the output of the function generator as a pure sine
wave, with well-defined frequency and amplitude. This is a 50 ' output referenced to earth
ground, depicted in green in figure 5-10. To pass this signal through the crystal with a grounded
face while inside the ALD reactor, an RF ground isolator was constructed and attached directly to
the signal generator output (the isolator is essentially a 1:1 transformer, which blocks DC
components and “floats” the ground of the sine wave on the other side). The Z-match and
compensation circuit accomplished both matching the impedance of the 50 ' signal to that of the
crystal, and added inductance to cancel the combined parasitic capacitance of the crystal (~10 ')
and feedthrough/housing. The attenuated RF signal out of the crystal, still referenced to a
floating ground (depicted in purple in figure 5-10), was then passed into a circuit that amplified it
and rectified it to create a both a DC output with voltage proportional to the amplitude of the
transmitted sine wave, and an amplified copy of the RF signal. Operation consisted of running a
Python program on the computer to step through output sine wave frequencies, and record the
measured DC voltage from the DVM. If calibration to impedances were measured, this setup
effectively becomes an RF impedance analyzer (not an inexpensive type of instrument). Such
calibration was unnecessary for our purposes, however, as only thin films were used and the
absolute impedance of the crystal was not required, just the frequency change.
This concludes how the data in figure 5-3 were collected, in a series of graphs similar to
and including the inset in that figure.
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Chapter 6

Conclusions and Future Directions
6.1 SUMMARY OF CONCLUSIONS
The importance of fundamental understanding of surface chemistry phenomena has been
demonstrated to be critically important, to quote Yates and Campbell:84

!"#$%&'()'*(+,-.$/)*012-)&)3($/)-4(',&1)40-,.,05),5).*()2(3(104+(5.)&52)
04($&.,05-)0%)+&5/).('*50106,(-).*&.)7,11)8()'$,.,'&1)%0$)0#$)(5($6/)&52)
(53,$05+(5.&1)%#.#$(9):*,5)%,1+-)+#-.)8()2(-,65(2)&52)6$075)%0$)(3($/.*,56)
%$0+)-01&$)'(11-;)+,'$0(1('.$05,'-;)'0+4#.($)'*,4-;)'*(+,'&1)&52)8,0'*(+,'&1)
-(5-0$-;)4$0-.*(.,')+(2,'&1)2(3,'(-;)$(%1('.,3()&52)4$0.('.,3()'0&.,56-;)
04.,'&1;)(1('.$0<04.,';)&52)04.0<(1('.$,')2(3,'(-;)&52)&2*(-,3(-9)"#$%&'()
'*(+,-.$/),-)&1-0)'(5.$&1).0).*()4$(4&$&.,05)&52)04($&.,05)0%)-0$8(5.-;)-01,2)
$(&'.&5.-;)'&.&1/-.-)%0$)'1(&5)%#(1-)&52)'*(+,'&1-)4$02#'.,05;)4011#.,05)
'1(&5#4;)4*0.0<)'&.&1/-.-;)%#(1)'(11-;)&52)8&..($,(-9):*()-/5.*(-,-;)
-.&8,1,=&.,05;)&52)#-()0%)&11)%0$+-)0%)5&50+&.($,&1)&1-0),53013()&)6$(&.)2(&1)0%)
-#$%&'()'*(+,-.$/9)>,.*).*()&23&5'(-)+&2()7,.*,5).*()4&-.)2('&2(),5)
%#52&+(5.&1)#52($-.&52,56)0%)-#$%&'()'*(+,-.$/;)'0#5.1(--)&-)/(.)#5?5075)
&441,'&.,05-)'&5)&1-0)8(),+&6,5(29@)
Atomic layer deposition is a critical component of the development of many of these
nascent applications in many cases, and in some the enabler, in fact, such as high-k gate
dielectrics in microchips.
The reactor and methodology for study of ALD described here, combining tools of
surface science, gas phase analysis, transport phenomena, and specialized measurement and
control, most specifically the precise control and quantification of the dose in understanding the
molecular level and reaction engineering level of ALD reactor design, process development, and
what actually occurs in the adsorption reactions and sticking has been demonstrated and
proposed. The significance of an instrument that combines realistic operation conditions with the
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ability to perform fundamental studies using the same controlled dose for either is one of the key
points demonstrated.
Measuring relative reactive sticking probabilities will enhance the understanding of
nucleation and growth onto different substrates, allowing for a search for specific types of
nucleation (or blocking thereof) to be reduced in effort.
The effectiveness of the use of valve timing control and vapor pressure differences for
using specific and measured doses has been demonstrated.
Preliminary work on rigorous measurement of a sticking probability and its usefulness as
well as a proposed complete mass balance on reactant consumption as it relates to sticking has
been shown.
Extensive characterization of the QCM as a measurement tool for adsorption under
realistic ALD conditions has been examined, emphasizing temperature control and its
significance was determined for a commonly used in-situ QCM design.

6.2 FUTURE DIRECTIONS FOR THIS ALD REACTOR AND SURFACE CHEMISTRY

6.2.1 Sticking probabilities worth studying
Future work with this setup will involve more complete measurement of absolute sticking
probabilities of precursors as a function of coverage, and study of the reactant-dose to growth-rate
relationships for subsaturative doses. Through a piecewise step curve, similar to figure 4-3, the
absolute sticking probability of any reactive precursor as a function of coverage may be
measured, that is, Si(!), for some reactant i.
Some examples of precursors to pay attention to are the recently developed alkyl-silyl
compounds of Sb,85 and of Se and Te.86 Emerging electronic materials for devices such as phase-

94
change memory, a fundamentally different type of promising non-volatile random access
memory, include the compounds of GexSbyTez. ALD is an important deposition method for such
materials because of its conformal nature, and as discussed in the introduction, the Si(!) for these
materials onto the type of substrates that would be contacts would be fundamental surface
chemistry studies that have the potential to contribute directly to the ability to make the
conformal structures required for high memory density in devices.
These precursors are also very important for the ALD of III-V semiconductors containing
antimony, II-VI semiconductors containing selenium or tellurium, as well as ternary alloy
semiconductors. CuInSe2 is one of the best solar absorbers known for photovoltaic applications,
and with precursors like (R3Si)2Se, CuxSe materials have already been demonstrated at
temperatures as low as 165ºC.86 Perhaps 3D nanoscale architectures of direct bandgap SCs will
be made possible by ALD, so there is much reason to look at the sticking and reaction chemistry
of these precursors in detail.

6.2.2 Mass balances on reactants of importance
Because precursors of this nature, and the methylcyclopentadienyl(trimethyl)
platinum(IV) precursor’s cost, efficient reactant use is vital to ALD being a viable deposition
technique for materials made from them. As discussed in chapter 3, many variables and design
considerations go into determining efficiency of an ALD process. Figure 6-1 examines how a
whole reactor mass balance might be performed.
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Figure 6-1: Mass balance that may be performed similarly to a titration for developing conditions
to both understand reaction mechanisms and to quantify the conversion of a reactant dose. If a
dose of reactant, µ, was used, the conversion is the percent of µ consumed by reaction. (see text)

Following figure 6-1, suppose that conditions were developed with flow rate, temperature, etc…
for a dose of reactant of size µ to just exactly saturate the surface area of the reactor in sections 1
& 2. The 2nd dose would then exactly saturate sections 3 & 4, and so on. The QMS, immediately
downstream of the QCM, would measure the by-product of wall reaction in each case, and
through dose 4, no mass gain would be observed on the QCM. Then, in dose 5, the QCM would
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measure a saturative mass gain, related to the total molecular adsorption per unit area via equation
3.4, and the QMS might see a trace of reactant. If additional doses of size µ produced no increase
in mass, and only reactant gas and not wall-reaction byproduct were observed on the QMS, then
we could conclude that it took exactly 5 doses of size µ to saturate, and the 6th dose was wasted
downstream. Using this type of mass balance titration experiment, made possible by the unique
features of this ALD reactor, one could optimize conditions for minimization of reactant waste as
functions of flow rate, temperature, and all other operating variables.

6.3 FUTURE DIRECTIONS FOR NEW APPLICATIONS MADE POSSIBLE WITH THIS
ALD REACTOR
The possibility exists to perform experiments to introduce dopants into a SC in a new
fashion with the microdosing capability of this reactor. Figure 6-2 examines how dopants are
introduced in ALD conventionally, and how they might be introduced with sub-saturative
microdosing capability. If one was growing a II-VI semiconductor for some application, and had
the desire to introduce a dopant, the way that the dopant is introduced has been by x number of
cycles of depositing the II-VI, then y cycles of the dopant material. Say we have semiconductor
!9:)and we want to introduce dopant)!:)for an overall composition of 99.5% atom ! to a 0.5%

atom ! ratio, and this provided the optimal conductivity and charge carrier mobility. This would
be accomplished by varying the x:y ratio to achieve this composition, resulting in a layered or

stratified dopant composition profile. For example, 199 cycles of !9, then 1 cycle of !, etc…
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Figure 6-2: Conventional verses sub-saturative microdosing approach to ALD dopant
introduction. (a.) Many layers of the II-VI, followed by a complete (or saturative) cycle of
dopant. Large distances in the z-direction may occur between dopant layers, and the only way to
control dopant introduction is the ratio of the number of layers. (b.) One might achieve a better
distribution of dopants if a less-than-saturative amount of dopant could be delivered to react,
keeping the same dopant concentration but distributing it more evenly. (c.) Ideal dopant profile,
just the right amount of dopant atomic percent, distributed evenly and randomly in all directions,
not stratified like in part (a.) or localized like in part (b.).

An area for exploration is to push this kind of dopant introduction to its limits to determine if
forming ideal structures like figure 6-2(c.) or better structures like figure 6-2(b.) would be
possible by controlling the dose, the sticking, and the order and number of cycles of different
precursors for an application.
Experiments of this nature would yield films that would relatively easily be measured for
their electrical characteristics, but it could quite challenging to actually measure the
compositional profile because of the extremely small length scales involved. An exceptionally
surface sensitive technique like Auger electron spectroscopy combined with depth profiling
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sputtering, or potentially TOF-SIMS depth profiling would be appropriate to try. Such a
combination of techniques might allow for determining the relationship between the many
variables in the films growth with the resultant electrical characteristics. An interesting
advantage of ALD for this type of thin doped-film growth is that the dopant concentration can be
varied with cycle number, meaning dopant gradients can be introduced with molecular scale
precision in the growth direction for applications such as band-edge bending at interfaces.

6.4 FINAL REMARKS
As atomic layer deposition becomes more ubiquitous in the fields of materials chemistry
and materials science & engineering, new tools, new approaches, and the fundamental
relationship of the surface chemical processes to the resultant thin films are worthy of deeper
exploration.
While ALD is in many ways a mature technology, the surface science measurements of
the adsorption and reaction processes and just how to connect them to ALD as it is conventionally
performed in viscous flow have remained underdeveloped. This thesis has been about a highly
specialized instrument and its use to understand the surface science of ALD. Perhaps more
questions have been opened up for exploration and discovery than have been definitively
answered herein. However, several new approaches and a unique new instrument to tackle those
and other challenges has been the primary result, in and of itself.
Lastly, while it is true that “Not everything that counts can be counted, and not
everything that can be counted counts”, I hope to have shed some new light on how to count
some things that have not previously been properly counted, and things that appear to matter
significantly. A new type of tool has been built to do so that is highly versatile, extremely
precise, and yet quite practical and functional.
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Admittedly, perhaps these matters are a bit more mundane than what Einstein was
actually referring to, but like the quote itself implies, if one is to measure something, one needs
the right measurement tool. The corollary may be that sometimes one can measure more than
what was initially intended when one thinks carefully about how the measurement is made and all
that it truly describes.
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Appendix A: Ellipsometry Details and Computer Program Source Code
This appendix contains the following:
1.) Raw data for chapter 2 measurements.
2.) A few comments about the choice of Python as a programming language.
3.) Python program source code (or excerpts thereof) used in analysis of ellipsometry data.
4.) Explanation of how to use the programs.
5.) Examples of input and output.
A great deal of extremely useful, accessible, and practical information about the
ellipsometry technique can be found in Tompkins.28 A more recent edition about spectroscopic
ellipsometry by the same author is also useful, but lacks the simplicity and clarity of the original,
which is focused on single-wavelength ellipsometry. Furthermore, the older edition is available
for $16.95 as a Dover paperback reprint, a small fraction of the cost of most textbooks on
ellipsometry, for those who would choose to own such a book.
All measurements were made with the Gaertner Scientific Corporation® Model: Stokes
Ellipsometer LSE, with a single wavelength (6328 Å standard laser) at an incident angle of 70º.
(Available from http://www.gaertnerscientific.com/ellipsometers/lse.htm)
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A.1 Raw Data for Chapter 2
The first set is the raw data for the bare substrate, presented as averaged by automation program
“readfile_latest.py”:

And then the average for all quadrants:

For the remaining sets of raw data, the sample names suffice to understand what each refers to:
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These data are the measured values that are plotted in Figure 2-1.

A.2 Python Programs Details
To make these measurements and averages quickly, the program “NewFileFixer.py” is
first run on the text files that come out of the instrument, to erase the annoying extra blank lines
that are now inserted into the output files, and then, as mentioned, the “readfile_latest.py”
program was run on that output file.
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The source code to “NewFileFixer.py” is below:

This ends the source code to “NewFileFixer.py”. This program could be used to remove the
blank lines from any text-based output file that has “Your_filename.txt”, not just ellipsometry
files, by the way.
Next comes the source code to “readfile_latest.py”, which is specifically for the
averaging the output files of Gaertner ellipsometer software, provided that the user inputs sample
names when using the Gaertner software. It generates output files like those aforementioned in
this appendix, calculating averages and standard deviations, and reminding you of the number of
sample measurements that went into those.
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The source code to “readfile_latest.py” begins below, and spans two pages:
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This concludes the source code to “readfile_latest.py”.
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The last program used is the ellipsometric parametric trajectory creating program, using
the ellipsometry models explained in Tompkins28 and elsewhere. This program “OneFilm.py”
works using the standard built-in cmath and math libraries in Python. This was the program used
to created the curves in figure 2-1. Because it is much more complicated than the previous
programs, for space conservation, only an excerpt will be presented here. The author also has a
program “ThreeFilms.py” for which an excerpt will be presented. If the reader so desires, please
feel free to contact the author at any one of my three email addresses for the full source code(s).
These are tjlarrabee “at” either gmail “dot” com, yahoo “dot” com, or me “dot” com. That is
<myname> @gmail.com , @yahoo.com , or @me.com …

Note that these are written to be very general, and someone with an understanding of the
optical models and rudimentary knowledge of the Python language may use them for calculation
of all sorts of optical constants upon some modifications. I may be willing to assist you in doing
so, if desired.
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The source code to “OneFilm.py” begins below:
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The source code to “ThreeFilms.py” begins below:
(similar heading)
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Python was chosen for several reasons, which are some of the same reasons it is being
used increasingly in the scientific community and elsewhere. Python is fully open source, Clanguage based, works exactly the same way on Apple/Mac computers, Microsoft Windows
computers, any Unix-based operating system. The Python interpreter is included with Mac OS X,
any distribution of Linux, and is trivial to install on Windows. Python is an extremely high level
language, perhaps more “forgiving” than many, and is generally considered among the easiest
programming language to learn. After personal experience with Fortran, C, C++, Java, Objective
C, Matlab, Mathematica, Maple, Microsoft Excel, Microsoft’s Visual Basic, and NI’s Labview, I
personally try to use Python wherever possible, and unless there is a good reason not to. Neither
expensive software nor commercial compilers are required, and the smartest theorists use it to at
least string things together from Fortran subroutines. The libraries and toolkits, all free, which
are available for Python are outstanding for scientific work.
More information for the interested reader is available at http://www.python.org/about/
and at http://en.wikipedia.org/wiki/Python_programming_language .
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The programs are for the most part self-explanatory. Questions may be referred to me at
the above contact. For example, on a Mac (or any command prompt with Python installed) :

The output of the ellipsometric calculation “OneFilm.py” gives files like:
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Appendix B: Sauerbrey Mass Tables
The Sauerbrey equation is used below. Everything in the table is self-explanatory. One
particular point to note is the values of table at 1 Hz, which leads to the conversion factors used to
convert figure 5-6 (in frequency in Hz) to figure 5-7 (in ng/cm2). These are:
for quartz = -12.269 (ng cm-2)/Hz
for GaPO4 = -12.160 (ng cm-2)/Hz
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!F =
Z = (!µ) -1/2
quartz
!=
µ=
Z=
A=
N=
F0 =
- "F (Hz)
0.001
0.01
0.03
0.1
1
2
5
10
100
1000
quartz

!=
µ=
Z=

A=
N=
F0 =
- "F (Hz)
0.001
0.01
0.03
0.1
1
2
5
10
100
1000

" 2 NF02
A #q µq

!m

2.648 g cm-3
2.95E+11 g cm-1 s-2
883383 g cm-2 s-1
1 cm 2
1
6.00E+06 Hz
"m (g)
"m (ng)
1.23E-11
1.23E-02
1.23E-10
1.23E-01
3.68E-10
3.68E-01
1.23E-09
1.23E+00
1.23E-08
1.23E+01
2.45E-08
2.45E+01
6.13E-08
6.13E+01
1.23E-07
1.23E+02
1.23E-06
1.23E+03
1.23E-05
1.23E+04

2.648 g cm-3
2.95E+11 g cm-1 s-2
883383 g cm-2 s-1
1 cm 2
3
6.00E+06 Hz
"m (g)
"m (ng)
4.09E-12
4.09E-03
4.09E-11
4.09E-02
1.23E-10
1.23E-01
4.09E-10
4.09E-01
4.09E-09
4.09E+00
8.18E-09
8.18E+00
2.04E-08
2.04E+01
4.09E-08
4.09E+01
4.09E-07
4.09E+02
4.09E-06
4.09E+03

N = overtone number
F 0 = frequency of fundamental
A = area of electrode (in cm-2 )

GaPO 4

!=
µ=
Z=

A=
N=
F0 =
- "F (Hz)
0.001
0.01
0.03
0.1
1
2
5
10
100
1000
GaPO 4

!=
µ=
Z=

A=
N=
F0 =
- "F (Hz)
0.001
0.01
0.03
0.1
1
2
5
10
100
1000

3.57 g cm-3
2.15E+11 g cm-1 s-2
875487.9 g cm-2 s-1
1 cm 2
1
6.00E+06 Hz
"m (g)
"m (ng)
1.22E-11
1.22E-02
1.22E-10
1.22E-01
3.65E-10
3.65E-01
1.22E-09
1.22E+00
1.22E-08
1.22E+01
2.43E-08
2.43E+01
6.08E-08
6.08E+01
1.22E-07
1.22E+02
1.22E-06
1.22E+03
1.22E-05
1.22E+04

3.57 g cm-3
2.15E+11 g cm-1 s-2
875487.9 g cm-2 s-1
1 cm 2
3
6.00E+06 Hz
"m (g)
"m (ng)
4.05E-12
4.05E-03
4.05E-11
4.05E-02
1.22E-10
1.22E-01
4.05E-10
4.05E-01
4.05E-09
4.05E+00
8.11E-09
8.11E+00
2.03E-08
2.03E+01
4.05E-08
4.05E+01
4.05E-07
4.05E+02
4.05E-06
4.05E+03
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Appendix C: Fit to Data in Figure 5-3
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Note that the derivatives of polynomials are easy to calculate using:

This was how the 1st derivatives were calculated from the curve fits to determine the first
order error do to a small change in temperature from the curve fits above, the same data that is in
Figure 5-3. Such high order polynomials should not be used outside the range of the endpoints of
the fit, of course.
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Appendix D: Mean Free Path
The mean free path of molecules in the gas phase was calculated from kinetic theory,
according to equation 2.24, page 24, in Smith, D.L. Thin Film Deposition.
!=

1
2"d 2n

,

where # is the mean free path, d is the effective collision cross section of the molecule,
and n is the number of molecules per volume, as calculated from the pressure using the ideal gas
law. For a molecular effective collision cross section of a molecule like TMA, d = 7 Å was used.

Mean Free Path vs. Pressure at 125˚C (deff = 7 Å )
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Appendix E: Values for Fundamental Constants and Conversions
Using NIST values for fundamental physical constants:

1 A.M.U. = 1.660 538 921 x 10

-27

kg

or

1 A.M.U. = 1.660 538 921 x 10

-24

g

recall
1 ng = 1 x 10

-9

g

thus

6.022 141 290 x 1014 A.M.U. = 1 ng
or

1 A.M.U. = 1.660 538 921 x 10-15 ng
note the (non-coincidental) similarity to the
Avogadro Constant, NA = 6.022 141 29 x 10

23

mol

-1

Not particularly important stuff below:
Also note the preferred modern unit label is not A.M.U., AMU, nor
amu, but the preferred modern unit label is “u” referring to the
unified atomic mass unit, which is also called the Dalton, or “Da”.

NA(u)= 1 g/mol
&
NA(12u)= 12 g/mol (since it is defined by
in other words, u = 1/12 mass of

12

C

12

C)
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