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ABSTRACT

In the following review, the authors describe how the kinetics of film growth can be controlled in innovative ways to achieve the deposition
of conformal, superconformal, area-selective, and ultrasmooth films by low-temperature CVD. Illustrative experimental data and kinetic
models are given for the growth of a variety of materials, including transition metals, metal oxides, and metal diborides. Key results are as
follows: (i) For precursors that exhibit site blocking on the growth surface, CVD can afford a high degree of conformal coverage on very
high aspect ratio features. (ii) The problem of conformal coverage has been solved analytically and presented as a conformal zone diagram.
(iii) “Nonconformal” precursor molecules can be made to afford highly conformal films by adding a suitable neutral molecule to enhance
surface site blocking. (iv) An inhibitor that adsorbs strongly to the growth material, but not to the substrate surface, can be used to moderate
the size distribution of nuclei such that the film is ultrasmooth at coalescence. (v) An inhibitor that binds preferentially to hydroxyl sites on
an oxide surface can be used to completely suppress film nucleation and afford area-selective growth. (vi) Superconformal growth, which
affords a V-shaped coating and complete fill of a deep trench, can be achieved using one of three approaches, depending on the precursor
chemistry. (vii) The science and technology of CVD can further be expanded by the chemical design of new precursors that have a favorable
combination of high partial pressure, suitable reactivity at low substrate temperature, and ligand groups that desorb cleanly.

Published under license by AVS. https://doi.org/10.1116/6.0000035

I. INTRODUCTION

In this paper, we review some of our ideas—published by our
two groups over the past 15 years—to increase the power and scope
of low-temperature chemical vapor deposition (CVD), especially in
the context of thin film growth and the fabrication of microelec-
tronic and other three-dimensional nanoscale devices. New ideas
are needed because very difficult challenges are associated with the
task of enabling feature sizes to continue to diminish, a goal that is
crucial to the further development of integrated circuits.

Specifically, in certain steps in the manufacturing of micro-
electronic devices, thin film deposition methods must be able to
afford (i) conformal coatings (i.e., films of uniform thickness) on
external surfaces, such as wrap-around gates, and within internal
structures, such as deep vias or trenches; (ii) complete filling of
internal structures, without leaving a void or low density seam
inside; and (iii) nanometer-thick thin films that have subnanometer

surface roughness. Conformal coating and complete filling of inter-
nal structures become particularly difficult when the aspect ratio
(AR), i.e., the depth:width ratio, becomes large. Achieving sub-
nanometer surface roughness is always a challenge, because it
depends on being able to control the rates of nucleation versus
steady-state film growth.

There is a misconception among some that atomic layer depo-
sition (ALD) is the only solution for these challenges. Although
this elegant technique can often achieve goals (i) and (iii), ALD
becomes inconveniently slow as the AR becomes large: the time
required to grow a film by ALD increases as the square of the AR.1

ALD cannot achieve goal (ii) when the sidewalls of the feature are
parallel or re-entrant (i.e., tilted such that the bottom is wider than
the opening). Furthermore, and quite importantly, there are many
materials that can easily be grown by CVD, but for which no ALD
process currently exists.
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One of the purposes of the present paper is to demonstrate
the enormous potential of CVD to solve these challenges and to
show that CVD often is able to outperform ALD. To give just one
example, we have discovered several new ways in which CVD can
be tuned to grow films superconformally, i.e., at rates that are faster
deep inside a structure than near the aperture. By itself, ALD
cannot do this.

Our research strategy stems in large part from the realization
that carrying out CVD at low temperatures opens up entirely new
possibilities that are simply not available at higher temperatures. In
particular, we have shown that low temperatures make it possible
to devise innovative chemical approaches to modify the kinetics of
adsorption, desorption, nucleation, and film growth as a function
of location within a feature. These approaches involve the manipu-
lation of physical aspects, such as the pressure and velocity field of
the precursor, and chemical aspects, such as the use of coreactants
and inhibitors. Chemical vapor deposition is, by its very name, an
intrinsically chemical process,2–6 but relatively few studies have
attempted to modify the surface processes in a dynamic fashion; we
are firmly of the belief that there is much unrealized potential to
use chemistry in new ways to improve CVD processes.

In the following review, we first describe the challenges of film
deposition inside recessed structures from a kinetic point of view.
In Secs. III–IX, we introduce multiple approaches that achieve goals
(i)–(iii). For each approach, we present experimental data or kinetic
models that define the range of behaviors that the precursor mole-
cule(s) must exhibit on the surface.

Important take-away lessons from our review are how to
implement CVD so that it affords extremely conformal coatings in
high aspect ratio features at relatively high rates; how to implement
CVD so that it affords superconformal coatings and seam-free
filling in features with high ARs; and how to implement CVD so
that the resulting films are highly smooth on the nanoscale.

II. PROBLEM OF CONFORMAL GROWTH INSIDE A
RECESSED FEATURE

To coat inside a recessed feature such as a trench, all the pre-
cursor molecules must pass through the opening and be trans-
ported through the vapor phase to depth. Because CVD film
growth consumes precursor molecules, the partial pressure of those
molecules necessarily falls with depth. If the film growth rate varies
directly with pressure (i.e., GR goes down as P goes down), then
the coating thickness also must fall with depth, i.e., the film is sub-
conformal. Mathematically, we can describe CVD as a transport-
reaction problem in quasi-steady-state, in which the film growth
rate as a function of position is strongly dependent on the rate of
transport, the internal area to be coated, and the depth of the
trench bottom.

To begin, we briefly describe three factors that make it difficult
to grow films conformally by CVD inside a high AR feature. In
Secs. III–IX, we introduce various means to overcome the kinetic
limitations and obtain highly conformal or even superconformal
coatings by CVD.

The first factor that makes conformal CVD growth difficult
inside a high AR feature is simply that the internal surface area,
consisting of two trench walls plus the trench bottom, is magnified

compared with the area of the opening as the AR increases. For
example, in a trench with AR = 10, the internal area is 21 times that
of the opening, but if the AR is increased to 20, the internal area is
41 times that of the opening. This factor can lead to rapid depletion
of the precursor as it is consumed during its passage down the
feature; this pressure drop typically results in thinning of the film
at greater depths. One solution to this problem is to minimize the
depletion of the precursor, for example, by slowing the rate of film
growth.

The second factor that makes conformal CVD growth difficult
inside a high AR feature is that the gas-phase7 diffusivity (D) of the
precursor inside the feature is small. In the molecular flow regime
(i.e., at relatively low pressures), the transport-reaction problem—
Fick’s second law—is typically solved using the Knudsen value of
diffusivity (D),8 which is proportional to the feature width (w). As
a film is deposited on the sidewalls, the width of the feature
decreases while the depth remains largely unchanged. The decline
in w presents a severe limitation for trench filling: as film deposits, the
decreased width steadily increases the AR and reduces the diffusivity
D asymptotically to zero. For this reason, in a trench with parallel
sidewalls, conformal growth processes have great difficulty achieving
complete filling: a seam usually will remain along the centerline.
One solution to this problem, discussed below, is to develop supercon-
formal growth processes.

The third factor that makes conformal CVD growth difficult
inside a high AR feature is that the by-product molecules may no
longer be innocent spectators. The reaction of the precursor to
afford film inherently releases by-products. On a planar surface, in
a well-pumped reactor geometry, these molecules are mostly
removed before they suffer a gas-phase or wall collision that directs
them back onto the growth surface. In a trench, however, the
by-products can escape only by molecular diffusion, i.e., multiple
collisions with the inner walls. If the by-products adsorb on the
walls, they will lower the net precursor adsorption rate; if they
decompose, they may introduce their atoms into the film composi-
tion. Therefore, it is usually advantageous to design molecular pre-
cursors so that the reaction products are essentially unreactive
when they impinge on the film surface at the growth temperature.

III. CONFORMAL GROWTH IN CVD BY LOW REACTION
PROBABILITY

To achieve conformal growth by CVD, the fundamental chal-
lenge is to ensure that the film growth rate is almost constant every-
where inside of a recessed feature. The key microscopic parameter
that controls the conformality is the surface reaction probability β,
also called a sticking probability,9 which is the ratio of the film
growth rate divided by the impingement rate of precursor mole-
cules, both in flux units.10–13 A low value of β implies that most of
the precursor molecules that collide with a surface simply desorb
without reacting to form films. Under such circumstances, the rate
of precursor consumption is low, which minimizes the pressure
drop from the top to the bottom of the feature. In the limit that
there is no pressure drop, the film will grow (albeit very slowly!) at
the same rate everywhere inside the feature and be perfectly
conformal.
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To coat high AR features with good conformality, β must
attain strikingly low values [Fig. 1(a)].10 Analytical solutions to the
transport-reaction problem indicate that β should be approximately
10−3 to 10−5 depending on the desired step coverage (SC), which is
the ratio of the film thickness on the trench sidewall near to the
bottom divided by that near to the top. For example, for a feature
with an AR of 40, the sticking probability must be about 10−4 to
achieve a step coverage of 90% and about 10−5 to achieve a step
coverage of 99%. The growth rate also depends on the precursor
pressure of the feed [Fig. 1(b)]: for a feature with an AR of 40 and
desired step coverage of 90%, the growth rate is about 1 nm/min if
the vapor pressure of the precursor is 1 mTorr (and 10 nm/min if
the precursor pressure is 10 mTorr). The growth rate for an analo-
gous ALD process1 as a function of AR is shown in Fig. 1(b) for
comparison; even the slowest of these example CVD processes is
ten times faster than the ALD growth rate.

One way to reduce β is to change the precursor, but it is
not always possible to achieve this goal and still retain high vol-
atility and other attributes that make a precursor attractive.
Another way to reduce β is to reduce the growth temperature,
but this approach can degrade the properties of the deposited
film such as density, composition, or crystallinity. Fortunately,
as we will show, there are several other effective strategies to
reduce β without having to change the precursor or the growth
temperature.

IV. CONFORMAL GROWTH IN CVD BY RATE
SATURATION VERSUS PRECURSOR PRESSURE

A powerful approach to obtain conformal films with fast
growth rates is to employ a large partial pressure of a CVD precur-
sor. Under such conditions, the deposition exhibits growth rate sat-
uration, in which the growth rate becomes independent of pressure.

Microscopically, saturation occurs because the high pressure causes
the growth surface to become fully covered with a combination of
precursor, reaction intermediates, or reaction by-products. Even as
the precursor pressure drops at greater depths, the pressure
remains high enough such that the surface coverage (and thus the
film growth rate) is at a steady state: as the precursor reacts to
afford films and the reaction products desorb to create open
adsorption sites, the latter are immediately occupied by newly arriv-
ing precursor molecules. This growth rate saturation regime is not
accessible at higher temperatures, because desorption of the precur-
sor or its by-products is rapid, and the growth surface mostly
consists of available adsorption sites. As a result, the surface cover-
age of the precursor (and the film growth rate) becomes pressure-
independent.

The kinetic saturation of film growth rate at high precursor
pressures, owing to saturation of surface adsorption sites, has long
been recognized and utilized by a technique called chemical vapor
infiltration.14,15

One system that shows growth rate saturation is the deposition
of HfB2, a metallic ceramic, on a planar substrate from the precur-
sor Hf(BH4)4; the growth rate tends toward a saturation value as
the precursor pressure is raised (Fig. 2).16–18 Note that this precur-
sor has a room temperature vapor pressure of 15 Torr, three orders
of magnitude higher than the mTorr values at which the growth
rate enters the saturation regime. If the precursor pressure at the
top of the trench is made high enough that—despite the pressure
drop—the pressure at the bottom of the trench remains in the satu-
ration regime, then the growth rate will be essentially constant
everywhere inside the feature.19 Note that the data of Fig. 2 could
be converted into a pressure-dependent value of β for comparison
with the values in Fig. 1; however, it is the functional form of the
saturation, rather than β, which is necessary to calculate conformal
behavior.

FIG. 1. Analytic solutions for conformal CVD vs trench aspect ratio under the constant β approximation for the precursor Hf(BH4)4 at a temperature of 200 °C. (a)
Required β as a function of the desired step coverage. (b) Growth rate as a function of precursor pressure such that SC = 90%. The maximum growth rate of ALD
(SC = 100%) with a precursor of the same mass is presented for comparison (Ref. 1). Reprinted with permission from Yanguas-Gil et al., J. Vac. Sci. Technol. A 27, 1244
(2009). Copyright 2009, American Vacuum Society.
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The degree of conformality is described by the step coverage.
In this section, we show how the SC can be calculated based on a
kinetic fit to data10 such as those in Fig. 2. Expressed in terms of
the steady-state growth rate,

SC ¼ GRbottom

GRtop
¼ GR(p� Δp, T)

GR(p, T)
, (1)

where p is the precursor pressure at the top and Δp is the pressure
drop from top to bottom. For microelectronics processing, the
required conformality is typically ≥0.9. Typically a numerical solu-
tion is used to predict the SC. Two simplifying assumptions,
however, can be used to obtain a robust analytical solution. This
approach has the advantage that key requirements—such as high pre-
cursor pressure—become immediately apparent, and the results can
be transformed into a conformal zone diagram (presented below).

(i) If the SC is taken to be equal to 1, then the diffusion equation
can be solved analytically to afford Δp,

(Δp)trench ¼ GR0(T)
ρkBT
D0

(AR) 1þ c
2
(AR)

� �

� GR0(T)
cρkBT
2D0

(AR)2, (2)

where ρ is the atomic density of the film, D0 =D/w, and c = 2
or 4 for a trench or a via, respectively.10 The use of SC = 1
slightly overestimates the pressure drop because there is less
precursor consumption (film growth) on the walls when SC
< 1; this is, however, a conservative assumption in the model
because it predicts a slightly lower SC than an exact numeri-
cal solution.

(ii) Because the GR falls only slightly from top to bottom, we can
approximate its pressure dependence by the first term in a
series expansion so that

SC ¼ 1� 1
GR0

@GR
@p

(Δp)trench: (3)

Substituting Eq. (2) into Eq. (3), we obtain

SC ¼ 1� @GR
@p

cρkBT
2D0

(AR)2: (4)

Equation (4) shows that, for a given AR and T, conformality
in CVD is a function only of the dependence of the growth rate on
pressure and temperature, and the diffusivity of the precursor.

The simplest mathematical expression that can represent the
growth rate saturation is

GR(T , p) ¼ K1(T)p
1þ K2(T)p

, (5)

where K1(T) is a lumped rate coefficient for reaction to form a film
and K2(T) is a lumped rate coefficient that accounts for precursor
adsorption and desorption; both coefficients are temperature
dependent. Microscopically, this expression is equivalent to a
Langmuir adsorption isotherm combined with the assumption that
the film growth is directly proportional to the surface coverage.
Equation (5) fits, within experimental error, the data for various
systems in which precursor pressures are used that are high enough
to achieve surface saturation, including HfB2 growth from
Hf(BH4)4 (solid line in Fig. 2), Si growth from SiH4 or from
SiH4/H2, and W growth from WF6 + H2.

15,20–22

For low pressures of precursor, i.e., K2(T)p≪ 1, Eq. (5)
reduces to a linear dependence on p, equivalent to a constant β.
Under such conditions, subconformal films (SC < 1) will be seen
because ∂GR/∂p is positive, and, therefore, the second term in
Eq. (4) is negative.

In contrast, for high pressures of precursor, i.e., K2(T)p≫ 1,
the deposition approaches a pressure-independent growth rate of
K1(T)/K2(T). As a result, ∂GR/∂p is zero and SC = 1: the film grows
at the same rate everywhere inside the feature, even at the feature
bottom. Note that the saturation of the growth rate at high pres-
sures is an intrinsic feature of the surface kinetics (it does not
depend on mass transport inside the reactor because it is unaffected
by small gradients in the precursor pressure).21

The precursor pressure necessary to achieve a desired GR and
SC for a given AR is obtained by differentiating Eq. (5) with respect
to pressure, substituting into Eq. (4), and rearranging

p ¼ GR(AR)ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� SC

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cρkBT

2D0K1(T)

s
: (6)

This single equation couples all the important variables and
shows that the required precursor pressure increases linearly with

FIG. 2. HfB2 deposition rate on a planar substrate vs Hf(BH4)4 partial pressure
at a temperature of 200 °C. The full line is a fit to Eq. (5). Reprinted with permis-
sion from Yanguas-Gil et al., J. Vac. Sci. Technol. A 27, 1235 (2009). Copyright
2009, American Vacuum Society.
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the desired GR and with the AR; and that SC cannot equal unity
for a single precursor process but instead approaches unity as the
pressure increases. Equation (6) also shows that, for a given precur-
sor, there is an intrinsic trade-off between GR and SC for a chosen
AR, where in the near-saturation regime GR is determined by the
substrate temperature.

By using this high-pressure approach to achieve rate satura-
tion, films can be grown with remarkably high conformality in a
wide variety of structures (Fig. 3).17,18

V. CONFORMAL ZONE DIAGRAM

Equations (5) and (6) describe the precursor pressures neces-
sary to deposit a highly conformal film in a deep trench. For a
given precursor under saturated (high precursor pressure) condi-
tions, the GR is determined only by the temperature of the sub-
strate. If we plot the minimum pressure needed to grow a
conformal film as a function of the AR, we can obtain a “conformal
zone diagram” for CVD. Figure 4 is the result for HfB2 growth with
SC = 0.9. Note that the abscissa 1/T increases to the left such that T
(top scale) increases to the right, and that the ordinate is log(p);
therefore, Arrhenius behavior in the rate constants affords a
segment with a positive slope. The lowest line represents the pres-
sure needed to achieve rate saturation on a flat substrate (AR = 0);
this limit is set at K2(T)p = 10. The lines above it represent trenches
of successively higher AR. Because Δp depends on the growth rate,
which is thermally activated, the slope differs from that for the flat
substrate. The pressure drop is suggested by the inset trench (left,
with arrow).

There are limits to conformality. A given precursor must have
a sufficiently high vapor pressure to achieve GR saturation (i) at a
temperature for which the GR is acceptably high, and (ii) in a
trench of given AR. In addition, the precursor should not react in
the gas phase to afford secondary species that have a high reaction
probability β, or to deplete the available precursor pressure, at the
growth surface. When a precursor does not meet these require-
ments, there is no allowed zone diagram. In Sec. VI, we show how
this limit can be partially overcome by using growth inhibitors.

VI. ENHANCEMENT OF CONFORMALITY THROUGH
THE USE OF INHIBITORS

For many convenient precursor molecules, the high-pressure
approach to achieve rate saturation is impractical because the pre-
cursors have insufficient vapor pressure to saturate the surface at
the desired growth temperature; the growth rate then becomes a
function of precursor pressure, and SC is low in features with high
aspect ratios. For such precursors, film conformality could be
improved if there were some way to lower the sticking probability β
without changing the temperature. The smaller β would mean that
more precursors survive deeper into the feature before they react to
form films.

To achieve this goal, we have pioneered the use in CVD of a
coreactant that acts as a growth inhibitor, whose action is to lower β
on the growth surface.23 Through this approach, a precursor that
gives nonconformal films, when used alone, can afford good SC in
trenches of modest AR [according to the trends in Fig. 1(b)], when
used in tandem with a growth inhibitor. There are examples of the
use of inhibitors in non-CVD film deposition methods, such as the

FIG. 3. HfB2 films deposited conformally under various combinations of precursor P and substrate T. Left: deposit inside a buried channel (0.1 Torr, 300 °C, 200 nm/min).
Center: trench with AR = 35 (0.1 Torr, 200 °C, 3 nm/min). Right: carbon nanotube (CNT) forest 0.4 mm tall (12.5 Torr, ramped to 200 °C, ≤3 nm/min); the film thickness is
11 nm near the top of the forest (top image) and 9 nm adjacent to the substrate, which is also coated (bottom image). The coating also creates rigid joints (cross-links)
where individual tubes cross to afford a very stiff, low-density network solid. Left image reprinted with permission from Yang et al., Chem. Mater. 18, 5088 (2006).
Copyright 2006, American Chemical Society.
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growth of copper films by electrodeposition or by electroless
deposition.24,25

Microscopically, a CVD growth inhibitor can lower the GR in
one of three ways:26

(i) the inhibitor can adsorb transiently on the surface and block
sites needed for the precursor to adsorb or to transform into
film;

(ii) the inhibitor can remove adsorbed precursor by associative
desorption to reform the original precursor molecule or a
volatile derivative; or

(iii) the inhibitor can dissociatively chemisorb on the surface to
create surface sites that are less reactive than the unmodified
surface; the chemisorbed atoms may then be incorporated
into the film or released by associative desorption.

Growth rate inhibition of CVD processes on flat substrates has
been reported for each of these mechanisms, although all three are
governed by similar rate laws and can be difficult to distinguish as
a result. Examples of approaches (i) and/or (ii) include the use of
1,2-dimethoxyethane (dme) as an inhibitor in the growth of TiB2
from Ti(BH4)3(dme),23 the use of NH3 as an inhibitor in the
growth of HfB2 from Hf(BH4)4,

27 and the use of 1,1,1,5,5,5-
hexafluoroacetylacetone (Hhfac) in the growth of Cu from the
precursor copper hexafluoroacetylacetonate vinyltrimethylsilane,
Cu(hfac)VTMS.28,29 Examples of approach (iii) include the use of
silanes or betadiketones as inhibitors in the growth of HfO2 from
tetrakis(dimethylamido)hafnium and water,30 the use of H2 as an
inhibitor in the growth of Si from SiH4,

22 the use of PH3 or AsH3

as inhibitors in the growth of doped polysilicon from SiH4,
31,32 and

the use of BMe3 to improve the conformality of SiC in deep
trenches.33

In this section, we consider mechanisms (i) and (ii) as a
means to enhance the SC in trenches; in a subsequent section, we
consider mechanism (iii) to avoid pinch-off effects near a trench
opening or as a means to afford superconformal growth.

In the low-pressure limit, where K2(T)p≪ 1, suppose that the
precursor has a reaction probability β0 in the absence of the inhibi-
tor, which corresponds to a film growth rate of K1(T)p. If the inhib-
itor adsorbs on a fraction θi of the available surface sites and blocks
precursor adsorption, then the reaction probability drops to a lower
value,

β ¼ (1� θi)β0: (7)

Formally, the surface coverages of the precursor and inhibitor
are now coupled to one another via the balance between competi-
tive adsorption and the rates at which the species desorb and the
precursor reacts. We have elsewhere derived the complete rate
expressions.26 The net effect is

β ¼ β0
1þ Cpi

, (8)

where the lumped constant C includes the competitive terms and pi
is the pressure of the inhibitor. This reduction in the sticking prob-
ability leads to a reduction in the growth rate,

GR ¼ GR0

1þ Cpi
: (9)

Note that if the inhibitor is not consumed by the reaction (i.e.,
it eventually desorbs intact), then the pressure of inhibitor equili-
brates at pi at all depths, no matter how high the AR. The resulting
SC is then described by the curves in Fig. 1(a).

An example of the power of this approach can be seen in
the deposition of TiB2 from the titanium borohydride molecule
Ti(BH4)3(dme), where dme is the chelating ether 1,2-dimethoxyethane.
We discovered this molecule many years ago and were the first to
show its utility as a CVD precursor to TiB2.

34 The vapor pressure of
Ti(BH4)3(dme) is in the mTorr range and is not large enough to enter
into the high-pressure saturated growth regime. When this molecule is
used as a single source precursor, the resulting films are very poorly
conformal (Fig. 5): the film thickness tapers to zero at a normalized
depth-to-width ratio z/w < 5.23

We knew that the mechanism for film growth must involve
dissociation of the dme from the precursor to generate the
Ti(BH4)3 fragment; the latter is known to be thermally very reactive
and is likely an intermediate in the film growth process.34 It
seemed reasonable that dme, a component of the precursor mole-
cule and a by-product of the deposition, could serve as a growth
inhibitor: by Le Chatelier’s principle in a system that exhibits
reversibility, adding more product molecule (dme) tends to push
the kinetics back toward the reactant (the precursor).

Remarkably, when excess dme is added to the feed gas, the GR
at the aperture is decreased by a factor of five. As a result, the film

FIG. 4. Conformal zone diagram for low-pressure CVD of HfB2 from the precur-
sor Hf(BH4)4. See text for details. Inset: example of the pressure drop from
trench top to bottom as a function of AR. Reprinted with permission from
Yanguas-Gil et al., J. Vac. Sci. Technol. A 27, 1244 (2009). Copyright 2009,
American Vacuum Society.
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conformality is greatly improved because more precursors survive
deeper into the feature: now the film profile extends to z/w > 10
(Fig. 5).23 If the trench had an AR < 10, then the profile would be
even more conformal due to the boundary condition imposed on
the precursor diffusion by the trench bottom. The addition of
excess dme has no effect on the composition of the film because it
readily desorbs from the growth surface and does not decompose
below 200 °C.35

The decrease in GR by a factor of five upon addition of dme
to the CVD gas mixture can be attributed to one of two different
mechanisms: (i) site blocking or (ii) associative desorption of the
precursor. Mechanisms (i) and (ii) are microscopically distinct but
afford identical rate laws for the macroscopic growth rate; thus, the
mechanism cannot be determined from the data of Fig. 5.36

Determining which of the two mechanisms is actually operative
can be distinguished experimentally only by in situ spectroscopies
with submonolayer sensitivity.

The use of inhibitors constitutes a promising approach to
enhance the SC of films grown from commercially available precur-
sors with relatively low vapor pressure. A successful inhibitor of
type (i) or (ii) should be able to adsorb on the growth surface but
not decompose at the CVD growth temperature. An advantage of
using a coflow of inhibitor is that the surface coverage θi, and thus
β, can be maintained dynamically during film growth, even when
the inhibitor does not have a particularly high binding energy with
the surface.

Inhibiting surface chemistry. Special cases of inhibition can
occur. During low-temperature CVD of Fe thin films from the pre-
cursor Fe(CO)5, the growth rate continuously decreases because
dissociation of the CO ligand “poisons” active sites by chemisorp-
tion of C atoms.37 The surface science literature reports that NH3

adsorbed on the Fe surface effectively prevents dissociative chemi-
sorption of CO. We showed that a coflow of NH3 during Fe CVD
completely eliminates the poisoning problem but does not intro-
duce N into the film or reduce the Fe growth rate.37 Thus, NH3

plays a special role: it inhibits dissociation of the precursor ligand
on the surface. We then showed that the use of NH3 during the
CVD of Fe-Co soft magnetic alloys eliminates compositional varia-
tions due to the Fe poisoning problem.38

VII. SUPERCONFORMAL GROWTH IN TWO-REACTANT
CVD

In features whose width decreases steadily with depth, which
we will refer to as a “V” shape, highly conformal coating can afford
perfect filling: as the deposit on the walls thickens, the position of
the bottom point moves progressively toward the opening. A differ-
ent result holds when the feature has parallel walls or is reentrant,
i.e., the width increases with depth: perfectly conformal growth
cannot eliminate the formation of a seam or a pinched-off opening
with a void beneath.

Because there is interest in achieving seam- and void-free
filling in the largest variety of features, it has long been a goal to
develop superconformal growth processes in which the film depo-
sition rate is larger at the bottom of the feature than it is near the
opening. For features with parallel or moderately reentrant side-
walls, such a process will eventually establish a V shape and
slowly enlarge the bottom angle such that seam formation is elim-
inated. In this section, we show that, when a material is grown
from two coreactants, a kinetic regime sometimes exists in which
the growth is inherently superconformal, even for aspect ratios as
high as 20:1.

Specifically, in some two-reactant CVD systems, supercon-
formal growth can be achieved if the partial pressures of the co-
reactants in the feed are chosen such that, near the opening, the
surface coverage of the lower mass coreactant is relatively small,
and therefore rate-limiting. The latter condition can be fulfilled if
the higher-mass coreactant is employed in excess or has an intrin-
sically higher sticking probability. Under these circumstances, the
deposition rate will increase deeper in the feature for the following
reason: the pressure of the higher-mass (i.e., more slowly diffus-
ing) coreactant necessarily drops more quickly with depth than
that of the lower mass and more rapidly diffusing coreactant.
Therefore, as the depth increases, the fractional surface coverage
of the lower mass (more quickly diffusing) coreactant increases,
and so does the growth rate. At sufficiently large depths, eventu-
ally the surface concentration of the higher-mass, more slowly dif-
fusing coreactant will become rate-limiting (as it becomes
depleted) and the growth rate will begin to fall. Therefore, super-
conformal growth occurs only to a certain depth, and below that
depth, the growth is subconformal. For superconformal growth
everywhere inside the feature, the conditions should be chosen so
that the peak in the growth rate occurs at the bottom of the
feature or below.

Our discovery of this two-molecule CVD approach to super-
conformal coatings was made during investigations of MgO growth
from Mg(DMADB)2 and H2O, where DMADB is the aminodi-
boranate H3BNMe2BH3.

39 When we measured the MgO growth

FIG. 5. Influence of a growth inhibitor (dme) on conformal growth of TiB2 films
from Ti(BH4)3(dme). A poorly conformal coating (precursor alone, circles) is con-
verted into a conformal coating (precursor + dme, squares) for AR≤ 10.
Reprinted with permission from Kumar et al., J. Am. Chem. Soc. 130, 17660
(2008). Copyright 2008, American Chemical Society.
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kinetics on planar substrates at 220 °C, we found that the growth
rate is a maximum if the partial pressures of the two coreactants
are about equal. However, the growth rate drops dramatically if the
partial pressure of Mg(DMADB)2 is increased above this value, or
conversely, if the partial pressure of Mg(DMADB)2 is kept constant
and the water pressure is increased. This dependence is unusual:
typically in two-molecule CVD reactions, the growth rate is not
strongly attenuated by an increasing supply of either coreactant.
We concluded that, in this system, precursor and water are in com-
petition for adsorption sites on the growth surface; water is both a
necessary coreactant and, when supplied in excess, an inhibitor of
growth.

We then carried out MgO growth in a very high AR
macrotrench at 220 °C with a fixed Mg(DMADB)2 pressure of
7.5 mTorr; the H2O pressure was set at either 10 or 3 mTorr,
i.e., slightly more than or slightly less than the Mg precursor
pressure. Growth at the higher water pressure affords a typical
subconformal profile: a sharply declining growth rate with no
coating past a depth z/w ∼ 25 [black squares in Fig. 6(a)]. This
“classic” profile is undesirable because it leads to pinch-off of a
microtrench.

Remarkably, however, at lower water pressure, the growth rate
increases with depth to a peak value at z/w∼ 18 and then falls to
zero above z/w∼ 35 due to precursor depletion [red circles in
Fig. 6(a)]. In other words, the thickness profile is strongly supercon-
formal up to AR = 18. For structures with AR≤ 18, the coating
would be superconformal all the way to the bottom, as desired for
filling applications. In a microtrench with AR = 9, the same condi-
tions afford superconformal growth [Fig. 6(b), left] and the feature
is completely filled after 20 min [Fig. 6(b), right].

We found that the data can be fit well to the following kinetic
model,26 which builds on the diffusion-reaction theory of highly
conformal coating by single-molecule CVD.10 The model is based
on the following assumptions:

(i) the two reactants A and B compete for surface sites so that at
high enough pressures, the surface coverages are related by
θA + θB = 1;

(ii) the film growth rate depends on the surface coverages of
both reactants, GR = kr ⋅ θAn ⋅ θBm, where we assume for sim-
plicity that n =m = 1; and

(iii) transport of the coreactants inside the trench occurs by
molecular flow and that the diffusivities of the two coreac-
tants are, in the absence of wall adsorption (which would
add a residence time), inversely proportional to the square
root of their molecular masses.

Manipulation of the continuity equation shows that the pressure
drops within the trench are related by40

@PA
@PB

¼ ρA
ρB

� DB
k

DA
k

, (10)

where ρA/ρB is the stoichiometric ratio for consumption of the two
coreactants (which is equal to 1 for MgO), and Dk

A and Dk
B are the

Knudson diffusivities.

For a trench with parallel sidewalls, these assumptions lead to
the following expression for the step coverage:

SC ¼ 1� @GR
@pA

ρA
D0A

þ @GR
@pB

ρB
D0B

� �
ckBT
2

(AR)2, (11)

where D0A and D0B are the molecular diffusivities divided by the
trench width (or the via diameter), and c is a geometrical constant
that is equal to 2 for a trench or 4 for a via.

We now point out that, for two-molecule systems, the growth
rate differentials with respect to pressure, ∂GR/∂p, need not be posi-
tive. The explanation is qualitatively simple: if the growth rate

FIG. 6. (a) Growth rate vs depth/width for MgO film deposited in a macroscopic
trench at 220 °C, with P[Mg(DMADB)2] = 7.5 mTorr and P[H2O] = 10.0 or
3.0 mTorr. (b) SEM images of MgO coating at 220 °C with P[Mg
(DMADB)2] = 7.5 mTorr and P[H2O] = 3.0 mTorr in a microscopic trench with
AR = 9: development of V shape after 10 min (left) and complete fill after 20 min
(right). Reprinted with permission from Wang et al., J. Vac. Sci. Technol. A 32,
051512 (2014). Copyright 2014, American Vacuum Society.

REVIEW avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 38(3) May/Jun 2020; doi: 10.1116/6.0000035 38, 030802-8

Published under license by AVS.

https://avs.scitation.org/journal/jva


depends on the fluxes (partial pressures) of the coreactants, and is
zero if only A or B alone is present, then the rate must have a
maximum at some ratio of component partial pressures and be
smaller on either side of that peak. Hence, there exists a regime in
which the growth rate increases as the pressure of one component
falls. As a result, under some circumstances, the term in parenthe-
ses in Eq. (11) can be negative, in which case the SC is larger than
unity, i.e., the coating is superconformal, and if the term is zero,
the coating is perfectly conformal.

The pressure profiles of the precursor and water in a trench
can be calculated on the basis of Fick’s second law and the
observed growth rate; the results (Fig. 7) clearly show the contin-
uously changing ratio of precursor pressure to water pressure as
a function of depth. Where the net growth rate differential, i.e.,
the term in parentheses in Eq. (11), is no longer superconformal
(here at z/w = 18), the deposition profile changes to
subconformal.

This system shows that superconformal deposition occurs
under the following set of conditions: (i) growth involves two
coreactants; (ii) the deposition rate depends directly on the
surface concentrations of both coreactants that adsorb competi-
tively for a fixed density of available sites; (iii) the molecular dif-
fusivities of the coreactants in the trench are different; (iv) the
partial pressures of the coreactants are chosen such that the
surface coverage of the more rapidly diffusing coreactant is rela-
tively small, and therefore rate-limiting, near the opening; and
(v) there are no reactions in the gas phase or on the unheated
chamber walls that generate secondary growth species, which
have high reaction probability β (are sticky) or deplete the reac-
tant pressures.

Under these circumstances, the growth parameters can be
selected to produce a step coverage SC anywhere between 1 and
∼2. This two-component method—in which the feed gas is rich in
the higher-mass component—is intrinsic in nature, provided the
two components adsorb competitively and the rate law depends on
the surface coverages of both. The method does not require special
surface preparation, the use of a catalyst, or cycles of deposition
and etching.

A full kinetic model, which includes Langmuirian rate coeffi-
cients and a Markov chain ballistic transport model to account for
species transport, makes predictions about the growth rate versus
depth that are in remarkably good agreement with those found by
the experiment (Fig. 8).

Note that superconformal growth may not be required for the
entire duration of a filling process: it can suffice to establish a V
shape at the bottom of the feature, and then change the component
pressures to establish conditions that are highly conformal
(Fig. 9).41,42 Such a procedure will reduce the process time if the
deposition rate is higher using the conditions for conformal
coating.

As a feature changes from a square well shape to a V shape,
the narrowing of the width near the bottom of the feature will start
to interfere with diffusional transport of the precursor(s). This
behavior means that, during the formation of a V shape, the effec-
tive AR increases sharply. For this reason, the relationship between
the aspect ratio, step coverage, and growth rate is somewhat differ-
ent for a V-shaped structure than for a square well. We can deduce
this relationship from an analytical approximation that is analogous
to the one for conformal coverage [Eq. (11)]. Assuming that the V
shape has perfectly straight walls, the diffusion equation can be

FIG. 7. Calculated pressure distributions for MgO coating in a macrotrench at
220 °C with P[Mg(DMADB)2] = 7.5 mTorr and P[H2O] = 3.0 mTorr. Reprinted with
permission from Wang et al., J. Vac. Sci. Technol. A 32, 051512 (2014).
Copyright 2014, American Vacuum Society.

FIG. 8. Growth rate vs depth/width simulated by the kinetic-transport model
(solid red line) and experiment (solid black squares), for MgO coating of a mac-
roscopic trench at 220 °C with P[Mg(DMADB)2] = 7.5 mTorr and P
[H2O] = 3.0 mTorr. Reprinted with permission from Wang et al., J. Vac. Sci.
Technol. A 32, 051512 (2014). Copyright 2014, American Vacuum Society.
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rewritten with additional trigonometric terms to account for
the wall tilt angle θ between the sidewall and the substrate plane
(θ < 90° means that the feature is wider at the opening) and R is the
reaction rate (molecules/area-time),40

D0

kT
d2P

d z
w(z)

h i2 � 2 cot θ
D0

kT
dP

d z
w(z)

h i ¼ 2R
sin θ

: (12)

This form of the diffusion equation can be solved analytically
to afford the pressure drops,

ΔPA,B ¼
SC
3

þ 1
6

� �
ckBTρA,BGR0

Dk
A,B/w0

(AR)2, (13)

where SC = GRL/GR0 (where L = bottom, 0 = top), w0 is the width
of the feature at the opening, and c is the geometrical constant for
a via or trench.

In a given pressure regime, if the growth rate differentials are
nearly constant, then we can approximate

SC ¼ 1� 1
GR0

@GR
@PA

ΔPA � 1
GR0

@GR
@PB

ΔPB: (14)

Substitution and rearrangement affords the following relation-
ship between SC, GR, and AR for a V-shaped structure:

SC¼
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B/w0

 !
ckT(AR)2: (15)

When the M factor—the combined effect of the differential in
growth rate, diffusivity, and stoichiometry—is negative, then the SC
is >1 and the coating is superconformal; when the M factor is
nearly 0, SC is ∼1, i.e., perfectly conformal. Equation (15) can be
used to construct two parametric plots, the first showing the
maximum AR for V shape that can be coated superconformally,
and the second showing the SC that is possible for this AR.40 If the
actual AR is less than the maximum, the pressure drop will be
smaller and the SC will be less superconformal, but still ≥1.

To determine effective growth conditions, one must, therefore,
calculate the SC during the transition from the initial geometry to a
V shape, and from a V shape to complete fill, and adjust the condi-
tions if needed. Typically, there is a trade-off between possible SC
and GR.

By using the diffusion equation for a constant sidewall tilt θ
[Eq. (12)], we can define an effective aspect ratio for a V-shaped
structure and show that it is much higher than the nominal aspect
ratio defined by the width at the opening divided by the depth.40

For example, the total precursor pressure drop from top to bottom
in a trench with a nominal aspect ratio of 10 with a sidewall tilt of
only 2.5° away from parallel is very similar to that in a parallel-wall
trench with an AR of 24 (Fig. 10). We have also shown that ballistic
particle transport, which is not accounted for (i.e., is averaged out)
in Knudsen diffusion, plays a crucial role in filling the lower part of
the V shape; the use of diffusion formalism with a constant scatter-
ing length does not afford the correct answer concerning seam
formation.40

We suggest that a large number of two-component CVD pro-
cesses can be made superconformal simply by the same approach
of using an excess of the higher-mass precursor in the feed; in
metal carbide, boride, and oxide deposition processes, for example,
it is almost always the case that the metal containing precursor has
a significantly larger mass than that of the coreactant. We point

FIG. 9. Schematic filling of a trench starting with superconformal growth, SC = 2 (left), followed by continued superconformal growth (center) or by conformal growth,
SC = 1 (right). Reprinted with permission from Wang and Abelson, J. Appl. Phys. 116, 194508 (2014). Copyright 2014, AIP Publishing LLC.
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out, however, that it is nonstandard to choose feed gas composi-
tions in which the lower mass component is the minor constituent.
Usually, the lower mass constituent, such as water, is added in
excess, with the rationale that such conditions are needed to drive
the reaction to completion or to speed up the deposition process.
In fact, neither of these rationales is universally true.

Finally, we mention that there are several reports in two-
molecule CVD processes of decreasing growth rates versus increas-
ing component pressure: ZnO growth versus oxygen pressure at a
fixed pressure of DEZn,43 TiN growth versus TiCl4 pressure at
fixed NH3 pressure,44 and Si3N4 growth versus NH3 pressure.45 A
first-order model that accounts for competitive adsorption and
reaction on the growth surface was described by Cobianu and
Pavelescu and applied to the SiH4/O2 system, which displays a neg-
ative growth rate differential versus SiH4 pressure.

46 None of these
studies, however, reported or discussed the possibility of supercon-
formal growth. Perfect conformality was reported for TiN growth
from high pressures of TiCl4 and low NH3 pressures;

44 the authors
of that work attributed the result to growth rate saturation at high
TiCl4 pressures but did not consider the role of the low NH3 pres-
sure. The theory given here affords a general explanation, and we
predict that many of these combinations will provide superconfor-
mal films if the feed gas is rich in the high molecular weight
coreactant and lean in the small molecular weight coreactant.

VIII. SUPERCONFORMAL GROWTH BY
FORWARD-DIRECTED FLUXES

As described above, we developed a superconformal growth
process for MgO based on a combination of two factors—a

competition for surface adsorption sites between precursor and
water coreactant, and a large ratio in gas-phase diffusivity between
the high-mass Mg precursor and low-mass water.39 That method
requires that the kinetics of the two reactants satisfy the overall
requirement for superconformal growth [the M factor, Eq. (15)]
and that no gas-phase reactions occur to generate highly reactive
secondary species. However, only a subset of precursors can fulfill
these requirements. For other precursor and coreactant combina-
tions, the growth rate increases monotonically with the partial pres-
sure of each reactant; in the absence of a regime of negative
differential growth rate, a fundamentally different approach is
needed to afford superconformal films.

To achieve this goal, we have introduced a new deposition
method: forward-directed flux, in which the rate-limiting reactant is
transported ballistically to the bottom of the feature. One of the
often-discussed advantages of CVD is that it is not a line-of-sight
technique. We realized, however, that the intentional use of a ballis-
tic (line-of-sight) flux at low total pressure (here, <0.2 mTorr) over-
comes the transport limitation that occurs when a reactant must
diffuse from an isotropic source gas into a high aspect ratio feature.
A key feature is that the precursor dosing tube is aligned with the
centerline (axis) of the feature, so that most of the molecules travel
down the feature without encountering the walls; their first colli-
sion is with the bottom of the feature. A second key feature is that
the reaction probability β of the ballistic flux must be considerably
below unity, which can be achieved by suitable choice of a precur-
sor or by adjusting the substrate temperature. The central idea is
this: if β is small, then most of the reactant will scatter when it
impacts the trench bottom. The net result is that the trench bottom
then functions like a virtual source that affords coating from the
bottom-up. Viewed from the bottom the SC is <1, but from the top
the SC is >1, i.e., superconformal, and the growth profile develops
the V shape required for complete trench filling.

We investigated the superconformal growth of HfO2 from
TDMA-Hf, Hf(NMe2)4.

47 We chose this precursor because it reacts
with water under ALD conditions to afford excellent quality HfO2

films for gate dielectrics.48–53 Film deposition on planar substrates
revealed that, to a first approximation, the growth rate is almost
independent of the pressure of TDMA-Hf for pressures above
0.04 mTorr but increases almost linearly with H2O pressure
(depending on precursor pressure, the β for water molecules is
0.02–0.20 at a temperature of 220 °C). Thus, the rate law is given by
GR = k PH2O: zeroth order in TDMA-Hf pressure and first order in
water pressure. This rate law is consistent with an Eley–Rideal
mechanism for a bimolecular reaction (A + B→ product): A
adsorbs to saturation on the growth surface and impinging B reacts
directly with adsorbed A without the need to compete for an avail-
able surface site, i.e., A reacts upon collision with B. Here, A is
TDMA-Hf and B is H2O. Several other bimolecular deposition
reactions are thought to obey the Eley–Rideal mechanism, includ-
ing TiN from TDMA-Ti and NH3

54 and Al2O3 from AlCl3 and
H2O.

55

The observed Eley–Rideal kinetics showed that TDMA-Hf and
water do not compete with one another for surface adsorption
sites, and as a result, the superconformal deposition method that
works so well for MgO (as described above) will not work for this
HfO2 process. So we investigated the forward-directed flux

FIG. 10. Calculated pressure drop profiles p/p0 during growth in (magenta) a
V-shaped trench with an ARnom of 10 and a taper angle of θ = 87.5°, and
(black) a parallel-wall trench (θ = 90°) with an AR of 24. For both features, we
used a sticking probability β of 0.01. The two curves are rather similar.
Reprinted with permission from Wang and Abelson, J. Appl. Phys. 116, 194508
(2014). Copyright 2014, AIP Publishing LLC.
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approach, employing higher pressures of TDMA-Hf (i.e., water-
starved conditions) to assure that the growth rate depends mainly
on the water flux.

The experiment was carried out with the feature axis collinear
with the axis of the H2O delivery tube; the TDMA-Hf delivery tube
also points in the same direction, but it is displaced significantly
off-axis, by 1.5 cm from the H2O tube [Fig. 11(a)]. Rapid expansion
from the delivery tubes into the partial vacuum of the chamber

affords fluxes with small cone angles, similar to that from a
Knudsen evaporation cell with a long chimney. (In a projected
manufacturing scheme, this would take the form of a large area
array of nozzles.) In this configuration, the forward-directed flux of
water is transported directly down the trenches, whereas the
forward-directed flux of TDMA-Hf is not aligned down the axis of
the trench and must be transported into the trenches largely by
molecular diffusion.

The result is remarkable: after 60 min of growth, a V-shaped
profiled develops with SC = 1.6 [Fig. 11(b)].

In addition to the forward-directed H2O flux, some H2O
arrives at the trench opening in an isotropic distribution due to the
partial pressure of gas in the chamber background. This isotropic
flux introduces a subconformal coating profile that adds to the
superconformal profile generated by the virtual source. The net
growth profile is superconformal when the contribution from the
virtual source flux is larger than from the background, and when
the AR is not too high; we have demonstrated filling up to AR∼ 12.
Although not required for superconformal growth, one can also
deliver the TDMA-Hf precursor ballistically down the trench; this
change slightly enhances the growth rate. By contrast, when the
TDMA-Hf precursor is injected ballistically but the water flux is
isotropic, the thickness profile is subconformal.47 These are the
expected results for Eley–Rideal kinetics in which H2O is the
impinging species.

To more conclusively demonstrate the role of the forward-
directed flux, we employed a substrate that includes both steps and
trenches and tilted it such that the centerline of the trenches was
30° away from the axis of the H2O delivery tube [Fig. 12(a)]. This
tilting creates two types of regions on the surface: those that are
exposed to the forward-directed flux, and those that are shielded
from this flux by being in the shadow of a surface relief feature.
The growth condition is, as before, precursor rich and water
starved to assure that the growth rate depends mainly on the water
flux. Because β for water and for the precursor are below unity,

FIG. 11. (a) Growth conditions and orientation of delivery tubes inside the CVD
chamber for forward-directed flux. (b) SEM image of superconformal HfO2

coating (step coverage = 1.6) in a trench of aspect ratio 3.5. Growth time = 60
min. A black dashed line is added to show the onset of bread-loaf shape at the
trench opening. Reprinted with permission from Talukdar et al., J. Vac. Sci.
Technol. A 36, 051513 (2018). Copyright 2018, American Vacuum Society.

FIG. 12. Film thickness profile obtained by tilting a trench substrate such that the surface normal is 30° away from the axis of the delivery tube: (a) schematic diagram of
the setup and growth conditions (growth time = 70 min), and (b) cross-sectional SEM image of a trench located approximately below the water delivery tube. The sharp
edge on the left side of the image is marked with a black rectangle. Reprinted with permission from Talukdar et al., J. Vac. Sci. Technol. A 36, 051513 (2018). Copyright
2018, American Vacuum Society.
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much of the incident flux reflects from the substrate and establishes
partial pressures in the chamber; these isotropic fluxes also contrib-
ute to growth.

For this tilted substrate, we find that the coating thickness is
larger for surfaces in line-of-sight with the source, and smaller on
surfaces that are shadowed [Fig. 12(b)]; the growth rates are 2.0
and 0.9 nm/min, respectively. The coating thickness near the
bottom of the trench, which is completely shadowed from the
forward-directed flux, is nearly conformal before the opening is
pinched-off. There is a remarkably sharp edge to the left side of the
step, marked with a black rectangle in Fig. 12(b), which indicates
the transition from shadowed growth (exposed to isotropic flux
only) to unshadowed growth (exposed to both isotropic and
forward-directed flux). The relative film thicknesses in these two
regions indicate that, under our conditions, the total flux is about
half directional and half isotropic.

This forward-directed flux approach can be generalized to
one-component CVD processes, as well as to other two-component
CVD systems for which a kinetic regime exits such that growth rate
depends on the flux of only one of the two coreactants. For
example, in preliminary experiments, we obtained HfO2 with a
superconformal SC∼ 1.3 from hafnium tetra-tert-butoxide and
water.56

The data given above provide strong support for the hypothe-
sis that a forward-directed flux of a precursor with a small reaction
probability creates a virtual source at the bottom of a trench, which
often leads to superconformal filling. We have performed computa-
tional modeling to determine the range of parameters that afford
superconformal trench profiles similar to experiment. We make
several assumptions that are consistent to first order with the
experimental data.

(i) The growth rate is independent of the pressure of precursor
A (TDMA-Hf in our case) and varies linearly with the pres-
sure of precursor B (here, H2O) at every location via a reac-
tion probability β.

(ii) The flux of precursor B has two sources, the isotropic flux
due to its partial pressure in the chamber and the forward-
directed flux from the doser tube.

(iii) The flux from the doser tube is parallel with the trench axis
and of constant intensity across the width of the trench.

An efficient method to calculate ballistic particle transport within a
trench was proposed by Cale and Raupp.57 It is a Markov chain
formalism in which the transmission probability between each area
on the surface and all other areas is calculated based on the angular
emission probability, the solid angle, and the tilt of the receiving
surface. The incident flux on all surfaces from the gas phase is cal-
culated based on (ii) and (iii). A matrix inversion—which accounts
for all multiple internal reflections and loss out the opening—then
affords the net sticking on all surfaces, i.e., the film growth rate.
Model calculations for the conditions of Fig. 11 give a best fit to
data for a water flux that is 40% directional and 60% isotropic with
β = 0.02; the calculated SC = 1.6 is in good agreement with
experiment.

Inside a V-shaped trench, the growth rate for the isotropic
and forward-directed fluxes will depend on the tilt angle θ of the

sidewall with respect to the centerline (axis) of the trench. To illus-
trate the effect of each component, we calculate the growth rate
profiles for four values of the tilt angle (θ = 1°, 2°, 3°, and 5°) for
100% isotropic or 100% forward-directed flux (Fig. 13). For a flux
that is 100% forward directed (solid lines), the growth profile inside
the trench is superconformal for all sidewall tilt angles θ greater
than or equal to 2°; for a smaller tilt angle, θ = 1°, the growth
profile is superconformal near to the trench opening and confor-
mal at depth/width ratios greater than 20.

The fact that the growth rate increases with depth in a V
shape is a direct consequence of a reduced particle loss probability:
water molecules that are transported near the bottom of the V have
a higher probability of making internal reflections and contributing
to deposition rather than being lost out the opening, i.e., they
mostly get trapped. In contrast to the above results, for a flux that
is 100% isotropic (dashed lines), growth is subconformal for all the
sidewall tilt angles considered. The latter is the case for typical
CVD processes.

The experimental profile will be the sum of the flux contribu-
tions, weighted by the fraction of each as established by the geome-
try and pumping of the CVD reactor. Experimentally, creating a
100% forward-directed flux inside the trench is not possible. For
our deposition chamber, which was not specifically designed for
forward-directed flux depositions, the combination of 40% direc-
tional plus 60% isotropic fluxes affords subconformal growth for
sidewall tilt angles θ less than 2°, perfectly conformal growth at 2°,
and superconformal growth for larger angles. Note that a purpose-
built reactor (e.g., with gas injection through a showerhead of
nozzles and fast pumping of the background gas) could achieve a
higher ratio of forward directed to isotropic flux and thus better
filling. Elsewhere, we have presented a parameterized plot that can

FIG. 13. Calculated growth rates as a function of depth in trenches of varying
sidewall tilt angle for a purely directional flux (solid lines) and a purely isotropic
flux (dashed lines). Reprinted with permission from Talukdar et al., J. Vac. Sci.
Technol. A 36, 051513 (2018). Copyright 2018, American Vacuum Society.
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be used to determine a maximum sticking probability and a
minimum fraction of forward-directed flux that is required to
establish a V-shaped profile for complete filling of trenches.47

IX. USE OF CONSUMABLE INHIBITORS IN
SUPERCONFORMAL GROWTH TO ELIMINATE
PINCH-OFF

Subconformal CVD processes are often characterized by the
development of a “bread-loaf” profile near the top of trench that
narrows the opening (Fig. 11 shows the onset of this effect). The
higher rate of film growth on the exposed top surfaces results in
part from the isotropic component of the gas flux. For a rectangu-
lar trench with parallel sidewalls, continued growth eventually leads
to pinch-off without complete filling [Fig. 14(a)].

We have developed a solution to the bread-loaf problem that
involves adding a certain type of growth inhibitor to the process
gases.30 The inhibitor must have the following characteristics: (i) it
must be “consumable,” i.e., it has a high probability to react with
the growth surface and will not desorb intact and thereby be trans-
ported deep within the trench; and (ii) it reduces the film growth
rate by a suitable fraction. We find that, for the forward-directed

deposition of HfO2 from TDMA-Hf and water described above, the
addition of a small flow of hexafluoroacetylacetone, H(hfac), or the
halogen-free analog acetylacetone, H(acac), to the process gases
completely suppresses the bread-loaf formation and enables com-
plete trench fill in structures with parallel sidewalls [Fig. 14(b)].

The necessary partial pressure of the consumable inhibitor is a
function of its sticking probability β and the trench AR. For this
HfO2 deposition process, the full kinetic relationship between the
three reactant fluxes—precursor, water, and consumable inhibitor
—is not known in detail. However, a simplified model calculation
can be made by assuming that the inhibitor has a constant β, inde-
pendent of the flux and reaction rate of the reactants. In a deep
feature, such as a V shape, the rate at which the consumable inhibi-
tor reacts with (and is incorporated into) the inner surfaces is a
function of β and of molecular transport (Fig. 15). We further
assume that the growth rate decreases monotonically with the stick-
ing rate of the inhibitor.

In contrast, a nonconsumable inhibitor will develop a constant
partial pressure everywhere within the feature because it is released
intact after each adsorption event on the surface. When the HfO2

deposition was conducted using forward-directed water flux in the
presence of nonconsumable inhibitors, we observed a uniform
reduction in the growth rate. The net result was that the step cover-
age was closer to 1 (because growth is more limited by reaction rate
than by transport), but the bread-loaf profile near to the opening
was not reduced.30

A remarkable observation was that some inhibitors exhibited
consumable behavior at low partial pressure but transitioned
rapidly to nonconsumable behavior at higher pressures. We inter-
preted this result as follows: as the pressure is increased, the upper
walls of the feature eventually become saturated with inhibitor; if

FIG. 14. Superconformal growth in trenches (AR = 6) with nearly parallel side-
walls from 0.09 mTorr TDMA-Hf and 0.014 mTorr H2O at 200 °C for 60 min. (a)
Without inhibitor: pinch-off leaving a large void in the center. (b) Coflow of
0.27 mTorr H(hfac) inhibitor during growth affords complete fill. Reprinted with
permission from Talukdar et al., J. Vac. Sci. Technol. A 37, 021509 (2019).
Copyright 2019, American Vacuum Society.

FIG. 15. Consumption rate of an inhibitor in a V-shaped feature with sidewall tilt
angle of 3° with respect to parallel. This rate, and the reduction in film growth
rate, is a strong function of the inhibitor reaction probability β. Reprinted with
permission from Talukdar et al., J. Vac. Sci. Technol. A 37, 021509 (2019).
Copyright 2019, American Vacuum Society.

REVIEW avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 38(3) May/Jun 2020; doi: 10.1116/6.0000035 38, 030802-14

Published under license by AVS.

https://avs.scitation.org/journal/jva


the pressure is increased further, the additional inhibitor has no
place to adsorb on the upper walls and so is transported deeper
into the feature. In the limit of high inhibitor pressure, the rate is
slowed by the same amount everywhere inside the feature, and the
consumable behavior is lost. This situation is, of course, dynamic
because the surface—including the adsorbed inhibitor—is con-
stantly refreshed by film growth.

Molecules are not the only species that can serve as consum-
able inhibitors: atomic species tend to have very high reactivity and
are particularly suitable for this approach. We have found that
several subconformal CVD processes can be made superconformal
by carrying out the depositions in the presence of a flux of H or N
atoms. Such fluxes can easily be generated by a microwave plasma
source external to the chamber and directed to the substrate
through a Pyrex® tube.58 Although such external sources are ineffi-
cient in the sense that a large fraction of the plasma-generated
species recombine on the inner walls of the injection tube rather
than being delivered to the substrate,59 they have several important
advantages compared with the use of an internal source. Among
these are that the precursor molecules are not exposed to the active
plasma region and that the remote plasma emits practically no
charged species.58

By using atomic species as consumable inhibitors, we have
obtained superconformal growth, i.e., a V-shaped fill, for the depo-
sition of CrB2 films in the presence of H atoms (Fig. 16), and for
the deposition of HfB2 films in the presence of N atoms.42 For
CrB2, H is removed from the growth surface either as H2 or by
reaction with precursor ligand fragments; the net result is that the
H content of the film is low. In contrast, for the HfB2 films, the N
atoms become alloyed into the film to afford HfBxNy films.
Although superconformal growth and fill occur, the film composi-
tion is decidedly different between the top and bottom of the
trench.

X. AREA-SELECTIVE GROWTH, BOTTOM-UP FILLING,
ULTRASMOOTH FILMS, AND NANOPARTICLE GROWTH
THROUGH THE USE OF INHIBITORS TO CONTROL
NUCLEATION

In addition to controlling steady-state growth, inhibitors can
also be used to control the dynamics of nucleation. A given inhibi-
tor will, in general, have a different binding energy or inhibition
mechanism on the surface of a nucleus compared with the bare
surface of the substrate. In addition, a given inhibitor can have a
different binding energy on different surfaces. Proper choice of the
inhibitor can afford one of three effects: the rate of nucleation can
be slowed but not the rate at which nuclei grow, the rate of growth
of nuclei can be slowed but not the rate of nucleation, or both rates
can be slowed. These properties mean that inhibitors can be used
to achieve area-selective growth, the bottom-up filling of vias, and
the deposition of ultrasmooth films.

A. Area-selective deposition

Many nanoscale electronic devices are fabricated by a
top-down approach involving blanket thin film deposition followed
by photolithographic patterning and etching. However, as feature
sizes shrink below 10 nm, it becomes very difficult to avoid

unacceptable misalignment between successive layers. For this
reason, bottom-up methods that automatically result in pattern reg-
istry have become attractive. One such method is area-selective
deposition (ASD), in which, for example, growth occurs on metallic
surfaces but not on dielectric surfaces.60 If the need is for the next
layer to grow only on pre-existing metal patterns, then ASD obvi-
ates the need for additional steps. Another potential application of
ASD is bottom-up growth in trenches and vias, which occurs when
the film nucleates on a metal surface at the bottom but not on the
dielectric sidewalls. The net result is often complete filling with no
seam along the centerline.61

Area-selective deposition can be enhanced by the addition of
nucleation inhibitors that act on some surfaces but not on others.

FIG. 16. Left: Superconformal growth of CrB2 in a deep trench from the precur-
sor Cr(B3H8)2 plus a flux of H atoms from a remote plasma source. Right:
Stepwise simulation of the coating and fill process accounting for the variation in
molecular diffusivity with width w at depth z. Two curves are colored red simply
to emphasize the profile before and after forming the V shape. Not shown: Use
of a larger H flux can eliminate the faint seam at the bottom; use of a variable
H flux can reduce the total time needed for fill; and the necessary H flux is a
function of AR.
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When the inhibitor binds strongly to the sites that normally initiate
nucleation, i.e., where dissociative chemisorption of the precursor
takes place on the substrate, then nucleation can be completely sup-
pressed. We have shown this effect for ammonia (NH3) adsorption
on oxide surfaces that have acidic hydroxyl groups, such as SiO2.
For example, film growth from Mo(CO)6 occurs nonselectively, i.e.,
with similar rates, on metal surfaces and on SiO2. In contrast, by
adding a coflow of NH3, deposition from Mo(CO)6 occurs on
metal areas of the substrate but does not occur on neighboring
SiO2 surfaces.

61 In a recent work, we have discovered that ammonia
can enhance ASD of metal on acidic versus basic oxide surfaces;
this behavior opens up the possibility of using oxide patterns in the
device fabrication sequence.62 It is also possible to passivate metal
areas by first growing a thin or native oxide that does not afford
nucleation under ASD conditions. Later, the thin oxide can be
removed by etching or chemical reduction.

B. Ultrasmooth films

Many technological applications require ultrasmooth film sur-
faces, e.g., rms roughness <1 nm. To achieve such a smooth surface,
the growth process must afford a large density of fine and relatively
monodisperse nuclei on the substrate surface such that eventual
coalescence of the nuclei results in a film whose thickness is highly
uniform. In many cases, however, the density of nuclei is low, or
they may form progressively over time and grow rapidly once
formed; this situation creates a large initial roughness. Another
complication is that film growth under conformal (low β) condi-
tions can reduce roughness over short lateral length scales but not
on longer lateral scales; it is even possible to observe simultaneous
smoothing on short scales and roughening on long scales!63

Addition of an inhibitor to a CVD process can sometimes
lead to significant reductions in film roughness. In particular, when
the inhibitor has a little effect on the nucleation rate, but suppresses
the growth rate of nuclei once formed, the result is a high density
of monodisperse nuclei (Fig. 17). For example, we have found that
such high density nucleation occurs when NH3 is used as an inhib-
itor during HfB2 growth from Hf(BH4)4, provided that (1) the tem-
perature is low so that the NH3 does not decompose, and (2) the
precursor pressure is low such that the growth surface is not fully
site-blocked by the precursor.27 Some similar results have been
seen upon the addition of carbon monoxide or ammonia during
the deposition of ruthenium from Ru3(CO)12.

65,66

After a smooth and dense nucleation layer is formed, subse-
quent growth can be carried out at high rates in the absence of the
inhibitor, and the resulting films are still highly smooth. The
reason for this effect is that the low roughness of the nucleation
layer avoids the onset of the morphological instability that creates
roughness during growth. In contrast, if the initial nucleation layer
is rough, subsequent film growth—even if carried out slowly and
highly conformally—can slightly smooth, but cannot eliminate, the
initial roughness.

C. Nanoparticle growth

Some applications require the synthesis of spatially isolated
metal nanoparticles with a controlled size distribution; examples
include particles for supported catalysts or for plasmonic

absorption of light. We previously demonstrated a process in which
nanoscale copper islands are formed by exposing SiO2 substrates to
the Cu(hfac)VTMS precursor for a few minutes and then adding
VTMS to the gas stream.29 In this system, the VTMS inhibitor
plays exactly the opposite role as that played by NH3 in the HfB2
system above: VTMS inhibits the formation of additional nuclei but
has little or no effect on the growth of nuclei once formed. As a
result, the first-formed nuclei grow to a desired size. The resulting
Cu particles have a relatively narrow size distribution, consistent
with the hypothesis that all islands nucleate during a relatively
short interval and then grow at a similar rate until CVD is termi-
nated. The resulting size distribution of the Cu particles is suffi-
ciently narrow that plasmonic behavior is exhibited.

For copper growth, the mechanism of nucleation inhibition is
the recombination of the surface intermediate Cu(hfac) with VTMS
to reform and desorb the original precursor.29 Which effect domi-
nates—inhibition of nucleation or inhibition of growth of nuclei—
depends on the relative interaction of the precursor and the inhibi-
tor on the islands versus the bare substrate.

XI. PRECURSOR DESIGN, PROPERTIES, AND
SYNTHESIS

The choice of a molecular species that is likely to serve as an
effective CVD precursor at low temperatures depends on a variety
of factors, such as its volatility, its physical form (i.e., solid versus
liquid), its availability (i.e., cost or ease of synthesis), and the nature
and rates of the chemical reactions it undergoes under CVD
conditions.67–71 Here, we will briefly discuss some of the relevant
considerations. The following discussion will focus on metal-

FIG. 17. AFM images (1 × 1 μm2) of HfB2 nuclei on SiO2 deposited from the Hf
(BH4)4 precursor alone (top left) or with a coflow of NH3 (bottom right). The full-
scale height bars are 20 and 3 nm, respectively. T = 250 °C, precursor
P = 0.08 mTorr, ammonia P = 0.05 mTorr. Reprinted with permission from Babar
et al., J. Vac. Sci. Technol. A 32, 060601 (2014). Copyright 2014, American
Vacuum Society (Ref. 64).
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containing CVD (or ALD) precursors, but many of the strategies
apply to precursors of all types.

A. Volatility

The volatility of a CVD precursor can be gauged by its vapor
pressure (a thermodynamic property characterized by a ground
state energy difference) and also by its volatilization rate (a kinetic
property characterized by an activation barrier). Although for
many chemical reactions there is no general relationship between
equilibrium energies and activation energies, in the case of vapori-
zation processes both energies are related to the strength of the
bonds that hold the precursor molecules in the solid state. As a
result, there generally is a correlation between the lattice binding
energy of a CVD species and the activation energy for its volatiliza-
tion: if the vapor pressure is high, generally the vaporization rate
will also be high.

The key to high volatility is to minimize attractive interac-
tions in the solid state between the species that serve as the gas-
phase precursors. These interactions can be of several types,
including covalent interactions, electrostatic interactions, dipole-
dipole interactions, and London dispersion forces. These interac-
tions are additive over the surface of a chemical entity, so that
species that have large molecular surface areas generally show
lower volatilities. High volatility will be seen for species that are
low surface area, electrically neutral molecules whose polarizabili-
ties are low.

Because polymers are held together by covalent interactions,
they generally make poor CVD precursors except when they can
easily depolymerize to the corresponding monomers. For example,
some lanthanide complexes of the aminodiboranate DMADB are
polymers in the solid state, but readily depolymerize to monomers
or dimers upon gentle heating.72 Usually, however, it is best to
design precursors that are monomeric in the solid state.

Ionic compounds are also to be avoided, because electrostatic
interactions between the cations and anions are generally quite
large. A few exceptions to this rule are known, in which ions can
easily rearrange to form electrically neutral species. A classic
example is ammonium bicarbonate, which has a high vapor pres-
sure (59 Torr at 25 °C) despite being an ionic solid, because it can
easily convert reversibly into a mixture of ammonia, water, and
carbon dioxide.

It is sometimes possible to make electrostatic forces work to
increase the volatility of a compound. For example, molecules can
be designed whose surfaces bear negative charges but no positive
charges, because the positive charges are located near the center of
the molecule. Precursors with organofluorine substituents are often
quite volatile in part for this reason: fluorine is more electronega-
tive than carbon, so that the bond is polarized with a partial nega-
tive charge on fluorine.73 Similarly, remarkably high vapor
pressures are often seen for monomeric metal borohydride com-
plexes: hydrogen is more electronegative than boron, and metal
borohydride complexes, therefore, have partial negative charges
(but no positive charges) on their surfaces.74

Molecules with permanent dipoles sometimes can be highly
volatile, as long as the dipole-dipole interactions are not too
strong. Hydrogen bonding (which can be considered a particularly

strong type of dipole-dipole interactions) is well known to lead to
lower vapor pressures. Thus, dimethyl ether has a boiling point of
−35 °C, whereas its isomer, ethanol, has a boiling point of 78 °C.

All things considered, in order to design a precursor that has
as high a vapor pressure as possible, an excellent design strategy is
to minimize covalent, electrostatic, and dipole-dipole interactions
between the sublimable units; such species are held together in the
solid state only by London dispersion forces (also known as instan-
taneous dipole-induced dipole forces). An excellent way to mini-
mize London dispersion forces is to place low polarizability atoms
(especially hydrogen and fluorine) at the peripheries of the mole-
cules, which will minimize induced dipole effects. Alkyl groups are
often used for this purpose because they exhibit some of the
weakest intermolecular interactions and lowest polarizabilities.
Relative to alkyl groups, aryl groups engage in somewhat stronger
dispersion and electrostatic interactions, and their presence gener-
ally leads to significantly lower volatilities.

Some other principles should be followed to design effective
CVD precursors. For metal complexes, ligands that are very loosely
held are generally inadvisable, because they tend to dissociate upon
heating before volatilization of the precursor can begin. The result-
ing complex is generally coordinatively unsaturated and will tend
to form oligomers or polymers that by their very nature have lower
volatilities.

B. Physical form

Liquid precursors have one significant advantage over solid
precursors: liquids tend to volatilize at near-constant rates over
time, whereas solids often show variable volatilization rates owing
to changes in particle size. It is sometimes possible to obtain low-
melting or liquid precursors by introducing chemical substituents,
such as ethyl or isopropyl groups, that in the gas phase can adopt
multiple conformations. In addition, a molecule that is a solid can
often be modified into a liquid analog simply by lowering the
molecular symmetry. Both these strategies lead to poorer packing
of the molecule in the solid state, relative to their more conforma-
tionally constrained and more symmetric analogs, and the poorer
packing leads to lower melting points.

Finally, we point out that configurational (as well as transla-
tional) degrees of freedom are lost when a molecule is ordered in a
lattice. Upon moving from the solid state to the gas phase, these
degrees of freedom are restored, and this phenomenon is reflected
in a positive entropy of volatilization. If more conformational
degrees of freedom are restored upon moving from the solid to the
gas, the entropy of volatilization will be more positive, and the vola-
tility will increase as a result.

All these approaches involve modifications of a core structure,
often by adding additional atoms. To be effective in increasing the
volatility, therefore, the entropic advantage of adding flexible or
low symmetry groups must be greater than the enthalpic penalty,
in the form of extra intermolecular interactions, which attends an
increased number of atoms.

C. Chemical reactivity

The conversion of a CVD precursor to a useful thin film
involves the loss of most of the atoms as volatile by-products. The
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details of the thermolytic decomposition mechanism will dictate
whether the precursor undergoes desirable chemical reactions that
lead to a pure film or whether films of undesirable composition or
properties will result instead. In designing a precursor, the chemist
must think in terms of factors such as bond strengths, redox prop-
erties, and atomic electronegativities, and how these and other
factors can be combined and orchestrated to cause the molecule to
react in specific ways. The efficacy of the CVD process depends
critically on the proper choice of structure that will enable the pre-
cursor to react by means of chemically productive pathways and
with low (but not too low!) activation barriers.75

For example, electronic factors are important considerations
when designing or choosing a CVD precursor. It has been known
since Mond’s discovery of Ni(CO)4 in 1890 that nickel films may
be prepared readily by thermolysis of this carbonyl; however, films
of early transition metals cannot be prepared in this fashion.
Instead, attempted CVD of early transition metals, such as molyb-
denum from Mo(CO)6, gives films that consist of a mixture of
metal oxides, metal carbides, and graphite. This result reflects the
facile chemisorption of carbon monoxide on early transition metal
surfaces to give surface-bound oxygen and carbon atoms; subse-
quent reactions give the observed products. In general, binary
metal carbonyls are unsuited for CVD except for Ni, Co, and Fe.

The reason that deposition from binary carbonyl precursors
works well for nickel, cobalt, and iron, but very poorly for most
other transition metals, is that Ni, Co, and Fe are late transition
metals, which are characterized by low-energy d-orbitals owing to
the relatively high effective nuclear charge experienced by the
valence electrons. As a result of the low energies of the d-orbitals,
the metal-carbonyl bond strengths in Ni(CO)4, and also for CO on
nickel surfaces, are relatively weak (the carbon monoxide ligand
being a good π acceptor). In contrast, the high energies of the d-
orbitals of early transition metals such as Mo and W mean that the
metal-carbonyl bond strengths, both for molecules and for the
surface, are very high. Instead of desorbing from the surface, some
of the CO molecules dissociate into surface-bound carbon and
oxygen atoms.

Finally, a few other considerations are important in the design
of a CVD precursor. The precursor should be stable for long
periods at room temperature, so that it can be stored until needed.
Preferentially, the precursor should be stable toward air and mois-
ture, although compounds that do not have these attributes are
often used as CVD precursors despite the need to protect them
from the atmosphere at all times. Finally, the precursor should
ideally be easily prepared from inexpensive starting materials and
should be relatively easy to purify, in order to facilitate industrial
scale-up. All in all, the requirements that must be satisfied by a
useful precursor are many, and it is therefore not surprising that
the introduction of a new CVD or ALD precursor as part of a com-
mercial processes is a relatively rare event.

D. Some examples of new CVD precursors from our
laboratories

One of us (G.S.G.) has been involved in the development of
new CVD precursors—and entirely new classes of precursors—
since the 1980s. In some cases, the precursors were known

molecules, prepared previously by other inorganic or organometal-
lic chemists, but which had never been used to grow films. As
examples of the latter, we were the first ever to employ in a CVD
context the use of transition metal alkyls76–79 and thiolates80 to
grow films of metal carbides and sulfides, and we demonstrated34

(simultaneously with two other groups81,82) the use of borohy-
drides to grow films of metal diborides. In related work, we used
transition metal allyl compounds to grow films of palladium, plati-
num, and zinc.83,84 Another innovation was the use of the organo-
platinum compound CpPtMe3 as a precursor to platinum
containing films;83 the methylcyclopentadienyl analog of this pre-
cursor has since become the “industry standard” for deposition of
Pt.

We have also developed new precursors. Among these are
several compounds of the octahydrotriborate ion, which have proven
useful for the deposition of a variety of metal boride phases.85–87

More recently, as mentioned above, we have developed a new class of
CVD precursors, metal aminodiboranates, in which the ligands are
chelating borohydrides of the general stoichiometry (BH3)2NR2. The
most useful of these ligands is the N,N-dimethylaminodiboranate,
abbreviated DMADB. We have made a large number of volatile
aminodiboranates of the alkaline earths,88–90 lanthanides,91,92 acti-
nides,72,89,93,94 and transition metals.95 Of these, we have already
shown that the magnesium39,47 and titanium95 compounds are useful
for the growth of metal oxide thin films, with water as a coreactant.

Finally, we point out that we were pioneers in carrying out
detailed mechanistic studies of CVD processes involving transition
metals. Among the processes that we have studied are the deposi-
tion of copper from alkoxides and beta-diketonates,96–98 titanium
nitride from the tetrakis(dimethylamido)titanium precursor and
ammonia,97 titanium carbide from a neopentyltitanium
complex,78,79 and palladium,60,99,100 rhodium,101 and silver101 from
their corresponding beta-diketonates. These studies have provided
much useful information about how CVD precursors transform
into films, and the results have aided in the design of new and
better precursors.

XII. RESEARCH ISSUES IN CVD

Here, we highlight important issues that are likely to influence
research on low-temperature CVD.

As described above, straightforward models involving surface
adsorption, desorption, and reaction of molecules can often suc-
cessfully fit the observed kinetics of conformal, inhibited, and com-
petitive reactions that occur during CVD. However, in many cases,
the microscopic reactions must be far more complex than the
simple models, and we have tacitly ignored steric (lateral) effects,
which in some cases will play an important role.

For example, the precursor Hf(BH4)4 brings 21 atoms to the
growth surface; the CVD products are one formula unit of HfB2,
five H2 molecules, and one B2H6 molecule, i.e., every ligand in the
precursor must be reconfigured! That this complicated reaction
should fit a simple first-order Langmuirian model17 is unobvious.
A standard explanation is that one step in the reaction is consider-
ably slower than all the others such that the overall kinetics behaves
as though there were only this one step. However, the identity of
the slow step is often difficult to determine from macroscopic
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measurements. For HfB2 growth, in fact, we do not know whether
the species responsible for surface saturation at high pressures is
adsorbed precursor, an intermediate, or reaction products.

In some cases, surface science or catalysis studies indicate that
the slow step is the reaction of a surface intermediate; for CVD, the
steady-state growth surface will, therefore, be partially covered with
intermediates. In this situation, it is possible to use inhibitors that
modify the behavior of the intermediates, as opposed to inhibitors
that block adsorption of the precursor. One example is an inhibitor
that associates with the intermediate to reform the precursor,23,29

which then desorbs; this in effect reduces the precursor sticking
probability. Another example is an inhibitor that interacts with
surface hydroxyl groups (or forms a complex with intermediates)
to block film nucleation on oxide surfaces.61 Many opportunities
for control in CVD will, therefore, depend on the identity of a
surface intermediate and the chemical pathways that can remove it
or change its reactivity.

When two surfaces are involved, such as in area-selective
CVD on substrate A but not on substrate B, or the nucleation and
coalescence of material A on substrate B, the kinetics not only fea-
tures differences in the adsorption, desorption, and reaction rates
on the A and B surfaces but may also be affected by surface diffu-
sion of adsorbates between A and B. Furthermore, these rates may
conceivably be different on small particles compared with continu-
ous surfaces. Surface diffusion can sometimes be inferred from the
existence of “denuded” zones during film nucleation but is very
challenging to measure.

Nucleation on a substrate may also require, and therefore be
limited by, the proximity of binding sites. For example, if two adja-
cent sites are needed for dissociative chemisorption of the precur-
sor, or for decomposition of an intermediate, then even partial
inhibition—blocking only one of the two adjacent sites—would
effectively suppress the reaction. This behavior is significant
because an inhibitor coverage less than unity, which is always the
case in dynamic equilibrium, could nonetheless be effective at sup-
pressing the nucleation rate.

Similar issues occur in the synthesis of catalytic nanoparticles
on oxide supports and the poisoning of catalytic surfaces. Careful
reading of the literature in those fields has provided, and will con-
tinue to provide, crucial insights into the discovery of new CVD
capabilities.61

It is almost always worth the special effort to perform in situ
analyses, such as modulated beam mass spectroscopy, infrared
absorption spectroscopy, or XPS, to obtain a microscopic under-
standing of adsorption, desorption, and dynamic surface coverage.
Computational theory should also play an important role to esti-
mate the relative rates (barriers) of competing surface reactions.

XIII. CONCLUSIONS

In low-temperature CVD, the film growth rate is controlled by
the presence of adsorbates on the growth surface that both feed the
growth reaction and reduce the surface reactivity toward species
arriving from the gas phase. The adsorbates may be intermediates
generated from the precursor molecule, added inhibitors that are
selected to dissociate or remain intact, and possibly reaction prod-
ucts that are slow to desorb. The dynamic coverage by these species

can be controlled via the flux of reactants and by the substrate
temperature.

We have demonstrated the following powerful growth effects
for a variety of thin film materials, including metal diborides, tran-
sition metals, and metal oxides:

(i) For precursors that exhibit site blocking on the growth
surface, CVD can afford a high degree of conformal coverage
on very high aspect ratio features, at growth rates that are
typically higher than those achievable with ALD. This
approach can also be used to coat and infill porous or fibrous
substrates such as CNT forests.

(ii) The problem of conformal coverage has been solved analyti-
cally and presented as a conformal zone diagram that shows,
in terms of the precursor pressure and substrate temperature,
whether conformal coating can be achieved on a feature with
a given aspect ratio.

(iii) “Nonconformal” precursor molecules can be made to afford
highly conformal films by adding a suitable neutral molecule
to enhance surface site blocking (or associative desorption)
and lower the reaction probability of the precursor.

(iv) An inhibitor that adsorbs strongly to the growth material,
but not to the substrate surface, can be used to moderate the
size distribution of nuclei such that the film is ultrasmooth at
coalescence. The converse is also possible, e.g., to produce a
relatively uniform distribution of nanometer-size copper
islands.

(v) An inhibitor that binds preferentially to hydroxyl sites on an
oxide surface can be used to completely suppress film nucle-
ation and afford area-selective growth on nearby metal sur-
faces on the substrate or, in some cases, selectivity between
oxide surfaces.

(vi) Superconformal growth, which affords a V-shaped coating
and complete fill of deep trenches, can be achieved by means
of at least three independent approaches:
(a) by adding a small amount of a consumable inhibitor

such as H atoms or a molecule with a high sticking prob-
ability, growth near to the trench opening (and resulting
pinch-off ) can be suppressed;

(b) by employing a two-component feed gas that is rich in
the higher-mass component, the change in the composi-
tion of the feed gas within the feature will, in certain
systems, cause the growth rate to increase with depth; or

(c) by using a forward-directed flux, a “virtual source” can
be created at the bottom of a feature; the resulting thick-
ness profile is subconformal when viewed from
bottom-up but superconformal when viewed from
top-down.

The science and technology of CVD can be further expanded
by the chemical design of new precursors that have a favorable
combination of high partial pressure, suitable reactivity at low sub-
strate temperature, and ligand groups that desorb cleanly.
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