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The authors report a new and potentially widely applicable method for the chemical vapor
deposition (CVD) of films with a superconformal thickness profile in recessed features, i.e., the rate
of growth increases with depth away from the opening. Provided that the aspect ratio of the feature
is not too large, deposition initially affords a “V” shaped profile; continued deposition eventually
fills the feature without leaving a void or seam of low-density material along the centerline.
Superconformal deposition occurs under the following set of conditions: (1) growth involves two
coreactants; (2) the deposition rate depends directly on the surface concentrations of both coreac-
tants; (3) the molecular diffusivities of the coreactants are different; and (4) the partial pressures of
the coreactants are chosen such that the surface coverage of the more rapidly diffusing coreactant is
relatively small, and therefore rate-limiting, near the opening. The latter condition can be fulfilled
if the more slowly diffusing coreactant is employed in excess or has an intrinsically higher sticking
coefficient. Under these circumstances, the deposition rate will increase deeper in the feature for
the following reason: the pressure of the slowly diffusing coreactant necessarily drops more quickly
with depth than that of the rapidly diffusing coreactant, which increases the fractional surface cov-
erage of the fast-diffusing coreactant and with it the growth rate. At sufficiently large depths, even-
tually the surface concentration of the more slowly diffusing coreactant will become rate limiting
and the growth rate will begin to fall; to obtain superconformal growth, therefore, conditions must
be chosen so that the growth rate does not surpass its peak value. As a specific example of how this
new approach can be implemented, MgO is deposited at 220 °C using the aminodiboranate precur-
sor Mg(DMADB), and H,O. Under properly chosen conditions, the growth rate increases from
1.0 nm/min at the trench opening to 1.8 nm/min at a depth/width ratio of 18. The authors propose a
kinetic model that quantitatively explains these observations and, more generally, predicts the film
profile as a function of the partial pressures of the coreactants in the gas feed, the molecular diffu-
sivities, and the aspect ratio of the feature. An additional benefit of the model is that it can be used
to predict conditions under which perfectly conformal CVD depositions will result. The present
method should enable the fabrication of nanoscale devices in which high aspect ratio recessed
features need to be completely filled. The method is intrinsic in nature and does not require special
surface preparation, the use of a catalyst, or cycles of deposition and etching. © 2014 American
Vacuum Society. [http://dx.doi.org/10.1116/1.4893930]

I. INTRODUCTION

Interesting and useful properties of nanoscale devices of-
ten arise when two or more materials with contrasting physi-
cal properties are arranged in a three-dimensional structure
that enhances the optical, electronic, mechanical, or thermal
response.' Such structures can be fabricated by removing
material in a patterned and directional manner,” typically to
create a high aspect ratio (AR) opening, and then to fill that
feature with a desired material. This last method is a crucial
capability for several important technologies: for example,
the International Technology Roadmap for Semiconductors
specifies filling as a key challenge for low-k dual damascene
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structures, shallow trench isolation, and DRAMSs.? In addi-
tion, for MEMS device manufacturing, trenches must be
completely filled** without internal voids.°

Gas-phase methods are capable of delivering a precursor
molecule to a surface without line-of-sight transport and
afford good control of the reaction kinetics. Filling of high
aspect ratio recessed features, however, is difficult because
the internal surface area is very large compared to the area
of the opening, and because transport is limited by molecular
diffusion. As the precursor moves down the axis of a
recessed feature, it is continuously consumed by reaction on
the walls. When the deposition rate is proportional to the
local partial pressure of precursor, as is usually the case, the
film thickness is greatest near the opening and tapers to a
small or zero value at depth. Carried to completion under
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these conditions, the opening ultimately closes (pinches) off,
leaving an unfilled void underneath. This outcome can be
partially mitigated if the deposition is carried out under con-
ditions of very low surface reaction rate with respect to the
transport rate. This regime is routinely achieved using
atomic layer deposition (ALD) or chemical vapor deposition
(CVD) in the limit of saturated growth rate (GR); under
these conditions the drop in precursor pressure inside the
feature is minimized and has almost no effect on the result-
ing film growth rate or thickness.’

However, perfect filling is generally not achieved by
these approaches. In features that have complex shapes, or in
which the feature width increases with depth, even perfectly
conformal growth cannot eliminate the formation of a void
below the pinched-off opening. Such shapes are a common,
but not inevitable, result of reactive ion etching or assembly
processes.® In addition, even in features that have parallel
walls, conformality tends to degrade as filling proceeds. As
coatings build up on the opposite sides of the feature, the
remaining opening becomes narrower and narrower, and
eventually the aspect ratio becomes extremely large and the
transport rate of the precursor shrinks to tiny values. To pre-
serve conformal conditions, the growth rate must be reduced
to an even lower value. The result can be near to complete
filling, but a “seam” of low-density material invariably
remains along the centerline of the feature. This seam is
undesirable or unacceptable in many applications because it
leads to a degradation of performance, such as reducing the
electrical conductivity of copper lines in ULSI circuits, and
reducing thermal transport in MEMS devices.®*°

A different result holds when the feature width decreases
steadily with depth, which we will refer to as a “V” shape. In
this case, highly conformal coating produces high quality
filling: as the deposit on the walls thickens, the angle at the
bottom of the V remains constant and the position of the bot-
tom point moves progressively toward the opening. The cru-
cial role of the V shape has been described previously.'"'?
However, it is undesirable (and potentially infeasible) to
limit the design of nanoscale devices to structures in which
all the features have a pre-existing V shape.

To achieve robust filling in the largest variety of fea-
tures, it has long been a goal to develop superconformal
growth processes in which the film deposition rate is larger
at the bottom of the feature than it is near the opening.
Such a process will establish a V shape and slowly enlarge
the bottom angle such that seam formation is eliminated. In
this work, we show that, when a material is grown using
two coreactants, a kinetic regime exists in which the
growth is inherently superconformal, even for aspect ratios
as high as 20:1. The growth parameters can be selected to
produce a step coverage step coverage (SC)—the thickness
at the bottom of the feature divided by the thickness at the
top—anywhere from ~2 to 1. As a secondary benefit,
the present method can be used to achieve perfect confor-
mality in CVD, which is of interest for devices that require
a uniform coating. Examples include deep capacitors
in integrated circuits'> and core/shell structures for
optoelectronics.'*
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Note that superconformal growth may not be required for
the entire duration of a filling process: it can suffice to estab-
lish a V shape at the bottom of the feature, then change to
growth conditions that are highly conformal.'>"'® Such a pro-
cedure will reduce the process time if the deposition rate is
higher using the conditions for conformal coating.'®

Previous Work: At least four methods have been
employed to achieve filling of high aspect ratio features. We
summarize these methods to provide a basis for comparison.

(1) Superfill: In the CVD of copper and manganese, the
growth rate can be enhanced using a predeposited cata-
lyst (iodine), which remains segregated on the film sur-
face.'”'” As deposition proceeds, the concave regions
lose surface area and the concentration of catalyst
increases at the bottom of the feature, thus increasing the
growth rate there relative to the feature sidewalls.

(2) Electrodeposition: Liquid phase additives, which can
serve either to inhibit growth near the feature opening or
enhance growth at greater depths, have been demon-
strated. The “curvature enhanced accelerator coverage”
method?® has been developed for Cu, Au,21 Ag,22 Co
and Co-Fe," and applied for Cu metallization.”>**

(3) High density plasma CVD: Features can be filled using a
competitive process of film deposition and plasma etch-
ing.>> For example, high density plasma chemical vapor
deposition®® is suitable for aspect ratios of ~2—4.

(4) Atomic layer deposition: ALD can be used to fill or par-
tially fill structures via highly conformal coating.
Reports of nominally complete filling include SiO,/
ALO; nanolaminates in vias’’ with AR=35 and in
trenches®® with AR = 12-14; TiO, in V-shaped Si slot
waveguides;11 and AlL,O; in multiwall C nanotubes.?
Reports of incomplete filling include TiO,*° or GaP*! in
opal templates with AR ~4000 using pulsed gas
injection.

Il. APPROACH

Our new method of superconformal growth in two-
molecule CVD is based on the theory of highly conformal
coating by single-molecule CVD.*? In that regime, the film
growth rate asymptotically approaches a saturated value at
high precursor pressure. This behavior can in principle be
modeled using different assumptions about the microscopic
mechanisms, provided that they predict the observed growth
rate saturation. A typical model is that of Langmuirian
adsorption. In this model, the saturation corresponds to a sur-
face coverage by adsorbed species, or their dissociative
adsorption products, that is nearly unity. Very few adsorp-
tion sites are available to incident precursor molecules in
steady state; hence, the sticking probability is very low and
the precursor can diffuse to great depths in the structure to
be coated.

However, we can model the highly conformal or super-
conformal behavior using only the pressure dependence of
the film growth rate, without regard for a particular micro-
scopic model. When the boundary condition is assumed to
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be steady-state growth on all surfaces regardless of depth,
the diffusion-reaction equation can be solved analytically.
The calculated drop in precursor pressure from the top to the
bottom of the feature is then used to determine the SC to first
order’

OGR CpkBT

SC=1-—"2=
8]’) 2D0

(AR), (1)

where ¢ is a geometrical constant (2 for a trench and 4 for a
via), p is the atomic density of the film, and D, is the molec-
ular diffusion coefficient divided by the trench width (or via
diameter). The step coverage in CVD is always less than
unity, but can approach unity when the pressure-dependence
of the growth rate is made very small.

We now extend the diffusion-reaction equation to two-
molecule CVD systems using the same boundary condition.
A new first order solution obtains
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where A and B denote the two molecular reactants.
However, for two-molecule systems, the growth rate differ-
ential with respect to pressure need not be positive. The ex-
planation is qualitatively simple: if the growth rate depends
on the fluxes (partial pressures) of the coreactants, and is
zero if only one species 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 parentheses in Eq. (2) can be negative, in which
case the SC is larger than unity, i.e., the coating is supercon-
formal. As we will show below, that regime emerges when
the pressures of the components in the gas feed are chosen to
take advantage of different molecular diffusion rates in the
high AR feature. Note that in the Langmuirian model, the
above phenomenon results from a competition between the
two species for adsorption on the surface; the growth rate
has a maximum value for a particular ratio of fractional sur-
face coverages, and is lower for ratios on either side of that
maximum.

In two-molecule CVD, there are several reports of
decreasing growth rates versus increasing component pres-
sure: ZnO growth versus oxygen pressure at a fixed pressure
of DEZn;*® TiN growth versus TiCl, pressure at fixed NH;
pressure;>* and Si;N, growth versus NH; pressure.®” A first
order model that accounts for competitive adsorption and
reaction on the growth surface was described by Cobianu
and applied to the SiH,;/O, system, which displays a negative
growth rate differential versus SiH, pressure.’® None of
these studies, however, reported or discussed the possibility
of superconformal growth. Perfect conformality was
reported for TiN growth using high TiCl, and low NHj3 pres-
sures;34 the authors of that work attributed the result to
growth rate saturation at high TiCl, pressures, but did not
consider the role of the low NH; pressure. The theory given
here affords a general explanation.
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To demonstrate and explore superconformal coating for
two-molecule CVD, we have investigated the following sys-
tem: MgO growth from Mg(DMADB), and H,0O, where
DMADB =H;BNMe,BH;. A complete kinetic model is
reported.

lll. EXPERIMENT

The CVD system is a turbopumped, cold-wall stainless
steel chamber with a base pressure of 5 X 1078 Torr, most of
which is hydrogen.*” In-situ spectroscopic ellipsometry is
mounted at a 70° incidence angle. The Mg(DMADB), pre-
cursor is prepared in the laboratory of G.S.G.*® Deionized
water is used as the coreactant. Precursor and water are kept
in separate Pyrex containers adapted to stainless steel fit-
tings, and fed into chamber through needle valves and sepa-
rate 0.4 cm i.d. stainless steel tubes. Inside the chamber, the
inlets of these tubes point toward the sidewall of the chamber
in order to homogenize the flux, so the pressures reported are
the average values inside the chamber. The substrate is
heated radiatively by a tungsten wire mounted behind the
substrate holder. The temperature is measured with a K type
thermocouple clamped to the surface of substrate holder. For
planar growth rate measurements, the substrate is a 0.5 x 0.5
in. silicon wafer with native oxide, cleaned using standard
solvents without removing the oxide. For conformal coating
studies, we use a lithographically defined microtrench with
SiN walls, or a “macro” trench-substrate with 25 or 100 um
width and ~1 cm depth, taken from n-type Si wafer with re-
sistivity of 10-20 Q-cm, covered with native oxide, as previ-
ously described.*® Gas transport within the macrotrench is in
the molecular flow regime; hence, the results can be rescaled
to those in a microtrench with the same AR.

The refractive indices of MgO films are derived from ex
situ spectroscopic ellipsometry data acquired at incident
angles of 50°, 60°, and 70° under atmospheric pressure, and
fit to the Cauchy equation.*” The film thickness during
growth is determined from in situ spectroscopic ellipsometry
data using the derived indices and a multilayer optical
model. In calibration experiments, the film thickness meas-
ured by ellipsometry is found to be within =5% of that
determined from SEM cross-sectional images. The growth
rate is derived by dividing the thickness increment by the
time increment. The physical thickness of the MgO coating
on macrotrench is measured with RBS at different depths;
the profile is similar to that obtained from SEM cross-
sectional images. A nearly constant film density, 63% * 3%
of the bulk value, is observed for the coating throughout the
trench. The low density of the film is due to the low deposi-
tion temperature; at higher temperatures, e.g., 275°C, the
film density is ~93% of the bulk value.*' The temperature-
dependent film density is accounted for in the analytical
model below.

IV. GROWTH RESULTS

The MgO growth kinetics on planar substrates at 220 °C
have been measured to identify regimes of Mg(DMADB),
and H,O partial pressures that may afford negative growth
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Fic. 1. (Color online) Growth rate as a function of Mg(DMADB), and H,O
pressures at 220 °C, as measured with ellipsometry on Si (100) planar sub-
strates. Fitting lines are based on the kinetic equations discussed in model
section; the parameters are given in Table 1.

rate differentials with respect to pressure (Fig. 1). At partial
pressures between 0.5 and 10 mTorr, the maximum MgO
growth rate increases monotonically with increasing H,O
pressure, but the growth rate rises and then falls with
increasing Mg(DMADB), pressure. The data can be fit well
to a kinetic model (Secs. V and VI) with the parameters
given in Table 1. A significant finding is that, for a H,O pres-
sure of 3.2 mTorr, the deposition rate decreases as the
Mg(DMADB), pressure is increased above 4.0 mTorr. Thus,
under these conditions, we expect to see superconformal
growth. This expectation was confirmed by the following
experiments.

MgO growth in a 25 um wide macrotrench at 220°C is
carried out with a fixed Mg(DMADB), pressure of 7.5
mTorr, and H,O pressures of either 3.0 or 10.0 mTorr.
Growth using the higher water pressure affords a subconfor-
mal thickness profile with no coating past a normalized
depth (depth divided by the aperture width, z/d) of ~25
(Fig. 2). This is a classic CVD coating profile that leads to
pinch-off of the opening. Remarkably, using a lower water
pressure, the thickness increases with depth to a peak value
at z/d~ 18, then falls with no coating past z/d ~35. For
structures of aspect ratio <18, the coating would be super-
conformal all the way to the bottom, as desired for filling
applications. For structures deeper than this, the coating
would pinch off at z/d ~ 18 leaving a void space at greater
depths. In a microtrench with AR =9:1, for a growth time of
10 min, the same conditions afford superconformal growth
(Fig. 3, left). When deposition is continued for 20 min, the
feature is completely filled (Fig. 3, right).

TaBLE I. Best fit values for adsorption, desorption, and reaction coefficients
for MgO CVD from Mg(DMADB), and H,O at 220°C. “C” is a
conversion-factor for K, from reaction rate per site per second to film growth
rate in nm/min.

K, Kﬁ% Kglezso Kf:/({i;(DMADB)2 KI?/?;(DMADB)Z ¢
7.81 0.13 0.25 0.18 0.26 14
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FiG. 2. (Color online) Coating profiles for MgO films deposited in macro-
scopic trenches at 220°C, with P[Mg(DMADB),]=7.5 mTorr, and
P[H,O] =10.0 or 3.0 mTorr.

At a higher temperature, 300 °C, we find that superconfor-
mal growth of MgO in a feature with AR=35 can be
achieved, but a lower water pressure is required (0.05
mTorr). This result is also consistent with the analytical
model we now describe.

V. MODEL

In this section, we describe a model for surface reaction
kinetics and the diffusion-reaction equation for two-molecule
CVD systems. Taken together, these formalisms quantita-
tively fit the observed coating profiles and can be used to pre-
dict the operating parameters that afford superconformal
coating in high aspect ratio features. The model has two main
features. First, a kinetic competition between the two compo-
nents occurs on the growth surface. Second, the component
molecules have different molecular diffusivities and thus
different pressure drops down the axis of the feature.

Fic. 3. Left: SEM image of MgO coating with P[Mg(DMADB),]=7.5
mTorr and P[H,0] =3.0 mTorr for 10 min at 220 °C in a microscopic SiN/
Si trench with AR =9:1; right: SEM image of a completely filled trench af-
ter coating with the same condition for 20 min.
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A. General reaction kinetics for two-molecule CVD

The reaction pathways for two-molecule CVD are com-
plex, involving competitive adsorption, surface transport and
reaction, and byproduct removal steps. Various microscopic
models can be used to represent these kinetic steps and rates.
The key aspect, as discussed above, is that the film growth
rate exhibit a maximum at some ratio of the partial pressures
of precursor and coreactant, and therefore has a region of
negative slope versus at least one of the partial pressures.
For specificity, we choose to describe the overall kinetic
behavior using the simplest model we are aware of that
includes a term for each of the component processes, the
Langmuir-Hinshelwood formalism. This includes rate coef-
ficients that represent the equilibrium between species
adsorption and desorption, combined with the assumption
that the rate-limiting step for film growth is the reaction of
the adsorbates to afford film, volatile products, and a pair of
available surface sites. As we show below, this model fits
the experimental behavior for MgO growth relatively well,
so there is no motivation to explore alternative models. In
systems that exhibit modified trends, the microscopic model
could be modified. In all cases, the key issue is how the
steady-state growth rate depends on the partial pressures of
the two components. A very rapid variation, or limited range
of negative growth rate versus pressure, would reduce the re-
gime for superconformal growth accordingly.

The two reactant molecules A and B undergo adsorption,
desorption, and surface reaction™?

ads
kA

A+ S—A*,
kj”

ads
kB

B +S—B*,
kl(gl(’s

A+ B 5 AB 425+ P,

where S represents a surface absorption site, AB represents
the deposited binary phase, P represents a reaction byproduct
that desorbs from the surface and plays no further role, and
the asterisk indicates an adsorbed state. Atomistic details
such as the decomposition of the component molecules, and
the formation and desorption of byproduct species are
assumed to be fast and are therefore neglected. The slowest
step will determine the rate of reaction

R = k070, 3)

where 04 and 0y are the fractional surface coverages for the
adsorbed species, m and n are the reaction orders, respec-
tively, and k. is the reaction coefficient per lattice site
(in terms of formula units). When the reaction is first order
in both A and B, that is, when both m and n equal unity, and
the total fractional surface coverage is 1, the maximum
growth rate occurs when 6,4 = 0 =0.5. (The component par-
tial pressures that afford this maximum growth condition
will depend on the relative surface binding abilities of the
two components, which is described by the four kinetic
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terms k““ and k% for adsorption of A and B on surface
sites.) The present data can be fit adequately using the first-
order model, and for the rest of this discussion, we will make
this assumption. For a system that exhibits higher reaction
orders, superconformal coating can still be obtained, but the
kinetic terms in the model must be recast accordingly.

From this model, we have derived the exact solution for
the surface coverage terms as a function of the partial pres-
sures and adsorption/desorption rates of the coreactants®
(supplementary material*®). The solution is somewhat more
complex than the Langmuir—Hinshelwood equation because
the latter neglects the surface reaction rate;36 in the limit
where the reaction rate is negligibly small compared with
adsorption/desorption rates, the solutions are identical.

We have fit the experimental data for MgO growth as a
function of the component partial pressures to this model.
The best-fit rate coefficients (Table I) afford predicted
growth rates that are in reasonable agreement with the data
(both are shown in Fig. 1). These parameters correspond to
desorption energies of 0.90 and 0.96 eV for H,O and
Mg(DMADB),, respectively. This desorption energy for
H,O differs from the energy of 0.69 eV reported on clean
MgO (100) surface.** We cannot determine from the present
data whether this difference is due to the nature of the amor-
phous growth surface compared with the crystalline surface,
to different lateral interactions between neighboring mole-
cules in the mixed monolayer, or to other assumptions in the
model, but even so the agreement is not bad.

The calculated rate of reaction R per surface site is related to
the growth rate in film thickness via the factor C, defined as

C = Nqurtace/Nouik X 10'nm/cm x 60's/min. “4)

For crystalline MgO, C =15.9. If the growing film has a
lower density than the bulk, the effective value of C will be
larger than this value; if not all surface sites are available for
adsorption, then the effective value of C will be smaller than
this value. We chose to consider C as a variable parameter
along with the other adjustable parameters in the model. We
find that the best-fit value is C = 14.0. We interpret this to
indicate that not all surface sites are available for adsorption,
due to one or more of the mechanisms that are possible
under CVD growth conditions—Ilateral steric blocking by
adsorbates, slow desorption of reaction products, or site pas-
sivation. Even larger steric blocking effects are known to
occur in atomic layer deposition; hence, the best-fit C value
is physically plausible.

We will show in Sec. VI that the parameters derived from
the fits of the model to the experimental growth rate can be
used to predict the conditions that should lead to supercon-
formal growth in recessed features.

B. Diffusivities and pressure drop relationship

Transport of molecules of both coreactants inside a deep
feature occurs by molecular (Knudsen) flow, i.e., the diffu-
sivity of each component is determined by wall collisions
and is independent of the partial pressure.*’ For depths less
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than 3—4 times the width, the predicted flux is different when
calculated using a diffusion model versus a ballistic transport
model, due to directional flux in and out of the opening.*® It
is possible to rescale the diffusion coefficient to correct for
this effect'® but we will not rescale here because we are con-
cerned with superconformal growth at greater depths, where
the diffusion equation is accurate.
In a rectangular trench in steady state

J
/(6]
A,B 2R
== 5
T 5)
D;* ap
Tap(@) == (©)

where J(z) is the flux as a function of depth z, D, is Knudsen
diffusivity, R is the reaction rate on the sidewalls, and d|, is
the width of the trench. The reaction consumes the compo-
nent molecules at a fixed ratio p4/pp, which is merely the
stoichiometric ratio of the reaction. For our Mg(DMADB),/
H,O system, this ratio is 1. Therefore, the ratio of pressure
drops is a constant everywhere inside the feature

OPa _Pa D—E. 7
(9PB PB Dk

On a plot with axes P4 and Ppg, the pressures of the two
components as they change down the axis of the trench will
trace out a straight line, beginning with the partial pressures
outside of the feature and ending with those at the bottom.

For the MgO CVD system, Eq. (2) requires values for the
diffusion coefficients for the reactant molecules and the den-
sities of Mg and O atoms inside the film. In molecular flow,
the diffusivities of the two molecules are inversely propor-
tional to the square root of their molecular masses, hence

Mg(DMADB),
D;*°/D; el h = \/MMg(DMADB)Z/MHZO- ®)

Interestingly, fits to data (below) afford significantly
lower values of the diffusivity than predicted from simple
theory. Most likely, wall adsorption adds a residence time to
the flight time for transport. For the MgO system, the ratio of
experimental diffusivities, 4.5, is slightly larger than the ra-
tio of 3 given by Eq. (8). The stoichiometry ratio for MgO is
unity. Therefore, the Mg(DMADB), partial pressure drops
4.5 times more rapidly with depth than does the H,O partial
pressure.

For the majority of oxide, nitride, or carbide CVD sys-
tems, the metal-containing precursor has a significantly
larger mass than that of the coreactant. The resulting large
difference in the molecular diffusivities of the two coreac-
tants is what makes it possible to find conditions favorable
for superconformal growth, as we show next.

C. Prediction of conformality

The regime of superconformal growth can be represented
graphically. The equilibrium adsorption coefficient*? for
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each component, K, is equal to the ratio k***/k%. On a plot
of the growth rate with axes K3'P, and Kj'Pp, the pressures
of the two components as they change down a recessed fea-
ture will trace a straight line. The line has a slope of
K p D8 /Ky pgD?t and the peak growth rate occurs along
the diagonal where 0, = 0p. (The reaction rate constant k,
has a symmetric effect on the surface coverage of A and B
molecules and does not influence this slope.) Provided that
the slope of the line describing the pressure drop in this plot
is not unity, superconformal growth is possible if the partial
pressures of the component species in the gas feed are cho-
sen correctly.

In the two-component CVD reaction, let us define species
A to be the component that diffuses the most rapidly (for
example, because it has the lower molecular mass). The par-
tial pressures of the components outside of the trench open-
ing, P,* and P°, are set experimentally via the gas injection
rates. We will consider three cases, corresponding to points
(1)—(3) in Fig. 4(a). In case (1), K/‘;”PAO is much smaller than
K5'Pg% in case (3) KP4 is equal to K} P and case (2)
is intermediate between cases (1) and (3). In the plots of how
K3'P, and K3'Pp evolve down the trench, the three cases
trace separate parallel lines that correspond to different var-
iations in the growth rate [Fig. 4(b)]. Case (1) is predicted to
afford conformal coating. Although the drop in partial pres-
sures does move toward the line of equal surface coverage
(04=0p), in a deep feature component A becomes ex-
hausted, which reduces the growth rate (0, + 0p falls below
1). Note that for a finite AR—such that A is not fully ex-
hausted—these conditions can give excellent conformality.
Case (3) gives bad conformality because the drop in partial
pressures is away from the 04 = 05 line, so the growth rate
falls rapidly. Case (2) affords superconformal coating from
the starting point to the depth at which the partial pressures
cross the 64 =0p line. Therefore, the aspect ratio must be
chosen so that the pressures never move past the diagonal.

Substrate temperature affects the regime of superconformal
coating primarily through the temperature dependence of the
equilibrium adsorption coefficients, K°/, and secondarily
through the molecular diffusivities. The latter may include a
wall adsorption term (next section) that enhances the tempera-
ture dependence over that predicted by the kinetic theory of
gases. Therefore, the slopes of the lines in the K{P4 vs K3’ Pp
plot change with temperature. In addition, the scale factor C
will be temperature dependent (because of the changing film
and surface site density) and must be accounted for. Each
precursor-film system will exhibit a different regime of super-
conformality depending on the kinetic coefficients of the spe-
cies involved. In general, higher temperatures will narrow the
process conditions in which superconformal growth can be
achieved because the higher growth rate increases the deple-
tion of reactants within the structure.

VI. ANALYSIS AND DISCUSSION
A. Effect of wall adsorption on the diffusivity

The diffusion coefficient in the trench can be determined
by comparing the actual and calculated pressure drops. For
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Fic. 4. (Color online) (a) Graphic presentation of two-molecule CVD
growth rates, with pressure drop profiles (starting from three different pres-
sures) given as yellow broken lines. Relative rates are indicated by the color
bar at right. (b) Growth rate along the three different pressure drop lines as a
function of Kj’Pp, with starting pressures at the three different points in (a).

steady-state growth, the continuity equation relates the mo-
lecular flux J(z) to the integrated growth rate GR below that
depth

L
J(z) = J GR(z)pdz, )
where L is the trench depth, chosen large enough that the
coating thickness tapers to zero before the bottom. We ana-
lyze the MgO growth profile of Fig. 2, for a H,O pressure of
3.0 mTorr. At the growth temperature of 220 °C, the atomic
density is 3.4 x 10** at/cm?®, which is 63% of the bulk value
[it is 93% for growth at 275 °C (Ref. 41)]. The stoichiometry
of MgO is measured to be 1:1, hence, the consumption rates
of Mg(DMADB), and H>O on the walls at any particular
depth are always equal. Integrating from the bottom
up affords the profile of flux down the axis of the feature
[Fig. 5(a)].

Fick’s law relates the flux to the pressure profiles of each
component. The bottom boundary condition is zero pressure
for the component that is fully depleted, the Mg(DMADB),
precursor in this case. For the component that is not fully
depleted, H,O in this case, the bottom boundary condition is
a zero pressure gradient. Integrating the flux profile from the
bottom up affords a prediction of the pressure that must exist
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at the trench opening. However, inserting the Knudsen diffu-
sivity affords a predicted pressure, which is smaller by a fac-
tor of ~10 than the experimental pressure. These values can
be brought into agreement [Fig. 5(b)] by assuming that the
molecular components adsorb on the walls, which adds a
characteristic residence time 7, to the flight time*’ and
reduces the diffusivity (for H,O, the residence time is esti-
mated through the known starting pressure, the flux profile,
and the best fit to the coating profile)

d2
7d .
3 < + ‘L'())
1%

We obtain a best-fit for residence times of 2.5 x 10~° and
5.6 x 107 s for Mg(DMADB), and H,O, respectively. If we
further assume that the prefactor for desorption*” is 10" s !,
then these residence times correspond to binding energies of
about 0.72 and 0.66 eV, respectively. For H,O, the estimate is
comparable to the value of 0.69 eV determined by tempera-
ture-programmed desorption** for desorption on MgO(100),
which lends credence to the postulate of wall adsorption.

We note, for completeness, that the angular distribution
of emission events from the wall can also modify the value
of the diffusivity via the mean transport distance. This distri-
bution is usually assumed to vary as the cosine with respect

D = (10)
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FiG. 5. (Color online) Calculated molecule flux (a) and pressure distributions
(b) for MgO coating in a macrotrench at 220°C with P[Mg(DMABD),]
=7.5 mTorr and P[H,0] = 3.0 mTorr.
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to the normal, but could be different due to steric hindrance.
Specific data on this distribution are not available for our
conditions, so we retain the standard result based on the co-
sine function.

Combining the pressure distributions of the two
components with the kinetic model for growth affords a
simulated coating profile in excellent agreement with experi-
ment (Fig. 6).

B. Relationship between GR, AR, and SC

The relationship between the aspect ratio, step coverage,
and growth rate can be determined from an analytical
approximation’ as follows. For superconformal coating, the
pressure at the bottom of the feature must not fall below the
value for the peak growth rate [Figs. 2 or 4(b)]. This mini-
mum pressure can be determined experimentally from
growth rate measurements on planar substrates. In the
trench, the pressure drop down the axis is calculated by
means of the diffusion equation. In principle, this equation
must be solved numerically because the growth rate depends
in a complex manner on the component pressures. However,
for aspect ratios up to ~20:1 and well-chosen operating con-
ditions, the variation on growth rate is observed experimen-
tally to be nearly linear between the trench opening and
bottom (Fig. 7); this is because the growth conditions are not
too far from being perfectly conformal. If the growth rate is
assumed to be linear with depth and defined by the slope s:

GR(z) = GRO(l +5x d%)

GR; — GRy 1
= —X
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FiG. 7. (Color online) Simulated coating profiles using the growth rate equa-
tion (Subsection V A) and diffusivities (Subsection VI A) with Mg(DMADB),
and H,O pressures of 7.5 and 3.4 mTorr, respectively, for trenches of
AR =10, 15, 20, and 25 (broken lines).

where L is the trench depth.

The diffusion equation can now be solved analytically,
such that the slope s is self-consistent, to relate the AR, SC,
GRy, and AP from top to bottom of the trench

SC 1
=+ 6) ckTp, sGRy

AR)*, 13
DY ds (AR) (13)

APyp = (

where SC =GR;/GR,, and ¢ is a geometrical constant, as
discussed in the Introduction.’
If the growth rate differentials as a function of the partial

where s = R GR." (11) pressures are nearly constant for a certain pressure regime,
0 then the following approximation holds:
The gas phase boundary conditions are GR(Ps — AP, Py — APy, T)
OGR OGR
DapdPy, =GRy — —— APy, — ——APp. 14
Psp(0) = Pagpo and —ABTAB = —ps3GR(L), O op, A opg T 8 (14)
KT dx |,
(12) Then, the step coverage is
1 OGR 1 OGR
SC=1-————-AP4———APp. 15
20 GRyoPy " GRooPy— "° (15)
= Substituting (13) into (15) for AP, and APy affords
£ 151
& OP4 D% /dy = OPg D5 /d
2 1.0
= SC 1
% x (— + —) ckT(AR)*. (16)
= 3 6
E 0.5
o After being rearranged, the equation for SC is
u 0.0 T T T T T v T v T v 1
0 10 20 30 40 50 M
_ 6
z/d SC = 1 +M’ 17)
Fic. 6. (Color online) Comparison between simulated coating profile (solid 3

red line) and experiment (solid black squares), for MgO macroscopic trench
coating with P[Mg(DMABD),]=7.5 mTorr and P[H,O]=3.0 mTorr, at
220°C.

_ (9GR _p IGR _p, 2
where M = (W Dﬁ?dn 6_PBD§7d0) CkT(AR) .
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This equation predicts the value of SC for a given set of
P4, Pp, and T conditions, assuming that the growth rate
change inside the trench is linear with respect to depth
(which is valid according to our data for MgO), and the GR
differential with respect to either partial pressure is relatively
constant. (It is of course possible to violate these assump-
tions; the point is to gain insight that applies to a useful
range of conditions.) When the M factor—the combined
effect of the growth rate differentials—is negative, then the
SC is >1 and the coating is superconformal. When the M
factor is nearly 0, SC is close to 1 and Eq. (16) reduces to
Eq. (2).

The relationship given by Eq. (13) can be combined with
the best-fit parameters for MgO growth at 220 °C (Table I)
to construct two parametric plots. For a given set of starting
pressures, one plot can be used to determine the maximum
AR that can be coated superconformally [Fig. 8(a)], and to
determine the SC that is possible for this AR [Fig. 8(b)]. If
the actual AR is larger than this maximum value, the precur-
sor pressure will drop past the growth rate maximum, hence
the film thickness will peak and then start to decline before
the trench bottom. If the actual AR is smaller than the maxi-
mum, the pressure drop will be smaller and the step coverage

(a AR

— N W N gl o~

P[Mg(DMADB),| (mTorr) =

O0 2 4 6 8 10
P(H,0) (mTorr)
(b) SC
Tt
S
= 6
= 5
4]
a 4
3
=
e 2
= 1
A GO 2 4 6 8 10

P(H,0) (mTorr)

Fic. 8. (Color online) (a) Aspect ratio (AR) and (b) step coverage (SC) for
trench coating with various Mg(DMADB), and H,O pressures that can
afford superconformality, using simulated growth rates for MgO at 220°C.
For each Mg(DMADB), and H,O pressure combination, the maximum as-
pect ratio of the trench that can be superconformally coated is given by the
left figure, then the corresponding step coverage is determined by the corre-
sponding point in the right figure.
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will be less superconformal. These plots, accurate to first
order, provide clear guidance about the coating profile that
can be achieved.

When superconformal coating conditions are used to fill a
deep feature, the aspect ratio AR increases with time as the
coating builds up on the sidewalls. It may be necessary to
adjust the component pressures according to the AR chart. A
detailed process model could be developed to simulate the
evolution of the coating profile in conjunction with the
superconformal growth rate behavior. Alternatively, it may
suffice to employ superconformal conditions only long
enough to establish a V shape on the sidewalls, and then to
use conditions that have SC ~ 1.

A potential complication not discussed above is the possi-
bility that reaction byproducts are not inert, but can adsorb or
decompose on the film growth surface. The partial pressure of
byproducts can readily be calculated from the steady-state dif-
fusion equation based on the measured film thickness profile
(growth rate); the partial pressure increases rapidly with AR.
Reversible adsorption would contribute site blocking and
reduce the film growth rate; decomposition would change the
surface reactivity, likely reducing the growth rate, and intro-
duce unwanted elements (impurities) into the film composi-
tion. The systems studied to date achieve superconformal
coating in reasonable agreement with the theory presented
here and are stoichiometric with low impurity content. These
observations suggest that byproduct adsorption does not play
a significant role. Although some candidate systems might
suffer from byproduct reactions, we expect that the supercon-
formal growth method will be applicable to a broad portfolio
of useful systems.

VIl. SUMMARY AND CONCLUSIONS

We demonstrate that superconformal thin film coatings
can be achieved for two-component CVD systems, most sim-
ply by supplying a gas feed in which the more slowing diffus-
ing (more massive) molecular coreactant is in excess. This
phenomenon arises from competitive adsorption behavior on
the film growth surface and the difference in Knudsen diffu-
sivities between the coreacting molecules. Superconformal
MgO growth using Mg(DMADB), and H,O is demonstrated.
Kinetic data are obtained from growth rate data on planar
substrates and film thickness profiles on macrotrench sub-
strates. A predictive theory for superconformal coating is
derived based on a kinetic model for growth in combination
with diffusive transport in a deep feature. The diffusion coef-
ficients are modified favorably by adsorption of the compo-
nents on the sidewalls. Finally, we derive an analytic
relationship between the starting pressures of the coreactants,
the feature aspect ratio, and the step coverage for supercon-
formal growth.
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