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Spatial atomic layer deposition (ALD) is a promising technology for high deposition rate and
high-throughput ALD that can be used for roll-to-roll and large-area applications. In an ideal
spatial ALD reactor, the design of the injector should be tuned to the deposition kinetics of the
ALD reaction, requiring an in-depth knowledge of the dependencies of the growth per cycle (GPC)
on the main kinetic parameters. The authors have investigated the deposition kinetics of spatial
ALD of alumina from trimethylaluminum and H,O at atmospheric pressure. A kinetic model was
developed, which describes the growth per cycle as a function of the main kinetic parameters. The
observation of a |t time dependency in the GPC indicates that precursor diffusion to substrate is
rate limiting. Next to a fundamental insight into the kinetics of atmospheric pressure spatial ALD,
this model can be used for design optimization of new spatial ALD reactors. Furthermore, the
model shows that the maximum alumina deposition rates obtainable with spatial ALD are in the

order of several nm/s. © 2013 American Vacuum Society. [http://dx.doi.org/10.1116/1.4756692]

. INTRODUCTION

The last few years have seen major progress in the devel-
opment of spatial atomic layer deposition (ALD)." Whereas
for conventional ALD the precursors are dosed one by one,
separated in time by a purge or pump step, in spatial ALD
the precursors are dosed simultaneously and continuously,
but separated in space. The main advantages of spatial ALD
are the high deposition rate that can be achieved (nm/s for
alumina,2 as compared to ~nm/min for conventional ALD),
the possibility to conduct atmospheric pressure deposition,
and the absence of parasitic deposition in the reaction cham-
ber. One of the first industrial applications exploited today
for spatial ALD is surface passivation of crystalline silicon
solar cells,3f5 and new applications, such as encapsulation,
diffusion barriers, and roll-to-roll processing, are emerging.'

Figure 1 shows a schematic drawing of a typical spatial
ALD reactor, containing an injector with precursor inlets
and a moving substrate. Between and around the precursor
inlets are gas-bearing inlets that act both as a diffusion bar-
rier between the precursors and as a bearing between the in-
jector and the substrate. The deposition rate of a spatial ALD
reactor depends on the precursor exposure time (defined as
the time a fixed point on the substrate is being exposed to a
precursor) and the reaction rate. The latter is a function of
deposition temperature, precursor partial pressures, surface
site density, etc., culminating in an equilibrium reaction rate
giving rise to the key-parameter in ALD, being the growth
per cycle (GPC). The exposure time is determined by the
geometry and dimensions of the spatial ALD injector, in
conjunction with the relative movement speed of the
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substrate with respect to the injector. In an ideal spatial ALD
reactor, the precursor exposure times, determined by the
design of the injector, should be optimized to the deposition
kinetics of the ALD reaction, in order to not only avoid
unnecessary long cycle times (decreasing the net deposition
rate) but also avoid nonuniform deposition due to the varia-
tions in precursor partial pressure, gas flows, and exposure
times. So, an in-depth knowledge of the ALD reaction
kinetics is essential for optimizing the design of new spatial
ALD reactors.

With this purpose in mind, we have investigated the depo-
sition kinetics of spatial ALD. As a model system, the trime-
thylaluminum (TMA) and H,O process to form alumina was
used. The GPC as a function of the main kinetic parameters
(temperature, precursor partial pressures, and exposure
times) has been experimentally determined, down to very
short exposure times. A kinetic framework model has been
developed, which is used as a tool to analyze the experimen-
tal data, resulting in a descriptive model of the alumina spa-
tial ALD reaction. This model is validated by comparison
with experimental data obtained with an injector with differ-
ently sized precursor inlets. Furthermore, the model will be
used to get an estimate of what the maximum obtainable
deposition rate of spatial ALD can be.

Il. EXPERIMENT

All experiments described in this work were performed
on a rotary spatial ALD reactor, described in detail in Ref. 2.
The separate reaction zone inlets are incorporated in a round
reactor head, surrounded and separated by gas-bearing
planes [Fig. 2(a)]. Narrow slits in the inlets deliver the reac-
tive gasses to the substrate. The reactor head is mounted on
top of a rotating substrate table [Fig. 2(b)]. The gas bearing

© 2013 American Vacuum Society 01A108-1
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Fic. 1. (Color online) Schematic drawing of a spatial ALD reactor, where
the precursor half-reaction zones are separated by gas bearings. By horizon-
tally moving the substrate back and forth underneath the reactor, the two
half-reactions will take place subsequently, forming an ALD monolayer.

is formed by flowing pressurized N, through small holes
(0.2 mm diameter) located on the gas-bearing surface. When
placed over the substrate, a gap between the substrate and
the gas-bearing planes of ~20um is formed. The corre-
sponding gap height between the substrate and the inlets is
~200 um. The entire construction is mounted in a convec-
tion oven, capable of heating up to 400 °C.

The injector contains two sorts of inlets [Fig. 2(a)]; long
inlets being 45 mm long and 10 mm wide with their center at
a radius of 37 mm, used for larger deposition areas, and short
inlets being 15 mm long, 7mm wide with their center at a
radius of 43 mm. Unless stated otherwise, the short inlets
were used in this work.

In situ reflectometry was used to measure the film thick-
ness during deposition. A Laytec EpiTT reflectometer (Lay-
tec AG, Berlin, Germany) was used for this purpose, with a
405 nm wavelength light beam being reflected perpendicular
from the substrate. Because of thin-film interference, oscilla-
tions in the reflected intensity will occur from which the film
thickness, and consecutively the deposition rate, can be cal-
culated by fitting the reflected intensity to an optical model.
Though not as accurate as ellipsometry, reflectometry is a
fast-response technique, which is important when using very

Gas bearing
. ¥ Reactive
H,0 inlet <— Exhaust “— gasses
] [ R
b4 head
|
Ly Substrate
Substrate
— » table
Hole for 24— ] I =
reflectometry TMA inlet Y
beam o 'inlet b - Oven

FiG. 2. (Color online) (a) Schematic drawing of the bottom side of the spatial
ALD reactor head, where the TMA (orange) and water half-reaction zones
(blue) are integrated into inlets surrounded by exhaust zones and gas-
bearing planes (green). Two sizes of inlets can be used for different deposi-
tion areas. A hole was placed in the injector to allow for a light beam to be
reflected from the substrate in order to conduct in situ film thickness meas-
urements with reflectometry. (b) Schematic drawing of the reactor. The reac-
tor head and rotating substrate table with the substrate in between are placed
in an oven. The substrate table is rotated by a servo-motor, connected by a
drive shaft. The process and waste gas lines are connected to the reactor
head through an opening in the top of the oven.
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short cycle times. Additional ex sifu calibration of the data
was however done by spectroscopic ellipsometry. The reflec-
tometer light beam was positioned at a radius of 40 mm.

All processes were performed at atmospheric pressure.
Deposition temperatures were varied between 90 and
250°C. TMA (Akzo Nobel HPMO, semiconductor grade)
and deionized water were used as precursors, being supplied
by bubblers, where the partial pressures of both precursors
was set by setting the bubbler temperature (setting the vapor
pressure), the flow through the bubbler, and the dilution
flow. The total volume flow in all cases and for both precur-
sors was 1 slm per inlet, and partial pressures of 1-10 mbar
for TMA and 10-120 mbar for water were used. A 150-mm
diameter, 0.7 mm thick, double-sided polished Si (100) wa-
fer was used as substrate. The exposure time can be calcu-
lated by

t=W/2mrv, (1)

with W is the width of the precursor inlet, r is the radius where
the film thickness is being measured, and v is the rotation fre-
quency. The maximum rotation frequency used is 50 Hz, cor-
responding to a minimum exposure time of 0.56 ms for both
the TMA and water inlets.

lll. KINETIC MODEL

There are many examples in literature on modeling of the
ALD deposition reaction, ranging from first-principle studies
on precursor—substrate interactions, geometric analyses, to
mechanistic kinetic models.®’ However, all of them concern
conventional ALD at low pressure. In this section, a kinetic
framework is developed for the spatial ALD reaction at
atmospheric pressure, which will be used as tool to analyze
the experimental data.

Consider a typical four-step ALD reaction consisting
of (I)—adsorption of precursor A onto the substrate, (II)—a
purge step, (II)—adsorption of precursor B onto the sub-
strate, and (IV)—the second purge step. Because of the na-
ture of the ALD reaction, the reaction Kkinetics can be
described by a number of discrete, separate rate equations,
one for each reaction step. The total deposition rate is then
given by some combination of all rate equations. Each reac-
tion step can be described in terms of the surface coverage 0,
giving the number of surface sites covered by precursor mol-
ecules, normalized by the total number of available surface
sites. It is a function of temperature, precursor partial pres-
sure, and the reaction time, or

0 =0(T,p,1). )

Equation (2) for each reaction step can be obtained by solv-
ing the rate equation of each individual reaction step: the net
uptake of precursor A in reaction step (I), the remainder of
A after possible desorption in step (II), the net uptake of pre-
cursor B in step (III), and the remainder or B after possible
desorption in step (IV). The total amount of deposited mole-
cules in one reaction cycle M is then given by
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M = [SQ] 0, + [S]] 0, = [So] 0, + [SQ] 0,0,, 3)

with 0, and 0, the net surface coverage of precursors A and
B after step (I) and (II), and (IIT) and (IV), respectively, and
[So] and [S,] the number of available surface sites at the be-
ginning of the cycle and after steps (I) and (II), respectively.

Equation (3) implies that the total molecular uptake per
cycle depends on the starting condition regarding available
surface sites. In other words, the surface termination of the
substrate (either A-terminated, B-terminated, or some mixture
of the two) would determine the GPC. This is indeed true for
the first few cycles, but after a certain number of cycles, the
molecular uptake per reaction step reaches a constant value at
fixed temperature-, partial pressure-, and exposure time val-
ues, as shown by Park et al.® This corresponds to an expres-
sion for the GPC in terms of 0; and 0, according to

GPC = GPCyy(010,)/ (0 + 05 — 0,0,), (4)

with GPCg,, the saturated GPC, obtained after long exposure
times.

As a case example, a simple adsorption reaction is dis-
cussed, where a precursor A adsorbs on and desorbs from a
substrate with surface sites S. The reaction equation is given by

S + A < SA, )

with k, and k; the reaction coefficient for the forward
adsorption and backward desorption reaction, consecutively.
The rate equation for reaction (5) is given by

O[SA]/ 0t = ka[A][S] — ka[SA], (6)

with [SA], [A], and [S] the concentrations of the SA, A and
S, respectively. In Eq. (6), [A] can be substituted by the pre-
cursor partial pressure, and the entire equation can be rewrit-
ten in terms of surface coverage, with [S]=[S,] — [SA] and
Osa = [SA/[Sol, giving

00sa /0t = kapa(1 — Osa) — kg Osa, (7

with p, the partial pressure of precursor A. The solution to
Eq. (7) is

Osa = Kpa/(1+Kpa)(1 —exp[—(kapa +ka)t]),  (8)

with K p4/(1+K p,) the Langmuir isotherm and K = k,/k,,
where the reaction coefficients contain the temperature de-
pendency via the Arrhenius relation k =A exp[—E,/kT].

As a more complex example, reaction (9) is considered,
where after the adsorption step, a consecutive reaction takes
place to form SB, the reactive site for the next half-reaction

S+ A — SA,

SA — SB, ©))
with k; and &, the reaction coefficient for the first and second
reaction, consecutively, where desorption is ignored for sim-

plicity. The rate equation and solutions are given by
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00sa/0t = ki pa(1 — Osa — Osg) — k» Osa,
00sp /0t = ky Osa, (10)
Osg = 1 — (k1 pa)/ (ki pa — ka) exp[—ka 1]
+ ky/(ky pa — k2) exp[—ky pat]. (11)

Now, in this example, two exponential terms appear.

Many more, and more realistic, reaction schemes can
be considered. For instance, Ref. 9 shows that TMA can
adsorb and consecutively undergo several reactions, form-
ing dimethyl-aluminum, monomethyl-aluminum, and non-
methylated aluminum moieties, each with its own reactivity
toward water. Including all these reaction steps in the rate
equation can make it very challenging to find analytical sol-
utions. However, it can be stated that the surface coverage
function can be given in general terms by

G/QSM =1- Z“GXP[_f(PaTa t)]a (12)

with o being a term depending on temperature and precursor
partial pressure, and f a function of precursor partial pressure,
temperature, and exposure time. The number of exponential
terms in the summation is given by the number of elementary
reaction steps [e.g., 1 in Eq. (8) and 2 in Eq. (11)]. Though, it
can be assumed that one of all possible reaction steps is rate
limiting, so that Eq. (12) can be approximated by a single ex-
ponential term describing the rate-limiting reaction kinetics.

If solutions of Eq. (12) are substituted in Eq. (4), a quite
elaborate equation is obtained. As a consequence, fitting this
equation to experimental data is problematic, as no unique
solutions for €, and 0, can be obtained. However, in can be
assumed that under given conditions, the reaction rate of one
half reaction is lower than the other and can be considered to
be rate limiting. For instance, if 6; < 0,, 0, is rate limiting
(Orp) and Eq. (4) reduces to

GPC ~ GPCSm 9RL> (13)

with Ogp the surface coverage function of the rate-limiting
half-reaction.

Now, with these assumptions in mind and according
to Eq. (12), the function f(p,T,t) can be obtained from the
experimental data by calculating

f(p,T,t) = In[l — GPC/GPCygy]. (14)

The dependencies of f on p, T, and ¢ can be investigated
experimentally, to obtain a kinetic model to describe the
ALD process.

IV. RESULTS AND DISCUSSION
A. Results

Figure 3 shows the GPC of alumina as a function the par-
tial pressure of TMA and H,O, respectively, measured at a
fixed exposure time of 6 ms and a deposition temperature of
200°C. It shows behavior as expected for a self-limiting
ALD reaction; at a certain partial pressure, the GPC saturates
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Fic. 3. Alumina growth per cycle as a function of the TMA partial pressure
(a) and water partial pressure (b) at an exposure time of 6 ms and a deposi-
tion temperature of 200 °C. The data were fitted by the Langmuir isotherm
Kp/(1 + Kp), with K =9.45 and 0.55 mbar~" for (a) and (b), respectively.

and using higher partial pressures has minor effects on the
GPC. The data were fitted by the Langmuir isotherm: GPC/
GPC,,.=Kp/(1+Kp), with K the Langmuir adsorption
constant being 9.45 and 0.55 mbar~!' for TMA and water,
respectively. Apparently, the water half-reaction has a higher
activation energy than the TMA half-reaction, leading to a
lower value of K. As a compensation, much higher water
partial pressures are required to obtain self-limiting behav-
ior. For the remainder of the investigation, the TMA and
water partial pressures were set at sufficiently high values to
make sure the self-limiting regime was obtained (i.e., 5 mbar
for TMA and 100 mbar for H,O).

Figure 4 shows the GPC as a function of TMA/H,0O expo-
sure time for deposition temperatures of 150, 200, and
250 °C. A considerable number of data points were measured
at very short exposure times in the undersaturated regime.
Although this is not considered to be the optimum ALD con-
dition, this part of the GPC curve provides much information
about the reaction kinetics. The GPC shows behavior as
expected of ALD: a rapid increase of thickness with time,
after which the GPC saturates as a result of the self-limiting
behavior of ALD. Note that the GPC reaches its saturation

J. Vac. Sci. Technol. A, Vol. 31, No. 1, Jan/Feb 2013
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FiG. 4. (Color online) Growth per cycle as a function of TMA/H,O exposure
time for deposition temperatures from 150 °C to 250 °C, at precursor partial
pressures of 5 mbar for TMA and 100 mbar for H,O.

value already at very short exposure times, in the order of a
few tens of milliseconds. At the shortest obtainable exposure
time (0.55 ms) at 200 °C, the GPC is already half the satura-
tion value. Furthermore, it can be seen that at lower deposi-
tion temperatures, longer exposure times are required to
reach the saturated value of the GPC.

Figure 5(a) shows In(1 —GPC) versus the TMA/H,O
exposure time, following the analysis described in Sec. III. No
linear relationship is obtained; however, Fig. 5(b) shows that
[In(1 — GPC)]2 versus the TMA/H,O exposure time does show
a linear relationship, indicating that Eq. (12) can be written as

GPC/GPCyy = 1 — exp[—a/t]. (15)

We were able to fit all our experimental data to Eq. (15)
using only a as fit parameter, where a contains the tempera-
ture dependence of the GPC. It can be assumed that the tem-
perature dependence of a can be described by an Arrhenius
relation, being a =A exp[—E/RT], with A a pre-exponential
factor, £ an activation energy, R the gas constant, and 7T the
deposition temperature in Kelvin. Figure 6 shows the Arrhe-
nius plot of @ vs 1/T. From this plot, A is determined to be
397s ' and E/R =1250.5K.

From the experimental data and the kinetic framework,
we have now obtained a descriptive model of the GPC as a
function of precursor exposure time, at sufficiently high pre-
cursor partial pressures. This model was validated using a
longer set of precursor inlets as discussed in Sec. II. These
inlets are longer in order to get deposition on a larger area.
All partial pressures and volume flows were kept the same as
for the short inlets, meaning that volume flow divided by the
inlet is approximately four times less. To exaggerate possible
nonuniformity effects, a high rotation frequency was used
(10Hz) at which a radial gradient in thickness is expected
due to the radial variation in linear velocity and precursor
exposure time. Figure 7 shows the experimentally obtained
radial GPC variation, as measured by ellipsometry, and the
expected GPC calculated from the model. It can be seen that
at lower radii, the model slightly overestimates the actual
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Fic. 5. (Color online) Analysis of the experimental data according to the ki-
netic model at precursor partial pressures of 5 mbar for TMA and 100 mbar
for H,0. (a) In(1 — GPC) vs TMA/H,O exposure time where no linear time
dependency is observed. (b) [In(1 — GPO)J? vs TMA/H,O exposure time.

GPC, which is likely caused by the lower net volume flow.
However, the trend is accurately described up to larger radii,
where the experimental GPC deviates more, with lower val-
ues than predicted by the model. This effect can be attributed

37 T T T T T T

364 Slope =-1250.5| |

Intercept = 5.98

1.9x10° 2.0x10° 2.1x10° 2.2x10° 2.3x10° 2.4x10°
1T (K")

Fic. 6. Arrhenius plot of the fit parameter @ vs 1/T. A is determined to be
3975 and E/R = 1250.5K.
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FiG. 7. (Color online) Experimentally obtained radial GPC variation for the
elongated precursor inlets, and the expected GPC calculated from the model.
At lower radii, the model slightly overestimates while the trend is accurately
described. At larger radii, the experimental GPC deviates more to lower val-
ues than predicted by the model, likely to be caused by the presence of the
exhaust at a position of 45 mm.

to the presence of the exhaust at a position of 45 mm, leading
to slightly lower effective precursor exposure times. If the
model would be used in a combination with finite-element
modeling including all flows and pressure gradients, it is
very likely that these kinds of effects can be explained by
the kinetic model as well.

The model can also be used as input for injector design
and optimization. As an example, the required dimensions
and geometry of a spatial ALD injector to obtain a desired
deposition rate can be calculated from the model. Further-
more, an estimate can be made on what the maximum
obtainable deposition rates for spatial ALD can be. These
can be calculated from the minimum required cycle time to
obtain the desired level of saturation. A complete saturated
reaction requires longer cycle times than when a slight
undersaturation is allowed, leading to lower deposition rates.
However, the properties of the film can be influenced by the
level of saturation as well. Figure 8(a) shows the minimal
precursor exposure time needed to obtain a certain level of
saturation as a function of deposition temperature, calculated
with the model, where 99% means GPC=0.99 GPC,,.
From these numbers, the maximum deposition rate can be
estimated, for instance, by assuming that the cycle time is
four times the calculated minimum exposure time (once for
TMA, once of H,O and twice for the purge), dividing the
GPC by the cycle time, as shown in Fig. 8(b). It can be seen
that, depending on the deposition temperature and the
allowed level of saturation, the maximum deposition rate
will be in the order of one to several nm/s. If multiple slot-
pairs would be combined in-line, the net deposition rate can
be even increased accordingly.

B. Discussion

The ¢ relationship in the exponential term of Eq. (15) is a
bit surprising, as it does not automatically follow from the
rate equations as described previously. However, there are
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Fic. 8. (Color online) (a) Minimal precursor exposure time needed to obtain
a certain level of saturation as a function of deposition temperature, calcu-
lated with the model, where 99% means GPC = 0.99 GPCy,,. (b) The maxi-
mum deposition rate as a function of deposition temperature, calculated
from (a).

several, well-known phenomena where f-dependencies are
observed. First, the thickness of a laminar boundary layer
that is formed when a gas flows along a surface is propor-
tional to 1/,v, with v the flow velocity of the gas, which cor-
responds to a \¢-dependency.'® The thickness of boundary
layer is known to influence mass and heat transport to and
from the substrate,!! as was, for instance, also shown by
Mousa et al.'* for ALD at atmospheric pressure. However,
because of the narrow gap between the injector and the sub-
strate, a Poiseuille flow is more likely to form then a laminar
boundary layer. Furthermore, due to the rapid movement of
the substrate with respect to the injector, the Poiseuille flow
will be perturbed by viscous drag, resulting in a so-called
Poiseuille—Couette flow regime,' that might for instance
drag along nitrogen from the gas-bearing underneath the pre-
cursor inlets. This effect would be most pronounced at high
substrate rotation velocities, thus at short exposure times.
However, the t-dependency has been observed for all expo-
sure time ranges, including long exposure times.

Another phenomenon where |t-dependencies are observed
is in the cases of diffusion limited mass transport, for
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example, dendritic crystal growth."* In the case where there
is a flux of precursor molecules toward a substrate
(=deposition) and there is a constant supply of precursors at
a given distance from the substrate (e.g., the inlet), solving
Fick’s laws of diffusion gives a time-dependent concentration
gradient, where the concentration (or partial pressure) p at
each point varies as p(f) X pined(Df) with D the diffusion
coefficient.' In the rate equations [e.g., Eq. (7)], it is actually
the interface partial pressure that needs to be used instead of
the inlet partial pressure. Solving the rate equation with the
properly substituted surface partial pressure results in

GPCox 1 — exp[_f(kavpinlet)\“st]a (16)

with f(k, D, piner) @ function of the kinetic coefficient, the
diffusion coefficient, and the precursor partial pressure at the
inlet, corresponding to the experimentally observed -
dependency.

The question remains whether the observed ¢-depend-
ency is typical for spatial ALD in general or maybe for just
for ALD at atmospheric pressure and/or for very small gaps
between the injector and the substrate. It is known that pres-
sure can influence mass transport; the diffusion coefficient
reduces with pressure and a diffusion limited regime will be
earlier achieved at atmospheric pressure than at low pres-
sure. As a validation, these experiments should be compared
with similar experiments for spatial and conventional ALD
at low and atmospheric pressure.

Whether Eq. (15) is valid for other conditions than investi-
gated in this work requires further investigations. It is known,
however, that for the TMA/H,O reaction at temperatures
<100 °C, the purge step after the water half-reaction becomes
rate-limiting, as at these temperatures the water sticking coef-
ficient is relatively high, leading to excess multilayer(s) of
water adsorbed on the substrate.'>'®!” If the excess water is
not sufficiently desorbed in the purge step, it will react with
TMA in the consecutive TMA half-reaction, leading to an
undesired CVD component in the ALD reaction.

Another interesting case is spatial ALD of other materi-
als, for example, (multi)crystalline films like ZnO. In this
case, next to the deposition kinetics, the crystallization
kinetics have to be included in the analysis as well. The crys-
tallization kinetics might not necessarily influence the GPC
too much, but it can for instance determine the grain size
and orientation in the film.'® As these properties are impor-
tant for the electrical and optical properties of the film, the
crystallization kinetics needs to be investigated as well to
optimize the performance of the deposited films.

V. SUMMARY AND CONCLUSIONS

To conclude, we have investigated the deposition kinetics
of spatial ALD of alumina from TMA and H,O at atmos-
pheric pressure. A kinetic model was developed that
describes the GPC as a function of the main kinetic parame-
ters. It was found that the water half-reaction is rate limiting,
and the observation of a \7-dependency points at diffusion
limited mass transport of the precursor to the substrate. Next
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to a fundamental insight into the kinetics of atmospheric
pressure spatial ALD, this model can be used for design opti-
mization of new spatial ALD reactors.
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