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Fig. 9. (a) XRD profiles showing relative abundance of the Zn metal and ZnO
phases versus the reaction temperature. (b) Integrated area of the Zn(101) peak
from (a). Note that the amount of ZnO appears constant over the temperature
range 150-200 °C.

phase appears to be very similar for all samples in this
temperature series indicating that the ZnO phase is not affected
by the Zn metal phase and is independent of the deposition
temperature in the range of 150-200 °C.

4. Discussion

This study demonstrates that it is possible to fully coat the
silica gel particles all the way to the center using ZnO ALD
(Figs. 3 and 4). However, the necessary reactant exposures are
well in excess of the apparent saturation point as determined
from the weight gain measurements (Fig. 2). This discrepancy
is attributed to the fact that the interior portions of the spherical
silica gel particles (which are the most difficult to infiltrate by
gaseous diffusion of the ALD precursors) account for very little
of the overall mass since the volume (and hence mass) of a
concentric shell increases as 7> where 7 is the radial distance
from the center. For example, a particle that appears to be only
75% coated in a cross-sectional EDAX image (i.e. the Zn signal
extends 75% from the surface to the core) actually represents
98.4% of the total surface area coated as determined by a
weight gain measurement. However, it is not clear whether
complete coating of the interior portions of the silica gel is
required for an effective catalyst since the majority of the

surface area is near the outer surface and the deep interior
surfaces will rarely be sampled by the reacting gases during the
catalytic process.

In this study the formation of a Zn metal phase was observed
together with the ZnO ALD. As described above, thermal
decomposition of DEZ to form Zn metal has been mostly
overlooked in the ALD literature and this is probably because
the Zn formation only occurs during the extremely large DEZ
exposures required to coat high surface area media. In the
present study, the formation of Zn metal apparently occurred
only after the ZnO ALD had saturated. The 1.0 g sample size
employed has 100 m? of surface area which is nearly 1000x the
surface area of the interior of the ALD reactor. This very large
surface area rapidly consumes the DEZ and H,O precursors
during the initial stages of the reactant exposures in the vicinity
of the powder bed. We believe that this effect completely
suppresses the Zn metal deposition until after the saturation of
the ALD surface reactions at which point the DEZ partial
pressure is restored to its steady-state value and the deposition
of Zn metal commences.

The white sample color observed for the 150 °C sample was
nearly identical to the uncoated powder. The darkness of the
sample therefore appears directly related to the Zn metal phase
as the amount of ZnO does not change in the 150-200 °C range.
As further evidence for this hypothesis, the image of the powder
bed shown in Fig. 2(b) can be explained by the fact that the
harder to access areas masked by the cover are very likely
saturated by ZnO ALD but show suppressed Zn CVD due to the
relative inaccessibility and the requirement for higher DEZ
concentration for Zn metal CVD. Thus, the dark color is very
likely an indication of Zn metal in this image and helps to
explain why similar saturation behavior was observed for both
the deep and shallow powder trays.

Since the ALD process uses sequential reactant exposures of
DEZ and H,O, we expect that the Zn metal formed during any
given DEZ exposure will be partially oxidized during the
subsequent H,O exposure. The oxide which forms on Zn metal
occurs in very thin layers and is pseudomorphic with the
underlying Zn metal on the hexagonal faces [27]. We might
expect this surface oxide to passivate the Zn metal surface
against additional Zn CVD during the subsequent DEZ
exposures. Contrary to this expectation, the Zn metal appears
to accelerate with additional ZnO ALD cycles as illustrated in
Fig. 6. This suggests that continued growth of Zn metal on the
heteroepitaxial pseudomorphic ZnO layer occurs while there is
no evidence that Zn metal CVD occurs on the pure ZnO
nanocrystals.

Zn metal has not been observed in previous ALD studies on
planar substrates using DEZ/H,O at the temperatures employed
in the current work. The most likely explanation is that these
previous studies used reactant exposures much lower than those
reported here providing insufficient time for Zn metal
nucleation. It is also possible that small quantities of Zn metal
formed during previous studies on flat substrates escaped
detection whereas in the present study, the use of powder
substrates amplifies the Zn metal phase. It is evident from Fig. 2
that the mass fraction of the metal phase is probably no more
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than a few percent, but since the metal crystallites are large
(~50 nm), they provide strong scattering power and are thus
detected by XRD in low concentration in contrast to the much
smaller ZnO crystallites (~5 nm) which provide very low
scattering power.

Two similar nanoporous silica substrates were used in this
study: Ineos fumed silica, a proprietary catalyst support
material, and Silicycle S10040M, a commercially available
general purpose silica gel. We found that the two substrates
behave quite similarly with respect to the ZnO ALD process.
However, a significant nucleation delay was observed using the
Ineos fumed silica as exhibited in Fig. 5(c) by the low mass ratio
during the initial ~8 ALD cycles. This nucleation delay may
reflect a lower density of surface hydroxyl groups on the Ineos
fumed silica compared to the Silicycle substrate resulting from
different manufacturing processes for these two materials.
Fourier transform infrared absorption measurements performed
on the two different silica gel substrates could reveal differences
in the density and chemical nature of the different supports.
Alternatively, there could be hydrocarbon contamination on the
inner surfaces of the Ineos fumed silica that is not removed by
the ozone pretreatment. This contamination would inhibit ZnO
ALD [24]. The effectiveness of the ozone cleaning pretreatment
is not certain because the ozone may decompose before
penetrating completely into the silica gel particles. A wet
chemical cleaning procedure or the use of SiO, ALD prior to the
ZnO ALD could produce a cleaner, more uniform surface
resulting in more consistent ZnO coverage on the two support
surfaces. However, despite the observed differences in the
initial growth rates, it is reassuring that the two substrates
asymptotically approach growth rates that are very close to their
relative surface areas.

For both substrates, there is an increase in the growth per
cycle as the number of cycles increases as demonstrated by the
increase in the slope of the mass gain curves in Fig. 5(a) and (b)
during the initial ~5 cycles. This behavior is frequently
observed during the initial growth of ALD oxide materials on
flat surfaces, and is typically attributed to a change in the
density of surface functional groups (e.g. hydroxyl groups)
between the initial substrate and the deposited film [28].
Alternatively, this behavior may reflect the transformation of the
initially amorphous ZnO film to a nanocrystalline surface after
~5 ALD cycles. This transformation is clearly shown in the
XRD measurements (Fig. 6), and will result in an increased
surface area as observed in the TEM images of the ZnO
nanocrystals (Fig. 7).

An increase in growth rate with ALD ZnO film thickness has
been observed before for films deposited on flat surfaces [20].
In addition, the onset of ALD ZnO crystallinity has been
observed to occur between 5 and 9 cycles for films deposited on
planar surfaces using both X-ray reflectivity [29] and atomic
force microscopy measurements [30]. This close correlation
between the behavior of ALD ZnO coatings deposited using
small reactant exposures on planar surfaces and very large
reactant exposures on high surface area, mesoporous surfaces
illustrates the robustness and repeatability of the ALD
technique.

5. Conclusions

ZnO ALD was performed using alternating exposures to
DEZ and H,O to coat 1 g quantities of silica gel. The coated
materials were analyzed using weight gain measurements, XRF,
XRD, SEM, TEM, and EDAX elemental mapping. The ZnO
ALD was explored as a function of the coating thickness,
reactant exposure times, and deposition temperature. These
measurements revealed that the silica gel support could be
conformally coated using reactant exposure times of ~90 s. The
ALD ZnO was amorphous for films deposited using <5 ALD
cycles, but became hexagonal, nanocrystalline ZnO for films
deposited using >5 ALD cycles. In addition to the ZnO films,
we also discovered that metallic Zn was deposited in the silica
gel using very large DEZ exposures and deposition tempera-
tures >150 °C. It appears that the metallic Zn begins to form as
soon as the ZnO ALD surface reactions have saturated,
indicating that the Zn growth is strongly dependent on the
availability of excess DEZ precursor. Slightly different ZnO
growth behavior is observed on the different silica gel support
materials suggesting that the chemical nature and cleanliness of
the initial starting surface influence the ZnO ALD.
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