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We report on atomic layer deposition of an,2-nm-thick ZnO layer on the inner surface of
ultralow-densitys,0.5% of the full densityd nanoporous silica aerogel monoliths with an extremely
large effective aspect ratio of,105 sdefined as the ratio of the monolith thickness to the average
pore sized. The resultant monoliths are formed by amorphous-SiO2 core/wurtzite-ZnO shell
nanoparticles which are randomly oriented and interconnected into an open-cell network with an
apparent density of,3% and a surface area of,100 m2 g−1. Secondary ion mass spectrometry and
high-resolution transmission electron microscopy imaging reveal excellent uniformity and
crystallinity of ZnO coating. OxygenK-edge and ZnL3-edge soft x-ray absorption near-edge
structure spectroscopy shows broadened Op- as well as Zns- andd-projected densities of states in
the conduction band. ©2005 American Institute of Physics. fDOI: 10.1063/1.1870122g

Aerogels are nanoporous solids derived from highly
cross-linked wet gels by drying them under supercritical
conditions.1 These solids are formed by nanometer size par-
ticles randomly interconnected into an open-cell network
typically with a large degree of mesoporositys*80%d and
high surface areas*50 m2 g−1d. Most previous studies have
focused on amorphous silicasSiO2d aerogels, first synthe-
sized by Kistler a number of decades ago.2 However, recent
advancements in the sol-gel technology have led to a suc-
cessful synthesis of a range of metal oxide aerogels including
oxides of Ti, V, Cr, Fe, Sn, and Ru.1 The development of
such metal-oxide aerogels has been fueled by their numerous
potential technological applications based on unique proper-
ties of aerogels. Indeed, extremely low densities and high
surface areas of monolithic aerogels open up an opportunity
to improve the performance of various metal-oxide-based de-
vices, including gas- and biosensors, batteries, heterogeneous
catalysis devices, as well as low dielectric constant materials
for integrated circuitssso-called low-k dielectricsd.1,3

However, some metal-oxide systems, such as ZnO, are
currently not amenable to the sol-gel method used to synthe-
size aerogels.1 Such low-density and high-surface area nano-
porous ZnO monoliths would be very attractive for the de-
velopment of a new generation of ZnO-based gas-sensing
and catalytic devices, which have received extensive re-
search efforts in the past several years.4 In this letter, we
report on a synthesis of monolithic aerogels by atomic layer
depositionsALD d of ZnO on the inner surface of ultralow-
density silica aerogels. ALD is a unique tool to deposit ul-
trathin films of a wide variety of materials, including metal
oxides, on curved surfaces with a high-aspect ratio such as
the inner surface of a nanoporous solid.5 The self-limiting
nature of the ALD process enables uniform non-line-of-sight
deposition in a combination with atomic level control of the
layer thickness. Our results also demonstrate that ALD is a
very attractive tool for the synthesis ofmonolayer catalysts

and gas sensors based on well-developed nanoporous mono-
lithic material systems such as silica, alumina, and carbon
aerogels,1 with desirable high surface areas, low densities,
and good mechanical properties.

Amorphous SiO2 aerogels were synthesized at Lawrence
Livermore National Laboratory. The details of aerogel syn-
thesis can be found in Ref. 6. Reference bulk wurtzite ZnO
single crystals weres001d oriented and O face polished, ob-
tained from Cermet, Inc. The ALD was performed in a vis-
cous flow reactor operated in a quasistatic mode at Argonne
National Laboratory.7 Several-mm-thick monolithic silica
aerogels with a density of 10 mg cm−3 were coated with an
,2-nm-thick ZnO layer by alternating 300 s exposures to
diethyl zinc/H2O at 177 °C at a pressure of 10 Torr. Prior to
ZnO deposition, an,0.26-nm-thick nucleation layer of
amorphous Al2O3 was deposited in two cycles of trimethyl
aluminum/H2O at the same conditions as ZnO. The purpose
of such an Al2O3 nucleation layer was to prepare a densely
hydroxylated surface to minimize any nucleation delay of the
subsequent ALD of ZnO.8 Between each exposure, the reac-
tor was evacuated below 0.24 Torr and then purged with
ultrahigh purity Ar for 200 s.

Spatial and depth uniformity of the ZnO film was stud-
ied by time-of-flight secondary ion mass spectrometrysTOF-
SIMSd in a TRIFT III sPhysical Electronicsd instrument
equipped with a Ga+ ion gun. The bulk densities of aerogels
were determined by measuring the dimensions and mass of
monolithic samples. Surface area determination and pore
volume analysis were performed by Brunauer–Emmett–
Teller sBETd and Barrett–Joyner–HalendasBJHd methods
using an ASAP 2000 surface area analyzersMicromeritics
Instrument Corp.d, as described in more detail elsewhere.6

The microstructure was studied by bright-field high-
resolution transmission electron microscopysHRTEMd in a
Philips CM300FEG transmission electron microscope oper-
ating at 300 kV.

Soft x-ray absorption near-edge structuresXANESd
spectroscopy experiments were performedsat 300 Kd at un-
dulator beamline 8.0 at the Advanced Light Source,
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Lawrence Berkeley National Laboratory. The details of the
beamline have been reported in Ref. 9. Aerogels were
pressed into an In foil and mounted on the sample holder.
The surface normal of ZnO single crystals and In foils was at
an angle of 40° relative to the incident x-ray beam axis.
Spectra were obtained by recordingsid the total fluorescence
yield sTFYd, measured with a negatively biased channeltron
andsii d the total electron yieldsTEYd, measured by monitor-
ing the total sample photocurrent. Measurements in TEY and
TFY modes probe the material properties averaged over the
first ,10–20 nm and several hundred nanometers from the
sample surface, respectively.10 The incoming radiation flux
was monitored by the total photocurrent produced in a clean
Au mesh inserted into the beam. After a constant background
subtraction, all XANES spectra were normalized to the post-
edge step heights.

Table I summarizes apparent densities, porosities, and
results of the BET/BJH nitrogen adsorption/desorption
analysis for uncoatedsas-synthesizedd and ZnO coated silica
aerogels. It is seen from Table I that the uncoated material is
highly porous with the surface area comparable to that re-
ported previously for silica aerogels of similar densities.1

Table I also shows that coating with ZnO results in an ex-
pected decrease in porosity and surface area and an associ-
ated decrease in the average pore volume. However, coated
aerogels still exhibit desirable high surface area and ultralow
density. Figure 1 shows typical TOF-SIMS images of frac-
tured aerogels, illustrating excellent uniformity of both the

top ZnO layer and the Al2O3 nucleation layer. This result has
also been verified by TOF-SIMS depth profilessfigures are
not shownd.

The morphology of coated aerogels is further illustrated
in a low-magnification HRTEM image in Fig. 2sad, showing
that the aerogel skeleton is formed by,5–8 mn particles
interconnected into a tree-like structure. A Gaussian fit to the
size distribution of nanoparticles from Fig. 2sad has a maxi-
mum at 7.0 nm and a halfwidth of 2.5 nm. The inset in Fig.
2sad shows a selected-area diffraction patternsSADd taken
from multiple nanoparticles forming the aerogel skeleton.
This SAD pattern is indexed to the wurtzite phase of ZnO,
and no contribution from other possible phases of ZnOfsuch
as the rocksalt phase, which has shown to be metastable at
ambient conditions for nanocrystalline ZnOsRef. 11dg has
been identified.12 In addition, the continuous SAD ring pat-
tern suggests that the wurtzite nanocrystals forming the aero-
gel solid network are randomly oriented.

The orientation and structure of the nanocrystalline ALD
ZnO layer are better illustrated in a high-magnification HR-
TEM image in Fig. 2sbd. A Fourier-filtered image of an indi-
vidual nanoparticle shown in the inset in Fig. 2sbd illustrates
excellent crystallinity. The presence of a crystalline phase of
ZnO after deposition at a relatively low temperaturesi.e.,
177 °Cd is consistent with a large ionicity of Zn-O bonds
s0.616 according to Phillips13d. Due to such a large ionicity,
an amorphous phase of stoichiometric ZnO appears to be
unstable at ambient conditions14 and has not been
reported.15,16

TABLE I. Some properties of amorphous silica aerogels before and after the
deposition of wurtzite ZnO.

Apparent density
smg cm−3d

Porosity
s%d

Surface area
sm2g−1d

Pore volume
scm3 g−1d

Uncoated 10 99.5 352 2.8
ZnO coated 150 97.1 102 0.92

FIG. 1. TOF-SIMS images of fractured ZnO coated silica aerogels. Images
are formed by the following SIMS channels:sad secondary electron,sbd total
ion, scd ZnO−, andsdd Al+ channels. All four images are of the same mag-
nification. The horizontal field width of each image is 10mm.

FIG. 2. HRTEM images of a ZnO coated silica aerogel at different magni-
fications. The inset insad shows a selected-area diffraction pattern taken
from multiple nanoparticles forming the aerogel. The pattern is indexed to
the wurtzite phase of ZnO. The inset insbd shows a Fourier-filtered image of
an individual nanoparticle, illustrating excellent crystallinity of ZnO.
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Since gas-sensing and catalytic applications of ZnO are
based on the specific electronic properties, we have studied
the electronic structure of ZnO coated aerogels by XANES
spectroscopy. Figure 3 gives a comparison of TEY and TFY
O K-edge fFig. 3sadg and Zn L3-edge fFig. 3sbdg XANES
spectra of ZnO coated aerogels and ZnO single crystals.
OxygenK-edge spectra of single crystal ZnO are in general
agreement with results of previous studies,17–21 but we are
not aware of any reports on ZnL2,3-edge XANES character-
ization of ZnO. If core-hole and electron correlation effects
are ignored, such OK-edge spectra essentially map the O
p-projected density of empty states, while ZnL3-edge spec-
tra reflect transitions of Zn 2p3/2 core electrons into Zns- and
d-projected electronic states in the conduction band.

Figure 3 shows that ZnO coated aerogels exhibit the
same spectral features as those observed for single crystal
ZnO standards. However, Fig. 3 also reveals that relative
peak intensities are different for single crystals and aerogels,
and all spectral features of aerogels are broadened for both
ssurface sensitived TEY and sbulk sensitived TFY spectra.
Such a spectral broadening has previously been observed in
XANES studies of other semiconductor nanoparticlesssuch
as InAs, CdSe, and TiO2d of similar sizes.22–24However, the
interpretation of this effect is not straightforward since a
number of factors, which are difficult to control, can affect
XANES spectra. These factors include surface reconstruction
and passivation, stress, particle-particle and particle-support
interaction, quantum confinement, and charging. Hence, the
effects of the ZnO particle size and surface atom fraction on

the electronic density of states currently warrant additional
systematic studies.

In conclusion, we have reported on a synthesis of mono-
lithic aerogels by atomic layer deposition of ZnO on the
inner surface of ultralow-density silica aerogel monoliths.
Such core/shell monoliths have an apparent density of,3%
and a surface area of,100 m2 g−1. This study demonstrates
that ALD is a very attractive tool for the fabrication of mono-
layer catalysts and gas sensors based on well-developed, ro-
bust nanoporous monolithic material systems such as silica,
alumina, and carbon aerogels.
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