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Au nanoparticles confined in an Al2O3 matrix are synthesized using pulsed laser deposition method and

rapid thermal annealing technique. The confined Au nanoparticles experience a compressive strain

during the growth process. It is demonstrated that hydrogen passivation can be used to enhance and

tailor the optical properties of confined Au nanoparticles by engineering the strain and defect states of

the confined Au nanoparticles. The findings provide an insight and useful methodology to improve the

emission efficiency of noble metal nanoparticle based materials for potential application in

optoelectronic and photonic devices.
Introduction

Recently, the optical properties of noble metal nanoparticles,
particularly surface plasmon resonance in the visible region,
have attracted signicant attention due to the potential appli-
cations in optoelectronic and photonic devices.1–5 Among those
noble metal nanoparticles, Au nanoparticles are promising
materials for fabricating light emitting devices due to their
strong surface plasmonic effect.6,7 As a result, photo-
luminescence (PL) of Au nanoparticles has become a focus of
study.8,9 To achieve their nal device applications, substantial
study has been carried out to understand the light emission
process and improve the emission efficiency of Au nano-
particles. For practical device applications, Au nanoparticles are
usually embedded in a solid matrix. However, because of the
thermal expansion mismatch between Au nanoparticles and the
surrounding matrix, substantial strain is generated and accu-
mulated inside and around Au nanoparticles during the growth
process.10,11 The accumulation and relaxation of strain can lead
to the generation of defects in the nanoparticles and in the
vicinity of the interface between the nanoparticles and the
surrounding matrix.11,12 These bulk and interfacial defects can
degrade the physical properties of Au nanoparticles such as
carrier lifetime, which can have a disastrous impact on the nal
device performance.13 Because of the large surface/volume ratio
of nanoparticles, the impact of interfacial defects on the optical
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properties of Au nanoparticles can be even more signicant.
Thus, to achieve high performance functioning devices based
on conned Au nanoparticles, bulk and interfacial defects as
well as their related defect energy states must be eliminated or
inactivated.

Passivation provides an effective methodology to eliminate
the defect energy states or make them inactive. SiO2 and Si3N4

surface passivation has been widely applied to passivate Si solar
cells to achieve high device performance via bonding the
dangling bonds at the Si semiconductor surfaces.14,15 Apart from
surface passivation, bulk passivation can also help to eliminate
the defect energy states in materials. For example, hydrogen
atoms have been used to passivate the defects in bulk HgCdTe
infrared materials.16 Hydrogen atoms have also been used to
passivate Si nanoparticles, leading to a signicant enhance-
ment of the PL emission efficiency by passivating the non-
radiative defects at the interface between Si nanoparticles and
the surrounding matrix.17,18 However, little attention has been
devoted to enhancing the light emission efficiency of Au
nanoparticles. Herein, we present a study on hydrogen passiv-
ation of Au nanoparticles embedded in an Al2O3 matrix. Aer
hydrogen passivation, the PL emission intensity increased
three-fold, which indicates that hydrogen passivation can
effectively eliminate or inactivate the defect states in Au
nanoparticles.
Experimental

Au nanoparticles conned in an amorphous Al2O3 matrix were
synthesized using pulsed laser deposition (PLD) method and
rapid thermal annealing (RTA) technique. Briey, a KrF pulsed
laser beam with a 248 nm wavelength and a frequency of 10 Hz
was used to ablate the target. A part of high-purity (99.99%)
circular Al2O3 plate (about 40 mm in diameter) and a part of
RSC Adv., 2017, 7, 6875–6879 | 6875
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high-purity (99.99%) Au square plate (about 8 mm in length)
were used as the targets. The deposition of the lm on the Si
substrate was carried out inside a high-vacuum chamber at
a background pressure of about 1 � 10�7 Torr, with the
substrate kept at room temperature. Aer the deposition, the
sample was subjected to RTA at 800 �C for 60 s under either pure
N2 or 10% H2/Ar atmosphere, and the nanoparticles obtained
were labeled as nitrogen-annealed or hydrogen-annealed Au
nanoparticles. The structure of the deposited lm was exam-
ined via high resolution transmission electron microscopy
(HRTEM) with a JEOL 2010 microscope. The TEM electron
diffraction pattern was matched against a simulated diffraction
pattern generated using the Java Electron Microscopy Simula-
tion (JEMS) soware.10,11 X-ray photoelectron spectroscopy (XPS)
measurements were carried out with a Kratos XSAM800 spec-
trometer using Al Ka radiation. PL and Raman spectroscopy
measurements were carried out at room temperature with
a HORIBA LabRAM HR Evolution instrument, at an excitation
wavelength of 325 nm and 514 nm, respectively.

Results and discussion

Fig. 1(a) shows the HRTEM image of the hydrogen-annealed Au
nanoparticles conned in the Al2O3 matrix. It can be seen that
a large number of Au nanoparticles are formed in the Al2O3

matrix. Fig. 1(b) displays the HRTEM image of a single
hydrogen-annealed Au nanoparticle conned in the Al2O3

matrix. Clearly, the Al2O3 matrix still remains amorphous aer
annealing under hydrogen atmosphere, whereas the Au nano-
particles are crystalline with a spherical shape. The average size
of the hydrogen-annealed Au nanoparticles is about 5 nm.
Fig. 1(c) shows the electron diffraction pattern of the hydrogen-
annealed Au nanoparticles. The diffraction pattern was
matched against a simulated diffraction pattern generated via
the JEMS soware. By comparing the experimental diffraction
Fig. 1 (a) HRTEM image of hydrogen-annealed Au nanoparticles
confined in the Al2O3 matrix; (b) HRTEM image of a single hydrogen-
annealed Au nanoparticle; (c) electron diffraction pattern of hydrogen-
annealed Au nanoparticles; (d) HRTEM image of nitrogen-annealed Au
nanoparticles confined in the Al2O3 matrix; (e) HRTEM image of
a single nitrogen-annealed Au nanoparticle; (f) electron diffraction
pattern of nitrogen-annealed Au nanoparticles.

6876 | RSC Adv., 2017, 7, 6875–6879
pattern with the simulated one, it could be concluded that the
hydrogen-annealed Au nanoparticles have a cubic crystal
structure (space group Fm�3m). Fig. 1(d) shows the HRTEM
image of a single nitrogen-annealed Au nanoparticle conned
in the Al2O3 matrix. Similarly, a large number of Au nano-
particles are formed in the Al2O3 matrix, and the Al2O3 matrix
remains amorphous aer annealing under nitrogen atmo-
sphere. The average size of the nitrogen-annealed Au nano-
particles was also around 5 nm. Fig. 1(e) presents the HRTEM
image of a single nitrogen-annealed Au nanoparticle conned
inside the Al2O3 matrix. It can be seen that crystalline Au
nanoparticles are formed in the Al2O3 matrix. Fig. 1(f) shows the
electron diffraction pattern of the nitrogen-annealed Au nano-
particles. Similarly, by comparing the experimental diffraction
pattern with the simulated one, it could be concluded that
nitrogen-annealed Au nanoparticles also have a cubic crystal
structure (space group Fm�3m). Therefore, annealing under
different atmospheres does not have much of an effect on the
crystal structure, size and morphology of the Au nanoparticles
conned in the Al2O3 matrix.

To conrm the chemical composition of the Au nano-
particles conned in the Al2O3 matrix, XPS measurements were
performed on the Au nanoparticles annealed as well as on pure
bulk Au, for reference. Fig. 2 shows the high-resolution XPS
spectra of the Au (4f) peaks for bulk Au, hydrogen-annealed Au
and nitrogen-annealed Au nanoparticles conned in the Al2O3

matrix. The doublet peaks of Au (4f7/2) and Au (4f5/2), located at
84.1 and 87.8 eV, respectively, can be clearly observed for bulk
Au, which can be attributed to the presence of Au in the metallic
state (Au0).19 However, four peaks can be clearly observed in the
XPS spectrum of the nitrogen-annealed Au nanoparticles. The
doublet peaks at 84.1 and 87.8 eV are characteristic for metallic
Au. The two very small peaks at 84.9 and 88.6 eV can be assigned
to the ionic gold species Aud+, which is in line with data reported
in literature,20 indicating the existence of bulk and interfacial
defects in Au nanoparticles. In contrast, for the hydrogen-
annealed Au nanoparticles, only the doublet peaks at 84.1 and
Fig. 2 XPS spectra of Au 4f electrons from Au bulk, hydrogen-
annealed and nitrogen-annealed Au nanoparticles confined in the
Al2O3 matrix.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Raman spectra of bulk Au, hydrogen-annealed and nitrogen-
annealed Au nanoparticles excited at a wavelength of 518 nm.
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87.8 eV can be observed, which indicates that Au nanoparticles
remain in the metallic crystalline phase aer annealing. This
result clearly demonstrates that hydrogen atoms can bond with
the dangling bonds, and thus passivate interfacial defects on
the surface of the Au nanoparticles, as well as the defects inside
the nanoparticles.

Because of the thermal expansion mismatch between Au
nanoparticles and Al2O3, the formation and growth of Au
nanoparticles in the Al2O3 matrix via PLD and RTA are accom-
panied by the generation and accumulation of strain. During
the growth process, Au nanoparticles will suffer a substantial
compressive strain due to volume expansion whilst conned
within the Al2O3 matrix. However, strain can have a signicant
impact on the generation and distribution of defects, and
subsequently on the optical properties of Au nanoparticles.
Thus, it is essential to have an understanding about the strain
and its distribution in Au nanoparticles as well as in the
surrounding matrix. In order to understand the strain within
the system, the strain distribution in Au nanoparticles conned
in the Al2O3 matrix was qualitatively simulated using nite
element (FE) calculations, which are performed with the
commercial ANSYS soware package.10,11 The Young's modulus
is taken to be 170 and 360 GPa for Au and Al2O3, respectively,
while the Poisson's ratio is taken to be 0.42 and 0.24 for Au and
Al2O3, respectively. Fig. 3(a) shows the cross-sectional strain
distribution for a Au nanoparticle grown in an Al2O3 matrix.
Correspondingly, Fig. 3(b) shows the X–Y plane strain prole for
a Au nanoparticle grown in an Al2O3 matrix. As expected, the Au
nanoparticle suffers compressive strain from the Al2O3 matrix.
Moreover, an inhomogeneous strain distribution can be
observed, which is denoted by the different colors as labeled by
the marks in Fig. 3(a). It can also be observed that the strain at
the center of the Au nanoparticle is distributed homogeneously
and the strain at the surface of the nanoparticle is weaker than
that at the center of the nanoparticles. As a matter of fact,
because of the large surface/volume ratio in nanoparticles, the
inhomogeneous strain distribution can have a signicant
impact on interfacial defect states, and consequently on the
optical properties of isolated nanoparticles, which will be dis-
cussed later.

To further study the strain in Au nanoparticles, Raman
spectroscopy measurements were performed on the annealed
Fig. 3 (a) Cross-sectional strain distribution in a Au nanoparticle
confined in an Al2O3 matrix; (b) X–Y plane strain profile of Au nano-
particles confined in an Al2O3 matrix.

This journal is © The Royal Society of Chemistry 2017
Au nanoparticles as well as on bulk Au, for reference. Fig. 4
displays the room temperature Raman spectra of bulk,
hydrogen-annealed and nitrogen-annealed Au nanoparticles
excited at a wavelength of 518 nm. A Raman peak centered at
about 1615 cm�1 can be clearly observed for bulk Au.21 On the
other hand, a Raman peak centered at about 1618 cm�1 and
1623 cm�1 can be observed for hydrogen-annealed and
nitrogen-annealed Au nanoparticles, respectively. The Raman
peak of Au nanoparticles conned in Al2O3 matrix displays
a blue-shi. This clearly demonstrates that Au nanoparticles
grown inside an Al2O3 matrix are under signicant compressive
strain,22,23 which is consistent with the strain simulation results.
Moreover, it should also be noted that the peak shi of the
nitrogen-annealed Au nanoparticles is larger than that of the
hydrogen-annealed Au nanoparticles, which also indicates that
the compressive strain in nitrogen-annealed Au nanoparticles is
larger than that in the hydrogen-annealed Au nanoparticles.
This might be due to the fact that hydrogen atoms can bond
with the dangling bonds, and thus passivate interfacial defects
on the surface and inside the Au nanoparticles, leading to
a relaxation in the network strain. Hydrogen atoms have
a smaller volume and higher reactivity than nitrogen atoms;
this makes it easier for hydrogen to diffuse into Au nano-
particles and passivate the defects, leading to a dramatic impact
on the optical properties of Au nanoparticles.

Fig. 5 shows the PL spectra recorded at room temperature for
amorphous Al2O3 thin lms, hydrogen-annealed and nitrogen-
annealed Au nanoparticles conned in an amorphous Al2O3

matrix. Clearly, no PL peaks can be observed for the reference
amorphous Al2O3 thin lm. In contrast, a PL band centered at
around 585 nm can be clearly observed for samples having Au
nanoparticles conned in the amorphous Al2O3 matrix. There-
fore, the observed PL peak can be attributed to the Au nano-
particles. As can be seen in Fig. 5, the PL peak intensity of the Au
RSC Adv., 2017, 7, 6875–6879 | 6877
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Fig. 5 PL spectra of amorphous Al2O3 thin films, hydrogen-annealed
Au nanoparticles and nitrogen-annealed Au nanoparticles.
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nanoparticles annealed under hydrogen atmosphere is around
three times that of Au nanoparticles annealed under nitrogen
atmosphere. This is mainly due to the fact that defects in the Au
nanoparticles and in the vicinity of Au nanoparticles are effec-
tively passivated by hydrogen atoms, leading to an enhanced
light emission efficiency. As discussed previously, when spher-
ical Au nanoparticles are formed in the Al2O3 matrix, the matrix
exerts an isotropic pressure on the nanoparticles, giving rise to
a compressive strain in the Au nanoparticles. The strain and its
relaxation could result in several defect states inside the Au
nanoparticle and in the vicinity of the interface between Au
nanoparticles and Al2O3 matrix, ultimately also resulting in
several nonradiative surface defects, which can causes low PL
emission efficiency for Au nanoparticles.24 As indicated from
the Raman spectra, the compressive strain in the hydrogen-
annealed Au nanoparticles was less than that in the nitrogen-
annealed Au nanoparticles. Therefore, hydrogen-annealed Au
nanoparticles had less defect states. More importantly,
annealing under hydrogen atmosphere also allows the
hydrogen atoms to passivate the defect states and eliminate the
non-radiative defects in the Au nanoparticles,17 which is
consistent with results of the XPS spectra. As a result, the PL
emission intensity of hydrogen-annealed Au nanoparticles is
effectively enhanced, being almost 3-fold that of nitrogen-
annealed Au nanoparticles.

Conclusion

In summary, Au nanoparticles conned in an Al2O3 matrix are
synthesized using the PLD method and RTA technique. The
conned Au nanoparticles experience a compressive strain
during the growth process. It is found that annealing under
hydrogen atmosphere can relax compressive strain in the Au
nanoparticles, and effectively passivate their defect states,
leading to an enhanced emission efficiency. The ndings pre-
sented here provide an insight and offer a useful methodology
to enhance the emission efficiency of noble metal nanoparticle-
based materials for potential applications in optoelectronic and
photonic devices.
6878 | RSC Adv., 2017, 7, 6875–6879
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