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This  paper  focuses  on  the enhancement  of thermal  stability  of  Ag-Al2O3 nanocermet  films  by  means  of
alloying  of  Ag  nanoparticles  with  Al element.  The  optical  analysis  demonstrated  the  AgAl  embedded  Al2O3

cermet  films  (namely,  AgAl-Al2O3)  possess  excellent  thermal  tolerance  even  at  500 ◦C  for  260  h  under
nitrogen  ambient.  The  evolution  of  microstructural  and  chemical  properties  of Al2O3/AgAl-Al2O3/Al2O3

stack  layers  during  the  annealing  process  was  comprehensively  investigated,  in  order  to  grasp  the thermal
stability  mechanism.  It is believed  that  the  enhanced  thermal  stability  was  ascribed  to  the formation  of
eywords:
ilver nanoparticles
anocermet
esonance absorption
imetallic alloy
hermal stability

fresh  alumina  as  capping  layer  riveted  on  the  Ag nanoparticles  surfaces,  which  acted  as the pinning  points
to  prevent  silver  element  from  migrating  so as to maintain  the  expected  optical  properties.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Silver nanoparticles have attracted considerable interests
ecause of absorption resonance (also donated as plasmon res-
nance) phenomenon [1–3]. This resonance is attributed to the
nherent oscillation of free-like electrons on nanoparticle or clus-
er surfaces excited by the electromagnetic light wave, resulting in
avelength-selective photon absorption and resonant Mie  scatter-

ng [4]. Due to the unique optical properties, silver nanoparticles
mbedded in a ceramic matrix (e.g. Al2O3 or SiO2) are utilized
o construct nanocermet absorbing layers for solar thermal appli-
ations. In general, the optical properties of the nanocermets are
losely related to the shape, size and size distribution of the metal-
ic particles, and the interaction between the dielectric matrix
nd metallic spheres as well [5,6]. In the last decade, various Ag-

ased nanocermet system including Ag-Al2O3 [7], Ag-TiO2 [8],
g-Si3N4 [9], Ag-SiO2 [10], Ag-Bi2O3 [11] etc. has been developed,

∗ Corresponding authors. Tel.: +86 25 84313349; fax: +86 25 84303279.
E-mail addresses: yshzou75@gmail.com (Y.S. Zou), h cao@nimte.ac.cn (H.T. Cao).

ttp://dx.doi.org/10.1016/j.apsusc.2015.01.064
169-4332/© 2015 Elsevier B.V. All rights reserved.
showing desirable light absorption and great potential for solar
energy conversion.

The microstructual and chemical compositional stability of Ag-
based nanocermet must be closely concerned, so as to maintain its
performance at high temperatures. Unfortunately, however, as a
metal with low melting temperature (about 960 ◦C), Ag nanoparti-
cles are easily subjected to agglomeration and outwards diffusion
when working at elevated temperatures, which would limit their
high-temperature applications [12–16]. Barshilia et al. [7] have
clearly pointed out that Ag-Al2O3 coatings have dramatic degrada-
tion at higher temperatures (>400 ◦C) due to the defragmentation
of the Ag nanoparticles in the dielectric matrix. For the Ag-Al2O3
nanocermet, the key issue is to ensure their high temperature
thermal stability. Since Al2O3 exhibits excellent stability at high
temperatures, the thermal stability of the nanocermet mainly
depends on the thermal tolerance of Ag nanoparticles. Xiao et al.
[12] believed that the agglomeration of Ag nanoparticles was favor-
able to improving the thermal resistance of Ag-Al2O3 nanocermets

due to the low surface free energy of the agglomerates. However,
simply increasing the size of the Ag nanoparticles would become
invalid eventually after long-term annealing, so it is not an appro-
priate solution.

dx.doi.org/10.1016/j.apsusc.2015.01.064
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.01.064&domain=pdf
mailto:yshzou75@gmail.com
mailto:h_cao@nimte.ac.cn
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ig. 1. Schematic diagram of the sandwich structure for thermal stability investi-
ations.

Alloying is an effective solution to improve the thermal stability
f Ag nanoparticles [13–15]. It was suggested that AgAl alloy films
howed high thermal tolerance even at 600 ◦C [15–17]. The rea-
ons are either the appearance of stable alloy phase of Ag2Al during
nnealing or the oxidation of Al to passivate grain-boundaries and
urfaces of the film [16,17]. In our previous work [18], we  attempted
o use AgAl bimetallic alloy nanoparticles to fabricate AgAl-Al2O3
anocermet, featuring good thermal tolerance annealed at 500 ◦C

or 130 h. Furthermore, the constructed solar absorbers based on
gAl-Al2O3 absorbing layers exhibited high absorptance (  ̨ = 94.2%)
nd low thermal emittance (ε = 15%) after annealed at 450 ◦C for
0 h in N2. However, both the time evolution processes of bimetal-

ic alloy nanoparticles and the thermal stability mechanism haven’t
een clarified yet. In this paper, we presented a detailed study on
he evolution of the optical properties, microstructure and chemical
omposition of the AgAl-Al2O3 films during the annealing pro-
esses. The thermal stability mechanism was also discussed.

. Experimental details and characterization

Ag- or AgAl-Al2O3 thin films were deposited onto (1 0 0) silicon,
orous carbon grids or quartz by a magnetron sputtering system
Jsputter8000, manufactured by ULVACCo., Ltd.) at room temper-
ture. Highly pure Ag (purity = 99.99%), Al (purity = 99.99%) and
l2O3 targets (purity = 99.99%) were used as the sputtering sources.
he Ag and Al2O3 targets were operated by two RF power supplies
hile a DC power was used to sputter the Al target. The substrates
ere ultrasonically cleaned by using alcohol and acetone in an
ltrasonic agitator before loading them into the vacuum chamber.
rior to the deposition process, the chamber was pumped down to
 base pressure of 2 × 10−4 Pa.
To eliminate the influence of the environment and substrates, a

andwich structure was utilized, which is consisted of a bottom
ayer (Al2O3, around 17 nm), a middle selective absorbing layer

Fig. 2. The absorption spectra of Ag-Al2O3 (a) and
ence 331 (2015) 285–291

(Ag- or AgAl-Al2O3, around 50 nm), and a top layer (Al2O3, around
11 nm), as seen in Fig. 1. The films were deposited at a pressure
of 0.22 Pa in Ar plasma. The detail processing conditions are listed
in Table 1. In order to make the films homogeneous and uniform,
the substrate was  rotated at a speed of 20 rpm. In addition, for
investigating the influence of the additive Al on the surface mor-
phology, single Ag-Al2O3 and AgAl-Al2O3 absorbing layers were
directly deposited on silicon for 55 min  or porous carbon grids for
5 min, respectively.

To characterize the thermal stability, the Ag-Al2O3 and AgAl-
Al2O3 samples with a sandwich structure were first pretreated in
turn at 200 and 300 ◦C in air for 2 h, then they were annealed at
500 ◦C in a nitrogen atmosphere with different durations.

The topography of the Ag-Al2O3 or AgAl-Al2O3 single layer was
performed using atomic force microscopy (AFM, Dimesion-3100
Scanning Probe Microscope) operating in a tapping mode with
the scan size of 5 �m × 5 �m. The diameters of the nanoparticles
showed in the AFM images were estimated by the height value. To
observe the nanoscale particles, transmission electron microscopy
(TEM) images were recorded using TF20 instrument at an accel-
erating voltage of 200 kV on the porous carbon grids. The optical
absorption spectra of the sandwich samples were measured with
a Lambda 950 UV–vis-NIR spectrophotometer in the wavelength
range of 300–2500 nm.  Furthermore, Scanning electron microscopy
(SEM) analysis was carried on a SEM-S4800 instrument operating
at 5 kV to characterize the surface micrographs of the sandwich
structure. The phase structure of thin films was examined using
a D8 Discover type X-ray diffraction (XRD) at a glancing angle of
0.5◦ with Cu K� radiation (� = 0.15406). X-ray photoelectron spec-
troscopy (XPS, AXIS UTLTRA DLD) analysis was  carried out by use
of Al K� X-ray (1486.6 eV) to determine the chemical compositions
of the sandwiched films.

3. Results and discussion

3.1. Optical properties

Fig. 2 displays the evolution of the absorption spectra of
the Ag-Al2O3 and AgAl-Al2O3 thin films on quartz under differ-
ent annealing conditions. The sandwich structure was shown in
Fig. 1. The absorption A(�) of the samples was  calculated follow-
ing A(�) = 1 − (R(�) + T(�)) from the measured reflectance R(�) and
transmittance T(�) spectra at the wavelength � ranging from 300 to

2500 nm.  Measurements of the reflectivity and transmitivity were
done at an angle of 8◦ and 0◦ with respect to the normal, respec-
tively. It can be observed that there is a broad absorption peak
located at 387 nm for the as-deposited Ag-Al2O3 thin films, which

 AgAl-Al2O3 (b) samples during annealing.
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Table  1
The detail deposition parameters for Ag-Al2O3 and AgAl-Al2O3 samples.

Layers Al2O3 target (W)  Ag target (W)  Al target (W)  Sputtering time (min) RF bias (W)

Al2O3 top layer 115 0 0 20 10
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Ag-  or AgAl-Al2O3 absorbing layer 115 9 

Al2O3 bottom layer 115 0 

s due to the resonance absorption of Ag nanoparticles. In com-
arison, however, the absorption peak of as-fabricated AgAl-Al2O3
hin films exhibits a slight blue shift from 387 nm to 378 nm and
he absorbance increases from 66.5% to 78.3%.

After pretreated in turn at 200 and 300 ◦C in air for 2 h, the
bsorption peak position of the Ag-Al2O3 sample shifts from
87 nm to 376 nm.  Simultaneously, the absorbance reduces from
6.5% to 64.8% (Fig. 2a), in accordance with the previous report
19,20]. However, for the AgAl-Al2O3 case, a red-shift of the
bsorption peak from 378 to 386 nm together with an absorbance
ecreasing from 78.3% to 76.2% can be observed, as shown in Fig. 2b.
hen the absorption peaks of the both samples display a red-shift
o 400 nm and a decrease in absorbance after annealing at 500 ◦C
n N2 for 10 h. This red-shift of silver absorption peak has also been
bserved by Yeshchenko et al. [21]. With further extending the
nnealing time (@500 ◦C), a sharp decrease in absorbance, espe-
ially at � > 450 nm,  as well as a slight peak position blue-shift are
bserved for the Ag-Al2O3 specimen. The resonance absorption
eak position of Ag-Al2O3 thin films shifted substantially during
he annealing processes, indicating that Ag nanoparticles in the
lumina matrix were fairly unstable. However, for the AgAl-Al2O3
ample, the absorbance and the peak position keep almost constant
ven after prolonging the annealing time to 260 h, suggesting that
gAl-Al2O3 thin film possesses excellent thermal stability at 500 ◦C.

.2. Microstructure and chemical composition

Generally, the thermal tolerance capacity of the nanoparticles is
losely coupled with their morphological evolution [22]. Fig. 3a–d
llustrates the AFM surface morphologies of the as-deposited
g-Al2O3 and AgAl-Al2O3 thin films and their corresponding
article-size distribution histograms. Both the samples were
irectly deposited on Si substrate with a single layer structure.
he nanoscale particles in the as-deposited samples, prepared on
orous carbon grids for 5 min, were further observed by TEM (see
ig. 3e and f), indicating that lots of silver nanoparticles are small
ith a diameter below 20 nm.  It can be found that Ag nanoparticles

re randomly dispersed in the ceramic matrix with a wide range
f particle size distribution. Compared to the Ag-Al2O3 thin film
hown in Fig. 3a, the statistical population of metal nanoparticles
n the AgAl-Al2O3 thin film (Fig. 3b, e and f) increased, indicating
hat the addition of Al can allow the easier nucleation and growth
f nanoparticles. On one hand, Ag and Al possess the similar Face-
enter Cubic (FCC) structure with almost the same lattice constant
0.408 [23] and 0.405 [24], respectively); on the other, Al element
s easily dissolved in Ag [25], so it is reasonably believed that the
gAl alloyed nanoparticles are easily formed and the nucleation of

he AgAl nanoparticles features a heterogeneous nucleation mode.
urthermore, the average size of the AgAl nanoparticles decreases
o some extent, ranging from 46 to 33 nm (Fig. 3c and d). Accord-
ng to the-above observations, one can conclude that the alloyed
gAl nanoparticles with relatively smaller diameter have a higher
ispersed density within the host matrix.

SEM images are exhibited in order to make the morphology evo-

ution clearer. The samples are also with a sandwich structure (as
hown in Fig. 1), which were firstly pretreated in turn at 200 and
00 ◦C in air for 2 h and then annealed at 500 ◦C in N2 for 10 h. The

nset graphs show the high-resolution images of the corresponding
0 or 8 55 0
0 30 10

samples. Fig. 4a–c shows the SEM images of the as-deposited and
annealed Ag-Al2O3 samples. The size distribution of Ag nanoparti-
cles is given in Fig. 5a–c. When Ag-Al2O3 specimen was pretreated
in turn at 200 and 300 ◦C in air for 2 h, relatively small changes in
the morphology features can be observed as compared to the as-
deposited one. In particular, the average particle size of the former
case is about 174 nm (Fig. 5b). After annealing at 500 ◦C in N2 for
10 h, however, the average particle size is sharply increased to be
about 970 nm (Fig. 5c). These results confirmed that Ag particles
are easily subjected to diffusion and agglomeration via Ostwald
ripening process during the annealing process, resulting in con-
siderable particle size growth as expected. The prominent change
in their microstructure was  the agglomeration of nanoparticles, in
order to decrease the system free energy [26]. This continuous size
increasing led to the absorption peak blue-shift firstly and red-shift
afterward, as presented in Fig. 2a. The blue-shift happened in the
pretreatment process was  ascribed to the intrinsic size effect [27].
As the particle size exceeded a certain threshold (>50 nm), how-
ever, the external size effect would result in the red-shift of the
peak position (seen in Fig. 2a) [28,29].

Fig. 4d-f and Fig. 5d-f show the SEM images and the correspond-
ing size distribution of nanoparticles in the AgAl-Al2O3 samples
before and after annealing, respectively. The average particle size
of the as-deposited and pretreated sample is 49.6 nm and 103 nm
(see Fig. 5d and e), respectively. After annealing at the 500 ◦C for
10 h, the surface morphology does not change apparently as com-
pared with the pretreated one. For example, the average particle
size after 500 ◦C annealing slightly increases to be 137 nm (Fig. 5f).
The above SEM images confirm that the thermal agglomeration was
dramatically alleviated in the AgAl-Al2O3 samples.

A detailed evolution of the phase structure in the nanocermet
samples was characterized by XRD measurements. Fig. 6 shows
the XRD pattern profiles of the Ag-Al2O3 and AgAl-Al2O3 sam-
ples, which are the same as shown in Fig. 2. The diffraction peaks
corresponding to (1 1 1), (2 2 0) and (2 0 0) Ag planes (the PDF #65-
2871) can be observed, showing a typical FCC-type structure. It
can be seen that the diffraction peaks of both the as-deposited
samples are very broad with low intensity, indicating that the
metallic nanoparticles are finely dispersed in the amorphous Al2O3
matrix [30]. The particle size is calculated to be about 2.5–4 nm
by using the Debye–Scherer approximation, consistent with the
results obtained from TEM (see Fig. 3e and f). After the samples
are pretreated in turn at 200 and 300 ◦C in air for 2 h, both the sam-
ples show inconspicuous changes, e.g., the particle size is increased
slightly to be about 3.5–5 nm in diameter. For the Ag-Al2O3 sample
after annealing at 500 ◦C in N2 ambient for 2 h (Fig. 6a), the inten-
sity of (1 1 1) diffraction peak increases apparently as a result of the
grain growth (grain size about 60 nm). However, the intensity of the
peak at 38.1◦ begins to decrease monotonically with extending the
annealing time. Only one weak peak of (1 1 1) plane can be observed
after annealing at 500 ◦C for 62 h. The time evolution of diffraction
peak suggests that the volume fraction of Ag is gradually reduced,
which in turn is stemmed from the outwards diffusion and even
evaporation of the Ag elements [12,31,32]. The loss of Ag would

aggravate the optical degradation of the Ag-Al2O3 films during the
long-time annealing, as shown in Fig. 2a. For the AgAl-Al2O3 sam-
ple (Fig. 6b), the XRD patterns become sharper after annealing at
500 ◦C for 2 h. With prolonging the duration, the intensity of the
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ig. 3. AFM topographic images of single-layer Ag-Al2O3 (a) and AgAl-Al2O3 (b) thi
c)  (d) and TEM images (e) (f).

iffraction peaks tends to be constant even after annealing for
60 h. The peaks of (1 1 1), (2 0 0) and (2 2 0) planes are all clear
o see. It should be pointed out that there is no detectable
iffraction peak of Al2O3, meaning that the Al2O3 is amor-

hous during the annealing process. The phase structure stability
onfirms again that the thermal stability of Ag nanoparticles
s strengthened by addition of Al, in line with the absorption
pectra.

ig. 4. SEM images of as-deposited and annealed samples at different annealing condition
n  N2 for 10 h; (d) AgAl-Al2O3, as-deposited; (e) AgAl-Al2O3, 300 ◦C in air for 2 h; (f) AgAl
he  corresponding samples.
s deposited on Si substrate, and the corresponding histograms of the nanoparticles

Fig. 7 shows the element distribution profile of Ag, Al and O in
the AgAl-Al2O3 sample before and after annealing at 500 ◦C in N2.
The annealed sample was pretreated in turn at 200 and 300 ◦C in
air for 2 h. After data acquisition at the topmost surface, the XPS

measurements were recorded after each step with Ar plasma etch-
ing for 45 s. Compared with the as-deposited case, the distribution
profile of Ag in the annealed sample does not show any obvious
changes, although a certain amount of Ag distribution is detected

s: (a) Ag-Al2O3, as-deposited; (b) Ag-Al2O3, 300 ◦C in air for 2 h; (c) Ag-Al2O3, 500 ◦C
-Al2O3, 500 ◦C in N2 for 10 h. The inset graphs show the high-resolution images of



C.J. Tu et al. / Applied Surface Science 331 (2015) 285–291 289

Fig. 5. The average size distribution of Ag nanoparticles: (a) Ag-Al2O3, as-deposited; (b) Ag-Al2O3, 300 ◦C in air for 2 h; (c) Ag-Al2O3, 500 ◦C in N2 for 10 h; (d) AgAl-Al2O3,
as-deposited; (e) AgAl-Al2O3, 300 ◦C in air for 2 h; (f) AgAl-Al2O3, 500 ◦C in N2 for 10 h.

g-Al2O

o
a

t

Fig. 6. The evolution of XRD diffraction patterns of A
n the top face of the sandwich structure. This phenomenon has
lso been observed by Xiao et al. [12].

Further investigation on the chemical state of Al was performed
o explore the effect of the Al additive on improving the thermal

Fig. 7. The distribution profile of Ag, Al and O element in the AgAl-A
3 (a) and AgAl-Al2O3 (b) samples during annealing.
stability of the AgAl-Al2O3 nanocermet. Fig. 8 displays the binding
energies for the Al 2p core level peaks of the AgAl-Al2O3 sam-
ples before and after annealing, corresponding to the Fig. 7a and
b, respectively. The XPS measurement was recorded after each

l2O3 sample before (a) and after annealing at 500 ◦C in N2 (b).
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Fig. 8. The binding energies for the Al 2p core level peaks of th

tching step (315 s). In the as-deposited sample (see Fig. 8a), two  Al
p core level peaks centered at 73.3 eV and 75.6 eV were observed.

t is known that the binding energies of Al 2p core level peak are
n a range of 72.4–73.1 eV for the metallic Al and in a range of
5.9–76.6 eV for the oxidized state [33], respectively. Thus, the Al
p peak at 73.3 eV and 75.6 eV is presumably from metallic Al and
xidized Al, respectively, indicating that the metallic Al is present in
he as-deposited AgAl-Al2O3 specimen. The metallic Al/Ag atomic
atio was calculated to be about 18%. But nevertheless, only Al 2p
ore level peak for alumina is observed in the annealed sample
shown in Fig. 8b), implying that the metallic Al is oxidized during
he annealing process. This behavior is consistent with the previ-
us study on oxidation-driven restructuring of Au-Cu bimetallic
anoparticles embedded in SiO2 [34].

Based upon the above discussion, thermal induced diffusion of
g element during annealing was the main reason to account for the
ptical property degradation. Thus, the improved thermal stability
f AgAl-Al2O3 thin film was associated with the effective delay on
g diffusion. It was confirmed by the XPS analysis that the oxidation
f the metallic Al played an important role in inhibiting Ag migra-
ion. Firstly, Al was dissolved in Ag particles to form AgAl alloy
anoparticles. Secondly, the solute Al in the alloy nanoparticles
iffused outward preferentially and then got oxidized near the par-
icle surface during pretreatment in air, which is analogous to the
estructuring behavior of other alloy nanoparticles driven by oxida-
ion [34,35]. The freshly generated alumina, regarded as the armor
ayer covering the alloy nanoparticles, raised the diffusion barrier
o inhibit the migration of the Ag element so as to sustain the optical
ignals [18]. It should be pointed out that the alloying process was
ot fully completed, in other words, there were some unalloyed
ure Ag particles within the host matrix, which was  evidenced by
he obvious growth of small particles in the insert to Fig. 4e and f.
rom a global perspective, the present of Ag agglomerates in the
gAl-Al2O3 nanocermet cannot be ruled out, but these agglomer-
tes were isolated among the armor layer-capped particles, so the
icrostructure changes were reduced as marginally as possible,
hich leads to the superior thermal stability.

. Conclusion

In this work, we comprehensively investigated the thermal sta-
ility of Ag or AgAl nanoparticle embedded alumina matrix. The
gAl-Al2O3 films exhibited appreciable thermal stability even after
nnealing at 500 ◦C for 260 h. The detailed studies of surface micro-
raph and crystalline structure of the AgAl-Al2O3 film throughout
he whole annealing processes were performed, in order to find

ut the thermal stability origin. The diffusion, agglomeration and
vaporation of the Ag nanoparticles observed in Ag-Al2O3 films
uring annealing, were significantly suppressed in the AgAl-Al2O3
ase. It was proposed that the metallic Al diffused out of AgAl

[

l-Al2O3 film before (a) and after annealing at 500 ◦C in N2 (b).

alloy nanoparticles after the low-temperature pretreatment in air,
and got oxidized on the interfacial sites between the particles and
the alumina matrix. The freshly generated alumina, acting as an
armor layer on the alloy nanoparticles, was  pinned against the
matrix and could prevent Ag element from long-distance diffu-
sion. These investigations are beneficial for deeply understanding
the effects of the Al additive on improving the thermal stability of
Ag-Al2O3 films, which would offer a brand new idea for design-
ing high-temperature-endurable nanocermet materials for solar
thermal applications.
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