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of Cr or Ti intermediate layers with Ag layer
followed by an optimal annealing treatment
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Abstract

The adherence of sputtered Au layers on glass substrates used for surface plasmon resonance (SPR) analysis is very
weak. This is usually compensated using a thin Cr or Ti intermediate layer. In this study, a 10-nm sputtered Ag layer
(instead of usual Cr or Ti layer) was used as an adhesive intermediate layer between the 40-nm Au layer and the
glass substrate. The effect of successive heat treatment at different temperatures on the Au layer adherence and
SPR resonance characteristics has been studied. Pull off tests and stability against treatment in boiling water tests
have been used for the assessment of Au layer adherence. Based on SPR analysis and pull off and boiling water
tests, it is shown that an optimum annealing temperature of 250°C exists for which the Au/Ag/glass substrate
composite layer possesses a reasonable adherence along SPR sensitivity.
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Background

The Au nanofilms deposited on borosilicate glass sub-
strates have gained ever increasing application of mod-
ern technologies such as surface plasmon resonance
(SPR) biosensors because of their high conductivity and
chemical inertness. Fifty nanometers is a conventional
thickness for obtaining a proper SPR response from Au/
glass composite layers [1,2]. Such nanofilms are usually
produced by physical evaporation [3] and chemical
vapor deposition of the metal [4], among the other
methods.

It is well known that such coating processes suffer
from a severe drawback: weak adherence of the Au layer
to the substrate. To overcome the aforementioned
drawback, two main techniques that have been reported
in the literature are used sequentially: (a) implementa-
tion of Cr or Ti thin intermediate layers, usually by radio
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frequency (RF) sputtering and then (b) thermal
annealing of the composite Cr(Ti)/Au layer.

To enhance the adherence of the Au layer to the gold
substrate, usually a 1- to 5-nm Cr [5-8] or Ti [9-12] layer
is used as an intermediate layer. Sexton et al. [9] showed
that Ti is preferred over chromium as it less strongly ab-
sorbs light and less prone to variations in transmission.

Thermal treatment has been superimposed to the fab-
rication procedure above to enhance the ultimate layer
properties. It is well known that thermal treatment of
the gold nanolayer/glass composites decreases the SPR
response, especially at high annealing temperatures [2];
this thermal treatment results in the coalescence of the
gold particles, increasing the mechanical strength of the
gold layer. SPR depends strongly on the nanoparticle
layer structure and morphology [2,13,14]. Annealing has
a strong influence on the film properties [15], and this
may also be used to alter the film properties in a con-
trolled way [16]. Markert et al. [16] showed how the
substrate temperature during sputter deposition; a sub-
sequent isochronous annealing process determined the
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surface topography and the electrical resistivity of thin
polycrystalline gold films deposited on float glass.
Snopok et al. [8] optimized the thermal treatment pro-
cedure for Au films (40 to 60 nm) sputtered on glass
substrates containing a 1-nm chromium under layer [8].
They did not perform any stability test on the annealed
layers. They realized that the composite layer should not
be treated at temperatures exceeding 120°C in order to
preserve a reasonable SPR response signal.

3-Mercaptopropyltrimethoxysilane has also been used
for improving the adherence of gold to glass substrates
[7] due to the chemical affinity of the -SH group with
Au. In the latter work, the Au/glass substrate composite
layer is further thermally treated at 300°C for 5 to 10
min to reduce the surface roughness and increase the
mechanical stability of the Au film.

Zynio et al. [17] studied the effect of using Au/Ag bi-
metallic layers on the sensitivity of affinity sensors based
on surface plasmon resonance. They did not use any Cr
or Ti intermediate layer. They aimed at obtaining a
higher signal-to-noise ratio by introducing Ag as a pri-
mary layer, a high shift of the resonance angle using the
second Au layer for a total composite layer thickness of
50 nm. Their work lacks a proper study of the adherence
of the bimetallic layer to the substrate under study. We
show in the present work that such bimetallic layers suf-
fer from a low adherence to the glass substrate. This is
while such composite layers are usually further treated
with different chemical agents at different temperatures
and may be eroded during the washing in rinsing steps.
In other words, it is imperative to improve the mechan-
ical adherence of such bimetallic layers in order to make
them industrially attractable.

The aim of the present work is to introduce a new
strategy for increasing the adherence and mechanical
stability of Au thin films (50-nm thickness) on glass sub-
strates while keeping a reasonable SPR signal response.
We show that it is possible to enhance the adherence of
the Au layer by implementing an intermediate 10-nm
Ag layer, employing an optimal further heat treatment
step. As far as the SPR response characteristics are
concerned, application of Ag intermediate films is sup-
posed to be superior to Cr and Ti. This is due to the
higher value of |e./g; | (the ratio of the real to imaginary
part of the dielectric constants) of Ag with respect to
other metals [3].

We have investigated the effect of thermal annealing
on the SPR response characteristics and adherence of
the Au/Ag composite layer on the glass substrate. To
the knowledge of the authors of this work, the adher-
ence of the treated gold layer to its substrate has not
been considered in a thorough fashion so far. Szunertis
et al. [4] studied the effect of treating the annealed layers
in basic and acidic solutions at room temperature on the
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change in the SPR behavior before and after treatment.
This is a rather simple test and does not give a proper
insight about the adherence of the layer. To obtain more
reliable information on the adherence of the Au layer on
the glass substrate, two kinds of layer stability tests have
been devised: (a) resistance to boiling water for a
predetermined time and (b) pull off tests. The philoso-
phy behind the first test is that in many applications, the
gold-coated chips are subjected to thermal treatments
therefore creating thermal shocks in aqueous solutions.
It is then imperative that the layer withstands thermal
shocks as the linear expansion coefficient of the Au layer
is substantially different from that of the glass substrate.
After treatment with boiling water, the layer should not
totally or partially detach from the glass substrate and
should keep its SPR response. It is a qualitative test but
of relevant importance. The results of the pull off test
involve the adherence characteristic of the nanolayer on
the glass substrate. Pull off tests are widely used for
assessing the interfacial delamination properties of thin
layers and coatings of optical devices [18], and the the-
ory behind has been thoroughly elaborated. In our case,
they provide a meaningful interpretation of the adher-
ence of the treated nanolayer for withstanding conven-
tional mechanical manipulations.

The SPR behavior of Au/glass substrate composite
layers (as-synthesized and annealed at different tempera-
tures), and their stability is presented in the first part of
the present work. This is essential for a rational discus-
sion of the second part of this work. In the second part,
the same characteristics of the Au/Ag/glass substrate
composite layers are presented and compared with the
results of the first part.

Results and discussion

Figure lab,c shows the AFM topologies of the as-
deposited and annealed Au layer films at 250°C and
400°C for 60 min. The scan area of the images is
2,500x2,500 nm” Table 1 shows the corresponding
roughness values. It is observed that the average surface
roughness of the gold film gradually increases with
increasing the annealing temperature. This is mainly
attributed to some sort of sintering of the original
gold particles and the creation of larger particles. An
eightfold increase of the average surface roughness is
observed in the sample treated at 400°C with respect to
the as-deposited sample. However, for an annealing
temperature of 100°C, the surface roughness remains
practically intact. A clear change in the surface rough-
ness and surface topology is observed for annealing tem-
peratures higher than 200°C. The trend described above
is well known in the art. Grain mobility and coalescence
is considered the predominant mechanism responsible
for the morphological change induced by annealing [19].
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Figure 1 AFM images of (a,b,c) Au/glass and (d,e,f) Au/Ag/glass composite. (a) as-prepared, (b) annealed at 250°C, and (c) annealed at
400°C; (d) as-prepared (e) annealed at 250°C, and (f) annealed at 400°C.

Apart from the mere sintering of the Au particles, the
authors of this work present an additional mechanism
for explaining the improvement of the adherence of Au
to the glass substrate. This is schematically shown in
Figure 2. Referring to this figure, the effect of heat treat-
ment is not merely the coalescence of the gold particles.
Another phenomenon also takes place: the gold particles
undergo a better wetting of the hills of the glass sub-
strate (Ra ~ 0.34 nm), resulting in a better ‘entangle-
ment’ of gold particles with the glass protuberances. The
latter phenomenon results in a better adherence of the
gold thick film to the glass substrate.

The effect of annealing temperature on the SPR re-
sponse and transmission mode absorbance of the Au
coated samples is shown in Figure 3. It is observed that

Table 1 Average roughness (Ra) of metal surface for the
Au/glass and Au/Ag/glass composite layers in their
original and annealed states

State Au/glass (nm) Au/Ag/glass (nm)
Original 9.65 9.76
Annealed at 100°C 9.86 9.94
Annealed at 150°C 10.11 10.90
Annealed at 200°C 11.19 13.03
Annealed at 250°C 1299 1339
Annealed at 300°C 14.24 15.02
Annealed at 400°C 1633 15.58

the resonance angle and percent absorbance remain ap-
proximately constant upon heat treatment at 100°C and
150°C. Actually, the change in the depth of the SPR
curve is 0.0% and 1.8% for annealing temperatures of
100°C and 150°C, respectively (Figure 3b). Further in-
crease of the annealing temperature reduces sharply the
SPR response. This is in accordance with the trend of
topology change with increasing annealing temperature.
The ‘sintering’ of the gold particles is pronounced at
temperatures equal or higher than 200°C. The absorb-
ance undergoes significant reduction at an annealing
temperature of 300°C and assumes its smallest value at
400°C throughout the wavelength span under consider-
ation. Such a behavior has been reported before [2] and
is attributed to the formation of hills and valleys due to
the coalescence of gold particles. The hills provide ‘low
absorbance’ regions for the passing light beam thus
resulting in lower absorption values.

At this stage, it is noteworthy to consider the optical
characteristics of the samples coated with 10 nm Ag and
40 nm Au. The SPR response curves (Figure 3) show the
same trend as the Au film as a function of annealing
temperature. The change in the SPR response is 0.0 and
4.8% at 100°C and 150°C, respectively. The attenuation
of the SPR response is somewhat stronger at 150°C for
the composite layer compared to the Au/glass composite
layer (1.8%). The SPR signal undergoes a 28% reduction
at 200°C, being still sharp. The SPR response vanishes at
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Figure 2 Scheme showing proposed mechanism for explaining improved adherence of Au to substrate due to annealing.
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400°C. The optical behavior as a function of temperature
has a peculiarity not observed for the Au/glass compos-
ite layer. The SPR angle of Au/Ag/glass composite
changes significantly with increasing the annealing
temperature. Figure 3b shows the latter phenomenon.
Interestingly, the rate of change of the SPR angle has a
maximum at 200°C.

Figure 1d,e,f shows the surface morphology of the as-
deposited, annealed at 250°C, and annealed at 400°C

Au/Ag composite layers, respectively. When compared
with Figure 1a,b,c, it is observed that the introduction of
the Ag as an intermediate layer results in a completely
different sintering behavior of the gold particles.
Diffusion of Ag atoms into the Au film prevents the for-
mation of large Au particles and results in the formation
of a well-patterned surface lattice-like collection of
spindly entities. It is not clear at this stage if the elimin-
ation of the SPR signal is due to a different surface
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Figure 3 SPR angle (a) and depth (b) of Au/glass and Au/Ag/glass composite layers. Composite layers as a function of annealing temperature.
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topology or because of different bulk properties of the
composite layer.

The layer stability characteristics of the Au/glass compos-
ite layers as a function of annealing temperature is summa-
rized in Figure 4. It is observed that the original Au/glass
composite layer does not pass the boiling water stability
test. Heat treatment in the temperature range of 100°C to
400°C results in Au/glass composite layers that pass this
test while the original Ag/Au composite film passed the lat-
ter test. In other words, the mere introduction of Ag as an
intermediate layer enhances significantly the adherence of
Au to the glass substrate. This mechanical characteristic is
maintained after thermal annealing up to 400°C.

Referring to Figure 5, it is observed that the SPR re-
sponse of the Au/Ag/ glass composite layers follow a dif-
ferent trend compared to the Au/glass layers. For the
Au/glass composite layers, only the sample treated at
400°C passes this test and shows no SPR response
(Figure 5a). According to Figure 5, heat treatment of the
Au/Ag/glass composite layers in the temperature range
100°C to 200°C enhances the adherence of the layer
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while keeping a reasonable SPR output signal character-
istic. It is observed that an annealing temperature of
250°C results in intact composite layers after performing
the pull off test. This is while the SPR signal is still of a
reasonable intensity ca. 40% reduction with respect to
no annealing (Figure 5b). Composite layers heat-treated
at temperatures higher than 250°C posses a reasonable
adherence but show a weak SPR characteristic.

Conclusion

Summed up, it may be stated that the mere introduction
of a 10-nm intermediate layer enhances significantly the
Au layer adherence to the glass substrate while the Au/
Ag/substrate composite shows acceptable SPR character-
istics. However, this is not enough as the composite layer
chip should withstand sever eventual physical successive
treatments during fictionalization processes prior to SPR
analysis. The last results showed that such a resistance
may be achieved only by an optimal treatment method
of the as-synthesized Au/Ag/glass composite layer.

State Au/Ag/glass Au/glass
Boiling water test  Pull off test Boiling water test  Pull off test

Original Passed Not passed "

|

!
Annealed at 100°C  Passed - Passed -
Annealed at 150°C  Passed : E'_i Passed -
Annealed at 200°C  Passed = Passed :
Annealed at 250°C  Passed . Passed -
Annealed at 300°C  Passed - Passed -
Annealed at 400°C  Passed . Passed -

Figure 4 Stability tests of metal surface for Au/glass and Au/Ag/glass composite layers in original and annealed states.
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Figure 5 SPR response of Au/glass composite layers annealed at 400°C (a) and Au/Ag/glass composite layers annealed at 250°C (b).

Methods

H,0, (30 wt.%), HySO, (94 wt.%) were purchased from
Merck Company (Whitehouse Station, NJ, USA). Triply
distilled water was used. The substrate surfaces were ini-
tially and thoroughly treated in piranha solution. This pre-
treatment results in an approximately complete cleaning of
the surface. In addition, it results in the change of the
chemical structure of the exposed glass surface, eventually
increasing the concentration of silanol surface groups.
Glass substrates (microscope slides, soda-lime glass) were
cleaned with piranha solution (3:1 vol. ratio, HySO4/H,05)
for 30 min at 80°C. After cooling, the samples were rinsed
with water and dried under nitrogen gas flow.

Au layers with a thickness of about 50 nm were
sputter-deposited on cleaned glass slides (7x7x1 mm?
pieces) using a BAL-TEC SCD 005 DC sputtering sys-
tem. The surface roughness (Ra) of the initial slides was
0.34 nm. No intermediate Cr or Ti layer was used.
Sputtered metal thickness was determined using a Stylus
Profilometer DEKTAK3 (Veeco, Plainview, NY, USA)
instrument. In the case of Au/Ag films, the glass sub-
strates were coated with a 10-nm Ag film in the first
step and with a 40-nm Au film in the second step.

The samples were heated to the desired temperature
(100°C, 150°C, 200°C, 250°C, 300°C, 400°C) using an

electrical furnace with a heating rate of 5°C/min in am-
bient air and treated for 1 h.

The analysis of the surface topology of the original and
treated gold films was performed by a Nanoeducator
AFM apparatus using a non-contact mode. Transmission-
mode absorption spectra were obtained using an Ocean
Optics UV-visible spectrometer (Dunedin, FL, USA). An
Iranian SPR instrument (Nano SPR) was used to investi-
gate the SPR characteristics of the original and treated
samples [20]. The resolution of this version of the SPR
determination apparatus was 0.01°. The goniometer of the
nano SPR system worked with a 0 to 20 geometry. A 2-
mW He-Ne gas source was used for producing the laser
beam (632.8 nm). Glycerin was used as an interface layer
between the borosilicate glass prism and the glass slides.

The layer stability was evaluated by placing the sample
in a 200-cm? beaker containing 50 cm® boiling water for
15 min. Partial or full detachment of the gold layer was
considered as a failed experiment. If the sample
remained constant and produced the original SPR re-
sponse with less than 0.02° change in the SPR angle, the
experiment was considered successful. Each stability test
was repeated twice.

The pull off test was performed as follows: an adhesive
tape was put horizontally on a holder, then the



Ghorbanpour and Falamaki Journal Of Nanostructure in Chemistry 2013, 3:66

http://www.jnanochem.com/content/3/66

composite layer (7x7x1 mm?®) was put on it so that the
metal came into contact with the tape. Afterwards, a
100-g standard weight was put on the glass side of the
slide for 30 s. Afterwards, the weight was raised and the
slide was detached manually from the tape. Each pull off
test was repeated twice.
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