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1 Introduction

Well organized, multilayered, and transparent organic—
inorganic hybrid materials are an important new class of
nanostructured materials.' Such materials offer the potential
for realizing a hybrid platform for the integration of optical,
mechanical, and electronic devices for large number of appli-
cations, such as light sources, sensing, and data communi-
cations.” When the hybridization is carried out between
a glass and polymer, it offers a wide range of functionality
due to the versatility of both materials in its structural,
mechanical, and optical properties. Though appealing, the
production of highly organized glass—polymer nanolayers
is often challenging and difficult. This has been achieved
via a multitarget-pulsed laser deposition (PLD) technique,
which has been previously demonstrated to exhibit excellent
performance for its molecular level structural engineering
capabilities.®

Balancing the surface energies of both materials, glass
has a surface energy at least an order of magnitude higher
than polymers, is often the key aspect in this process. In
this work, we plan to manage this difference by choosing
a polymer with large thermal expansion coefficient
(poly dimethyl siloxane (PMS) —3.1 x 1074°C~") compared
with a glass with low coefficient (tellurite glass ~20x
1079°C~1).”8 Choosing a tellurite glass provides an addi-
tional advantage of large fluorescence emission bandwidth
(wide tunability) and the possibility of heavy rare earth dop-
ing (high gain per unit length), facilitating the concept of
optical integration at a miniaturized scale for a range of trans-
ducer materials. Hence, we have designed a superlattice of
glass and polymer using a sequential PLD process.” A 193-
nm-ultraviolet (UV) laser was used to ablate the target
material and the final glass and polymer superlattices
were having a thicknesses ranging between 2 and 7 nm,
which is within the maximum thickness 10 nm of a single
layer considered in conventional crystalline superlattice. The
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nanolayer fabrication approach adopted for glass—polymer
integration in this work for sensor applications overcomes
the limitations in rare earth doping of polymer hosts.
Because of the low-quantum yield doping of rare earth
ions in polymer through organic complexes, such materials
have not been successful in realizing practical devices so far.
In our methodology, the local environment of rare earths is
inorganic in nature being incorporated in the oxide glass
layer and therefore the spectroscopic properties are much
superior to that with an organic complex in a polymer.
This is particularly important for doping with near-infrared
fluorescent ions such as Er’* used in this work. Another
commonly used technique to produce active functionalities
based on fluorescence is to dope the polymer with dyes.
Disadvantages of such dye-doped polymer systems results
from the photobleaching, lack of long-term stability, and
low-environmental durability. The Eu’*-doped system is
investigated here for potential applications in gas and chemi-
cal sensing as alternative to bromothymol blue (BTB) dop-
ing'® because of its strong-red fluorescence under green/
ultraviolet excitation. In our sensor device concept demon-
stration, we used the Eu**-doped glass—polymer nanolayers
as a composite cladding material in a planar waveguide for
evanescent wave excitation and propagation. A second sen-
sor concept demonstrated herein exploits other characteristic
properties of the of the glass—polymer superlattice: (1) bend-
ing due to the internal compressive stress produced in the
nanolayers of the glass—polymer superlattice deposited on
to a silicon (Si) microcantilever to cause temperature depen-
dent deflection, (2) selective, wavelength dependent differ-
ential heating of the cantilever by doping the glass layer
with rare earth ion (Er®") having specific absorption at
980 nm. Such a strategy will potentially allow us to design
sensor pixels for wavelength dependent imaging device of an
optical-microbolometer type uncooled camera. Our approach
provides the ability to fine tune the internal stress by engi-
neering the glass—polymer nanolayers and the functionality
of wavelength selectiveness by doping comparing with
a previously reported approach.'!
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2 Experimental

The PDMS target materials for PLD was prepared by mixing
the base and cure agents in the ratio of 10:1 of Sylgard
184 from Dow Corning, (Seneffe, Belgium). The molar
percentage composition of the Er’T-doped “PT” glass
targets was (50-y) TeO,-20Na,0-20P,05-10ZnF,-1.1Er,05-
1.5Yb,05-0.9CeO, (in which y mol% is the total concen-
tration of the rare earth oxides), which was prepared by
powder mixing, melting, and quenching. The composition
of the Eu?*-doped glass target used was 48TeO,-20Na,O-
20P,05-10ZnF,-1.1Eu,03-0.9CeO,. The glass compositions
were chosen based on their comparatively better spectroscopic
properties and for their compatibility for deposition under sim-
ilar atmospheric conditions as that of the polymer used. The
silica substrate, used for the deposition of the superlattice
structure, was cleaned and then baked inside the deposition
chamber of the PLD machine (PVD Products, Wilmington,
Massachusetts, USA) for degassing, prior to the deposition
process. During deposition, the chamber was maintained at
5 mTorr using a gas mixture of 96% O, and 4% He, by vol-
ume. The deposition parameters for the formation of glassy
thin films were optimized for the 193-nm-excimer laser source
used, with pulse duration of 20 ns, repetition rate of 20 Hz,
and fluence of ~0.4 J/cm?. The substrate temperature during
deposition was maintained at 100°C and the substrate-to-target
distance during deposition was 55 mm.

The superlattice like nanolayered thin films was fabri-
cated by alternating the laser beam onto the PDMS and
glass targets for ablation cycles with different durations.
A preprogrammed parameter control software was used
for achieving precise and frequent changeover between
the two target materials. A total of 96 such cycles of 10
and 100 s for PDMS and glass were used to grow a
~1-um-thick film with a glass:polymer ratio for the layers
of 2:1. The duration for each target during a cycle is varied
to obtain other layer thickness ratios. The very first layer
deposited on the silica/polymer substrate was that of the
phosphate glass (PT) glass, whereas the terminating top
layer was of PDMS. After deposition the thin films were
cooled to below 25°C at the rate of 50°C/ min. A similar
procedure was used to grow the Er’*-doped superlattice
thin films on Si microcantilevers.

3 Nanostructure and Optical Properties

3.1 Engineered Structures

Three samples were fabricated with different glass and poly-
mer thickness ratios (2:1, 1:1, and 1:2) to investigate their
stability and structural integrity.
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1. Glass 7 nm: Polymer 3.5 nm
2. Glass 7 nm: Polymer 7 nm
3. Glass 3.5 nm: Polymer 7 nm

All structures were highly optically transparent and stable
except for (3), which is disintegrated almost a week later due
to very large-internal stress in the deposited film. Therefore,
this particular sample was not used for any studies reported
hereafter. We attribute this effect to the larger thickness of the
polymer layer leading to stress relaxation over time overcom-
ing the equilibrium force provided by the thinner glass layer.
As it is evident from Fig. 1, there is a strong-contrast differ-
ence in transmission electron microscopy (TEM) images of
the glass and polymer layers, which can be seen to exist in
a well organized and spatially very well-defined manner. The
lighter shaded layers are of low-density polymer material
whilst the darker layers are that of tellurite glass with a
much higher comparative density. The deposited layers have
a thickness error of +0.3 nm, which illustrates the excellent
deposition quality of the layers. However, the cross-sectional
area homogeneity of the layers is limited to ~100 x 100 nm?
due to particle inclusions. The formation of such particles
within and its effects on the growth of the nanolayers is
discussed in our previous publication.’

3.2 Optical Transmittance and Fluorescence
Properties

The engineered superlattice films show very high transpar-
ency as shown in Fig. 2(a). The optical transmittance was
well above 93% within the wavelength range of 700 to
2000 nm. Transparency is one of the major challenges in
the case of organic—inorganic hybrid materials, and this
plasma-based deposition technique is shown to overcome
this. Two sets of films were produced, one doped with
Er’t and the other doped with Eu®* ions. The Eu?* ions—
doped film was excited using 532-nm laser and the emission
was recorded in 560 to 700 nm range, and the fluorescence in
this range useful for chemical and gas sensing applications
where conventionally fluorescent dyes are used.!®!? The
most prominent peak of the Eu** ions in films is observed
at 614 nm corresponding to the Dy, to ’F, transition is shown
in the spectrum normalized to this peak in Fig. 2(b). The
peak at 593 nm resulting from D, to ’F, transition of
excited Eu** ions is magnetic dipole in nature while the
3Dy to 'F, transition is electric dipole in nature. This electric
dipole transition is known to be highly sensitive to local
coordination environment. Therefore, we can attribute the
relative increase in intensity of the 593-nm peak in the
normalized spectrum to the change in local coordination

Fig. 1 TEM of a cross section of superlattice structure with glass to polymer ratio of (a) 2:1 and (b) 1:1
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Fig. 2 (a) Representative transmittance spectrum of a glass—polymer superlattice structure (glass to
polymer ratio of 2:1) in comparison with the glass only film. Fluorescence spectrum of superlattice
samples doped with (b) Eu3* ions and (c) Er** ions.

environment of Eu** ions in the film comparing with the
target glass, which affect the electric dipole transition
(°Dy to "F,). The relative change in the line shapes of the
two spectra are also related to the above particular properties
of the two different transitions involved. For erbium-doped
films, the fluorescence spectra [Fig. 2(c)] were measured
from the films upon 980-nm laser excitation. Er3*: 41,5 =
s /2 transition peaked at 1534 nm showed the almost exact
line shape compared with the bulk glass and this spectrum is
also shown to demonstrate absorption at 980 nm by the film.
A small drop (0.2 ms) in the fluorescence lifetime for
Er3*-doped superlattice in comparison to doped PT glass
was observed in previous studies and discussed therein.’
On comparing the line shapes of the doped systems, we
can say that there is better stoichiometric transfer of the
Er’*-doped glass than Eu®*-doped glass in the PLD. It is
almost impossible to record the absorption spectrum with
characteristic absorption features of dopants because of
the low-volume fraction of the dopant ions in the thin
films. The absorption of the laser will produce heating in
the superlattice film due the nonradiative relaxations mainly
from Er**: I, to *Ij3,,, and this aspect is utilized in the
wavelength dependent deflection of the Si microcantilever in
Sec. 4.2. The refractive index of the doped (Er’** and Eu’*)
superlattice structures used here were 1.635 at 633 nm, while
the doped target glasses were 1.666 and PDMS was 1.454.

4 Sensor Design with Results and Discussion

4.1 Europium Rare Earth lon-Based Sensor

Recent advances in polymer waveguide technologies have
demonstrated the potential to cost-effectively integrate opti-
cal waveguides onto standard printed circuit boards (PCBs)
for use in high-speed board-level optical interconnects.'*™1
However, the futher integration of optical-sensing elements
onto these hybrid opto-electronic (OE) PCBs can also enable
the formation of low-cost versatile optical sensors suitable
for use in a variety of sensing applications.'® The selective
deposition of a glass—polymer superlattice on such polymer-
based devices constitutes a promising alternative in generat-
ing the required fluorescence for the sensor operation. Initial
work toward this direction has been undertaken, by fabricat-
ing a waveguide sensor with a deposited glass—polymer
superlattice layer.

The sensor was realized by stacking a superlattice layer
with selective Eu** ion doping in the glass layer, onto air-
exposed channel polymer waveguides fabricated onto a stan-
dard PCB substrate. The waveguides were fabricated from
siloxane polymer materials with standard photolithography

techniques on a FR4 substrate. These polymer materials,
OE-4140 (core) and OE-4141 (cladding) developed by
Dow Corning, have been engineered to withstand the
high-temperature environments in excess of 300°C, such
as that are required for solder reflow and PCB lamination.
The FR4 substrate constitutes a low-cost glass epoxy sub-
strate, widely used in the electronics industry. The wave-
guides are designed to have a large cross section of
~50 % 50 um? in order to allow sensor assembly with
relaxed alignment tolerances and low-cost tools such as
pick-and-place machines.'”!® The fabricated sample mea-
sures 30 x 20 mm? and has a 10-mm long air-exposed sec-
tion in order to allow the deposition of the superlattice onto
the waveguides. The superlattice layers were deposited onto
the waveguide sample using the PLD method discussed
above. The deposition of the superlattice layer onto the
exposed waveguides enables evanescensent wave coupling
of the pump laser to the superlattice containing the Eu®*
ions and subsequently the generation of a red fluorescence
signal, which is required for the sensor operation. A sche-
matic of the fabricated device and images of parts of the
sample are shown in Fig. 3. The propagation losses of
the superlattice layer on silica measured at 633 nm was
~1 dB/cm while the losses for polymer waveguides are
below 0.5 dB/cm. The propagation losses are mainly con-
tributed by the surface roughness of the film, which is typ-
ically around 90 nm for a 1-um-thick film. Particle inclusions
discussed before will also contribute to the Rayleigh scatter-
ing at the measurement wavelength.

A 532-nm laser signal was lanuched into the waveguides
and the europium ions in the superlattice layers were evan-
escently excited. Propagation of the broad amplified sponta-
neous emission (ASE) in the wavelength range of 570 to
650 nm is shown in Fig. 4(a) for a 532-nm laser power of
10 mW. The red color emission upon exciting the superlat-
tice film surface is observed by the camera is shown in
Fig. 4(b) while the light collected at the waveguide output
clearly shows the ASE emission from the Eu’t ions
[Fig. 4(c)]. The ASE spectrum observed is broadened com-
paring with that of fluorescence spectrum reported in
Fig. 2(b), which is attributed mainly to the recording of
the weak evanascent signal at lower resolution. The real-
time monitoring of the received fluorescense can provide
information about the presence of red-absorbing chemical
species in the sensor vicinity demonstrated using dye-
doped waveguide systems.'® The experiments to demonstrate
gas sensing are currently in progress and the integrated sys-
tem requires further improvements in terms of Eu** doping

Optical Engineering 071818-3 July 2014 « Vol. 53(7)
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Fig. 3 (a) Schematic of the printed circuit board-integrated polymer waveguide sensor with the deposited
superlattice layer and (b and c) images of the fabricated sample: (b) top view of the sample edge where
the deposited superlattice layer is clearly visible and (c) coated polymer waveguides in the air-exposed
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Fig. 4 (a) Experimental setup for the characterization of the fabricated sample, (b) recorded image
from top camera showing red fluorescence from the waveguide and (c) recorded fluorescence at the

waveguide output.

concentration, transmission loss, and film thickness for
optimizing the sensitivity.

4.2 Erbium Rare Earth lon-Based Sensor

The erbium ion—based sensor was designed to function as
highly sensitive thermal bimorphs for unique applications,
such as uncooled IR imaging devices, biological analyte
microsensor, high-sensitivity thermal sensor etc. In a related
experiment the Er’* ions—doped glass—polymer superlattice
was stacked on a Si microcantilever, the optical image of the
cantilever before and after coating is shown in Fig. 5. Due to
the internal stress which is compressive in nature the canti-
lever bends downwards when cooled from the growth tem-
perature down to room temperature, and with heating it
deflects upward. In order to monitor the nanoscale deflec-
tion in response to low-heating temperatures a modified
atomic force microscope (AFM) was configured so as to
detect the deflection at a nanoscale level. The usual AFM
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tip-cantilever was replaced by a Si microcantilever coated
with the superlattice structure directly mounted on the sam-
ple stage. The specific doping of erbium ions in glass layers
enables the cantilever to absorb 980-nm laser radiation and
heat the superlattice because nonradiative relaxation of Er3*
ions in the glass layer from the “I; /2 level. The continuous
wave (CW) 980-nm laser differential heating of the super-
lattice and silicon leads to the deflection of the bimorph can-
tilever. A much lower power 633-nm laser was focused on
the cantilever to track the deflection; the schematic of the set
up is shown in Fig. 6.

The deflection corresponding to the increase in tempera-
ture was extracted using the measured AFM and optical
microscope data. A linear fit [Fig. 7(a)] was obtained for
the deflection angle versus temperature graph, the slope of
which was calculated to be 0.5 nm/mK. The corresponding
images of the deflected cantilevers at selected temperatures
are shown in Fig. 7(b). In this figure, we can see that
the length of the cantilever under focus increases with

July 2014 « Vol. 53(7)
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Fig. 5 Si microcantilever (a) before and after (b) deposition of glass—polymer material.
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Fig. 6 Schematic of the experimental set up for measuring cantilever
deflection using an atomic force microscope.
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Fig. 7 (a) Graph of Si microcantilever deflection versus temperature,
(b) optical microscope images of deflected cantilever at selected tem-
peratures darker regions are progressively bend downward.

temperature due to the upward deflection. An advantage of
this biomorph methodology comparing with previous reports
relying on just polymers'' is that we can design the polymer—
glass interlayer thickness so as to obtain a well-controlled
internal stress that can provide different levels of sensitivity.
Moreover, it is possible to use the setup for monitoring wave-
length dependent absorption and corresponding effects in the
deflection by choosing a laser with different wavelengths or
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different lattice periods and materials. Since the superlattice
layer can be made absorptive at wavelengths quite different
from that of the underlying silicon we plan to exploit the
selective heating of the glass—polymer superlattice layer
for mid-IR and long wavelength detection. An array of
such cantilevers can be produced on large silicon substrates
for wavelength specific imaging in the long-infrared wave-
length range.

5 Conclusion

Glass and polymer nanolayers were engineered by PLD to
produce a nanocomposite stack to thicknesses of ~1 pym.
The thickness of the fabricated layers chosen in thus
study was between 3.5 and 7 nm, and the glass layer was
selectively doped with Eu** and Er** ions for optical emis-
sion- and absorption-based integrated sensor applications.
An Eu’*-doped superlattice on polymer-integrated circuit
platform was demonstrated as an alternative to dye-based
materials for potential sensing of chemical species having
absorption in the yellow-red wavelength region (590 to
620 nm). Further optimization of the doping concentrations,
absorbing layer thickness, propagation losses of the evanes-
cent wave and refractive index are required to demonstrate
efficient sensing of a particular chemical species in gases or
liquids. New engineering approaches for Si microcantilever-
based thermal detection and imaging for optical-microbol-
ometer/optical thermal imaging are presented and discussed.
The glass—polymer superlattice approach to control the inter-
nal stress and hence to improve the thermal sensitivity
together with wavelength selective detection by rare earth
doping of the bimorph structure is demonstrated with high
sensitivity. However, more experiments and optimization
of sensitivity are required for potential device development.
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