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Abstract: The thermal tunability of the optical and electrical properties of phase-change
materials has enabled the decades-old rewritable optical data storage and the recently-
commercialized phase-change memory devices. Recently, phase-change materials, in
particular Ge,Sb,Tes (GST), have been considered for other thermally-configurable photonics
applications, such as active plasmonic surfaces. Here, we focus on non-plasmonic field-
enhancement and demonstrate the use of the phase-change materials in ultrasensitive infrared
absorption spectroscopy platforms employing interference-based uniform field enhancement.
The studied structures consist of patternless thin GST and metal films, enabling simple and
large-area fabrication on rigid and flexible substrates. Crystallization of the as-fabricated
amorphous GST layer by annealing tunes (redshifts) the field-enhancement wavelength range.
The surfaces are tested with ultrathin chemical and biological probe materials. The measured
absorption signals are found to be comparable or superior to the values reported for the
ultrasensitive infrared absorption spectroscopy platforms based on plasmonic field-

enhancement.
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Phase-change materials exhibit reversible phase transitions between amorphous and
crystalline states, accompanied by large changes in the materials’ optical and electrical
properties. The reversible changes in the material properties led to the development and the
recent commercialization of the phase-change memory (PCM) devices.' Long before the
PCM devices had been widely studied, phase-change materials made rewritable optical data
storage media possible in 1990s.” Optical data storage uses laser-induced heating to change
the material’s phase, hence the optical properties. More recently, the modulation of the optical
properties of the phase change materials have been exploited for a variety of photonics
applications, such as tunable light absorber/filter surfaces in the visible® and infrared**
regions using plasmonic structures, active chiral plasmonics,’ all-optical computing,®
integrated all-photonic non-volatile memory,’ maskless photolithography,'® tunable bolometer

1213 enhanced optical data storage,'* reversible surface phonon—

pixels,'" color pixels,
polaritons resonators, > and active control of surface plasmon Waveguides.16 Here, we further
extend this application list by demonstrating the use of GST thin films for thermally-tunable,
ultrasensitive infrared absorption spectroscopy platforms.

Infrared absorption spectroscopy is a widely used characterization method that reveals the
molecular structure of materials through absorption of the incident infrared light at certain
wavelengths. Such absorption wavelengths are determined by the molecular vibration modes;
and the absorption magnitudes (signals) scale with the electric field intensity at the molecular
vicinity and the volume of the probe material interacting with the infrared light. To enhance
the absorption signal for a small amount of probe material, such as nanometers thick films,
attenuated total internal reflection (ATR)'” and grazing angle'® methods are commonly used.
The ATR method requires the probe material making contact with a high refractive index
crystal in which the infrared light travels and interacts with the material by multiple internal

reflections. The grazing angle method exploits the field enhancement on a metal mirror at

extreme angles of incidence. Hence both methods require laborious sample preparations and
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special optical apparatuses to send and collect infrared light. Whereas it is also possible to
achieve field enhancement by structural changes of the detection media, without requiring
complex optical setups. In the last decade, developments in nanofabrication and plasmonics
yielded extreme field-intensity enhancements (up to 10°-fold) on nanopatterned surfaces,
enabling a new technique called surface enhanced infrared absorption spectroscopy (SEIRA).
SEIRA has been utilized for detecting ultrathin probe materials such as poly(methyl
methacrylate) (PMMA)," monolayers of octadecanthiol (ODT)***! and protein molecules. >
The field intensities on such surfaces, however, are enhanced only for a narrow spectral band
that can only be tuned either by changing the design of the plasmonic structures™ or using
electrostatically-tunable materials like graphe:ne.24 Here, we use GST to demonstrate
thermally-tunable infrared absorption spectroscopy platforms based on the uniform field
enhancement. It has been recently demonstrated that the uniform field-enhancement surfaces
offer an easy and low-cost fabrication route for enhanced absorption in the infrared using thin
metal films®, graphene®, and ultrathin chemical and biological films®’ as the absorber layer.
To generate the uniform field enhancement, we fabricate surfaces that consist of two
continuous layers: the dielectric film and the metal mirror. The incident and reflected rays
from the dielectric-metal interface constructively interfere on the dielectric surface, when the
wavelength (A) is equal to ~4nt, where n and ¢ are the refractive index and the thickness of the
dielectric layer. The primary reflected ray from the air-dielectric interface, however, is 180
degrees out of phase with respect to the incident ray, thus causing a partial destructive
interference and reducing the electric field intensity at the air-dielectric interface (Figure S1).
When a thin GST film is used as the dielectric layer, the field intensity enhancement factor is
calculated as ~3.6, being 10% lower than the theoretical maximum of 4 that can be achieved
when air is used as the dielectric layer. As for the metal mirror layer, Al is preferred over Ag

and Au due to its abundance, low-cost and high reflectance in the infrared.
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Optical simulations verify the effect of phase change and compare the GST/Al platforms to a
simple uniform-field platform: CaF, substrate with a field intensity enhancement factor of 0.7
on the substrate surface (Figure 1a). A 10 nm thick PMMA layer is used as the probe material
for this study owing to its large number of absorption bands ranging from 3000 to 1000 cm™
(A= 3.3 to 10 um). CaF, substrates are transparent in the infrared and can provide large
absorption signals for large amount (um-thick) of probe materials.” For a 10-nm-thick
PMMA film, however, the absorption signals are calculated to be less than 1%. Specifically,
the absorption bands at 2997 and 2952 cm™ are observed with 0.14% and 0.18% magnitudes
(Figure 1b). These absorption signals can be enhanced by a factor of 4.9 using amorphous
GST (aGST)/Al surface with an aGST thickness of 200 nm. However, the absorption signals
for the higher wavelength bands (1732-1051 cm™) are lower than those observed for the CaF,
substrate. Crystallizing the GST layer changes the optical properties of GST and as a result
shifts the enhancement band to higher wavelengths and enhances the absorption at 1732 em™.
The signal enhancement results show the correlation between the electric field intensity and

the absorption signals (Figure 1c¢).
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Figure 1. Comparison of the infrared absorption spectroscopy performances of GST/Al
platforms and CaF, substrate. (a) [llustration of the cross-sections of the sensing platforms: 10
nm thick PMMA on (i) CaF, substrate, (ii)) aGST/ALl, and (iii) cGST/Al GST and Al
thicknesses are 200 and 100 nm, respectively. (b) Calculated PMMA absorption spectrum for
each case. Upward and downward arrows highlight the enhanced and reduced signal
intensities, respectively. (c) Dots: PMMA absorption signal intensities for aGST/Al and
c¢GST/Al platforms scaled by the PMMA absorption signals for the CaF, substrate. Major
PMMA absorption bands at 2952, 1732, 1444, 1244, and 1151 cm™ are used for the plot.
Dashed lines: Electric-field-intensity ([E|*) on the PMMA layer for GST/AI platforms scaled
by |[E]* on the PMMA layer on the CaF, substrate. PMMA’s optical properties used for the
optical simulations are shown in Figure S2.

The electric field on the CaF, substrate is determined by the interference of the incident ray
and the reflected ray from the surface. Since the partial reflection is out of phase with respect
to the incident light and no other in-phase secondary reflections are present, the total electric
field intensity becomes smaller than the incident field intensity (|E[*/|Eo[*>0.7). Despite the
modest electric field intensities, CaF, substrates are commonly used for infrared absorption
spectroscopy due to the spatial and spectral uniformity of the electric field intensity on the
surfaces (Figure 2a). Whereas, on aGST/Al surface, the field intensity enhancement factor is
above unity for a wide range of wavelength (2.7-5 um). Furthermore, the field enhancement is
not just limited to the surface, but extends hundreds of nanometers above (Figure 2b). The
large extent of field enhancement offers greater absorption signals for larger amount of probe
materials (Figure S3), in contrast to the plasmonic surfaces on which the field enhancement
typically decays within 100 nm above the surface.”” The field intensity enhancement band for
crystalline GST (cGST)/Al surface shows a redshift to 4.5-6 pum range owing to the larger real
refractive index of cGST (n= 6-7) in the infrared. The maximum enhancement factor,
however, reduces to 1.8 due the non-zero extinction coefficient (Figure 2¢). Figure S4 shows

the optical properties of aGST and cGST used for the simulations.
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Figure 2. Simulated electric-field-intensities scaled by the incident field intensity on the
cross-sections of the sensing platforms. Boundaries between the layers are indicated with
dashed lines. All the surfaces are covered with 10 nm PMMA layers. The electric field
intensity enhancement bandwidths (|E[*/[Eo[*>1) are shown with double-headed arrows for the
GST/Al surfaces.

Reflection Measurements

The lossy nature of cGST leads to strong absorption of the IR light as observed on the
measured reflection spectra of bare GST/Al surfaces (Figure 3). On the other hand, aGST is a
lossless dielectric beyond A=1.5 pm, thus the absorption by the aGST/Al surface is weaker in
the infrared. For wavelengths smaller than 1.5 pm, aGST is also a lossy dielectric which can
generate bright colors when coated on metals as a result of spectrally selective strong
absorption in the visible regime.13 ' The electric field enhancement bands shown in Figure 2
and the observed reflection minimums are closely related, as the field enhancement increases
the absorption of the incident light by the lossy layers, i.e., cGST and metal. The absorption
wavelength redshifts with increasing GST thickness and crystallization of the GST layer as
shown by the measured reflection spectra (See Figure S5 for absorption wavelength vs. GST

thickness). The GST films are crystallized by annealing the surfaces beyond 150°C on a hot

plate for the reflection measurements and further sensing experiments. When laser annealing
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is used, amorphous to crystalline area ratio can also be gradually changed instead of a
complete crystallization resulting in a mixed optical response (Figure S6). The reflection
spectra of the bare GST/Al surfaces in Figure 3 show no parasitic vibrational absorption
signals except low levels of absorption by CO, and water vapor at ~4.3 pm (~2300 cm™) and
~3 um (~3300 cm™), respectively. The clear reflection spectra of the bare surfaces help
spotting the tiny changes on the reflection spectra due to the vibrational absorption of atop
probe materials. The almost perfect absorption of the infrared light observed for the

crystalline films also enables thickness-tunable thermal radiation (Figure S7).
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Figure 3. Infrared reflection spectra of bare aGST/Al (black) and cGST (blue) surfaces. GST
thicknesses are shown next to each pair of curves. The curves are shifted along the y-axis for
clarity.

The infrared absorption sensing performance of the GST surfaces are tested using 10 nm thick
PMMA layers. The GST thicknesses are chosen as 200 and 350 nm targeting the PMMA
vibrational bands around 3000 and 1500 cm™, respectively. The PMMA absorption bands are
observed as narrow dips on the reflection spectra (Figure 4a). The magnitudes of the PMMA

absorption can be quantified after subtracting the backgrounds (Figure 4b). The background

signals are generated by smoothing the reflection curves (Figure S8). Using such a method to
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generate the background signal eliminates the need for measurement of a reference sample.
aGST (200 nm)/Al surface can sense the PMMA absorption bands at 2997, 2952 and 1732
cm™. Crystallization of the GST layer, prior to coating the PMMA layer, lowers the
absorption at 2997, 2952 cm™ and enhances the absorption at 1732 and 1444 cm™ (Figure 4).
The major PMMA band at 1732 cm™ is observed with a signal intensity of ~7% on aGST
(350 nm)/Al surface. This surface is particularly good at sensing all the vibrational bands
between 1732 and 1151 cm™. On ¢cGST(350 nm)/Al surface, although the signal intensity for
1732 cm™ band drops to 3.5%, the higher wavelength absorption bands (1192-754 cm™)
appear as clear peaks. The enhanced absorption signals, especially for aGST/Al surface, are

larger than the values reported for SIERA studies using plasmonic structures.'’
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Figure 4. Infrared absorption spectroscopy of 10 nm PMMA films on GST/ALl surfaces. (a)
Reflection spectra of 10 nm PMMA coated aGST/Al and cGST/Al surfaces. 200 and 350 nm
GST thicknesses are used to address PMMA’s lower and higher wavelength absorption bands.

(b) Absorption of the PMMA layers extracted from the reflection spectra in (a). The major
PMMA absorption bands are highlighted with dashed lines.

The sensing performances of the surfaces are further tested with monolayers of octadecanthiol
(ODT) and protein (bovine serum albumin, BSA) molecules. Such probe materials are
typically used for benchmarking ultrasensitive SEIRA substrates.”> > ODT molecules are
known to adhere well to Ag®® or Au?' surfaces. Therefore, GST/Al surfaces are first covered

with Au nanoparticles formed by dewetting of 1.5 nm thick Au film on the surfaces (Figure
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S9). A similar approach has been employed previously in Refs. 27,31. The aGST thickness is
chosen as 250 nm to adjust the field enhancement band close to the ODT absorption bands at
2849 and 2917 cm™. The absorption signal for 2917 cm™ band is found as 3% after
background subtraction (Figure 5a). This value is in the range of what is reported for
plasmonic surfaces optimized for the ODT absorption bands.***' Since ODT does not show
strong vibrational absorption bands at the higher wavelengths, shifting the enhancement band
though crystallization of the GST layer is found disadvantageous (Figure S10). BSA’s major
absorption bands (Amide I and Amide IT) are located at 1652 and 1531 cm™, hence require a
thicker aGST layer (350 nm) for absorption enhancement. The BSA thickness on aGST is
extracted as 2-2.5 nm using spectroscopic visible ellipsometer measurements confirming the
monolayer formation. The absorption signals for Amide I and Amide II bands are observed as
~5.4% and 1.5% (Figure 5b). The large absorption signals, especially for Amide I band, are
attributed to the good overlap of the field enhancement band with the BSA’s absorption bands.
The measured absorption signal for Amide I band is larger than the values (3-4%) reported for
the plasmonic surfaces.”>”> BSA sensing measurements are repeated using Al foils as the
mirror layer and as well as the substrate (Figure S11). Despite the lower absorption signals,
the results are promising for development of bendable, inexpensive and disposable platforms

using uniform field enhancement on GST covered flexible substrates.
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Figure 5. Monolayer sensing performance of aGST/Al platforms. Cross-section illustrations,
reflection spectra and absorption signals for (a) ODT and (b) BSA monolayers coated
aGST/Al surfaces. aGST thicknesses are chosen as 250 and 350 nm for sensing ODT and
BSA, respectively. The surface of 250 nm thick aGST is covered with Au nano islands to
adhere ODT molecules to the surface. Arrows point at the ODT and BSA absorption bands.

Conclusions

In conclusion, we propose thin phase-changing GST films on Al mirrors as thermally tunable,
ultrasensitive IR absorption spectroscopy platforms. The absorption enhancement is achieved
by enhancing the electric field intensity by a factor of 3.5 on the surface. Crystallization of the
GST layer redshifts the enhancement band owing to the higher refractive index of cGST while
reducing the maximum field enhancement factor due to lossy nature of cGST. The enhanced
absorption signals are observed to be larger than most of the reports on surfaces using
plasmonic field enhancement. The GST surfaces, especially in amorphous phase, sense the
monolayers of ODT and BSA molecules with vibrational absorption signals comparable or
larger than previous reports using plasmonic surfaces. The demonstrated surfaces have the
potential for widespread usage for infrared absorption spectroscopy of ultrathin materials
owing to easy, patternless, low-cost, and large-area fabrication of the surfaces, and also the
ability to tune the field-enhancement band by phase change.

Supporting Information Available: The following file is available free of charge.

GST SEIRA Sl.docx. Supplementary figures for reflected electric field magnitudes for an
amorphous GST film on Al, optical properties of PMMA and GST films, IR camera images of
crystalline GST on Al surfaces, measured reflected spectra for PMMA and ODT molecules,
the measurement results using Al foils as the substrate and SEM images of Au nano islands.
Experimental section describing the materials and methods used in this study.
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