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Abstract: Thin film selenide glasses have emerged as an important material
for integrated photonics due to its high refractive index, mid-IR
transparency and high non-linear optical indices. We prepared high-quality
As,Se; glass films using spin coating from ethylenediamine solutions. The
physio-chemical properties of the films are characterized as a function of
annealing conditions. Compared to bulk glasses, as-deposited films possess
a distinctively different network structure due to presence of Se-Se homo-
polar bonds and residual solvent. Annealing partially recovers the As-Ses
pyramid structure and brings the film refractive indices close to the bulk
value. Optical loss in the films measured at 1550 nm wavelength is 9
dB/cm, which was attributed to N-H bond absorption from residual solvent.
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1. Introduction

Chalcogenide glasses are ideal candidates for various applications in photonic systems
because of their wide transparency window from the visible to mid-IR region [1,2], high
optical nonlinearities [3,4], photosensitivity [5,6], and large photothermal figure-of-merit
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[7,8]. Chalcogenide glass films are most commonly deposited either by thermal evaporation
[9,10], sputtering [11], or pulsed laser deposition [12—14]. Amine solution processing, first
developed in the 1980s [15—17], has recently emerged as a promising technique for low-cost,
large-area chalcogenide glass film deposition. In addition, it has been shown that solution
processing can be combined with soft lithography such as micro-molding in capillaries [18]
and micro-transfer molding [19] for photonic device fabrication.

Previous efforts on chalcogenide glass films via spin-coating have mostly focused on
sulfides [12,15,17,20-23]; solution processing of selenide glasses, on the other hand, is much
less explored [15,24,25]. Difficulties in dissolving selenides partly account for this lack of
research coverage. While we observed poor selenide solubility in propylamine and butylamine
(solvents widely used in sulfide spin-coating), ethylenediamine (EDA) serves as a good
solvent for selenide glasses. Previous studies by Guiton et al. suggest that the As,S;
chalcogenide dissolution process in EDA proceeds as the EDA molecules chelate between As
atoms, which breaks the As,S; pyramid network and forms EDA chelated As;S; units
interconnected by S-S homopolar bonds [26]. Given the structural resemblance between As,S;
and As,Se; (both types of glasses consist of As-chalcogen trigonal pyramids [27], it is
reasonable to postulate a similar chelation dissolution mechanism of As,Se; glass in EDA. To
validate this model, the structural and optical properties of spin-coated As,Se; films were
evaluated in this study. Finally, as a proof-of-concept device application, optical guiding in
planar waveguides in spin-coated As,Se; films was also demonstrated.

2. Film deposition and morphology

Solutions of As,Se; were prepared by dissolving As,Se; powder (Alfa Aesar Inc., 99.999%)
into ethylenediamine (Fluka Chemicals, = 99.5%). The dissolution process was carried out
inside a sealed glass container to prevent solvent evaporation. A hot plate with magnetic
stirrer was used to expedite the dissolution process. The solution was then centrifuged at a rate
of 4000 rpm for 10 min and filtered using syringe filter with 0.2 micron filtration membrane
to remove suspended particles and insoluble impurities. A maximum glass loading of 0.6
g/mL in EDA was achieved without apparent phase separation or precipitation in the solution.
The resulting solution was stored inside a nitrogen-purged glove box until use to prevent
oxygen and water contamination. During spin-coating, 1.5 milliliters of solution with desired
concentrations of As,Se; was pipetted onto a substrate (microscope slides from Fisher
Scientific Inc. or 3” silicon wafer from Silicon Quest International), and spun at various rates
for 30 s. The resulting films are pre-baked in a nitrogen atmosphere at 60 °C for 30 min
immediately after spin coating. In the present study, we chose films deposited from solutions
with 0.2 g/mL glass loading at a spin speed of 1000 rpm to evaluate the impact of annealing
on film structure and properties. Thickness of these as-deposited films was measured to be
(428 + 8) nm using a Dektak II surface profilometer. The amorphous nature of all films used
in this study was confirmed by X-ray diffraction.

The as-deposited films were annealed in an ambient environment as well as in vacuum.
Films annealed in an ambient environment were dotted with self-assembled arsenic oxide
crystals on the surface. As is shown in the scanning electron microscope (SEM) image in Fig.
1, most of these crystals are 1 to 5 microns in size, and exhibit a nearly perfect triangular
shape. Their composition was measured using energy dispersive X-ray spectroscopy (EDX) to
be AsO, (atomic ratio) where x varies from 2 to 2.8 (Table 1).
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Fig. 1. Top-view images of spin-coated As,Se; films: (a) optical micro graph of the as-
deposited As,Se; films annealed in the ambient atmosphere (b) SEM image of a self-assembled
AsOy crystal formed on films annealed in the ambient atmosphere; (c) films annealed in
vacuum showing a smooth, featureless surface.

In contrast, films annealed in vacuum show a smooth, featureless surface finish under
SEM examination. Since photonic device applications generally require smooth film surfaces
with low roughness, results presented henceforth in the paper are based on films annealed in
vacuum. We chose a maximum vacuum annealing temperature of 170 °C, above which partial
evaporation of As,Se; occurred. According to our EDX measurement, composition of the
films annealed in vacuum showed < 1% deviation from bulk stoichiometry (Table 1).

Table 1. EDX composition analysis of spin-coated As,Se; films annealed in non-oxygen
and oxygen-containing environment

Film compositions (atom %, averaged over measurements at 4 points)

As (atom %) Se (atom %) O (atom %)
Vacuum annealed 39.7 60.3 0 As/Se = 0.66 % 0.03
As,Se; films
Self-assembled o~
AsO, particles 29.4 0 70.6 As:0=0.42+0.08

Surface roughness of as-deposited and annealed films was measured through atomic force
microscopy (AFM) on a Dimension 3100 (Digital Instruments, Inc.) microscope. Silicon
AFM probes (Tap 150-G from Budget Sensors, Inc) with a force constant of 5 N/m and a
resonant frequency of 150 KHz were used. Figure 2(a) plots the film thickness and RMS
surface roughness as a function of annealing conditions. Both film thickness and surface
roughness are reduced as the annealing temperature and time increase. Figures 2(b)-2(h)
shows the surface morphology evolution during annealing. The surface of as-deposited film is
covered by bubble-like nanostructures with an average diameter of ~100 nm. We hypothesize
that these circular structures are solvent micelles formed during spin-coating and the pre-
baking step. During annealing, residual solvent trapped in the micelles evaporates. Such
micelle shrinkage leads to film densification and consequently film thickness and roughness
reduction. Notably, a nanoporous micro-structure was observed in spin-coated Ge,;Sb;S7
films, which was believed to be originated from removal of trapped n-propylamine solvent
[28]. However, in our case the annealing process was able to completely remove the micelles
and produce dense As,Se; films. No nanopore formation was observed as is shown in Fig. 3.
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Fig. 2. (a) Thickness and surface roughness of spin coated As,Se; glass films annealed at
different conditions. (b)-(h) AFM surface profiles (2um x 2um) of glass films annealed at
various conditions: (b) as-deposited film; (c) film annealed at 80 °C for 4 hours; (d) film
annealed at 80 °C for 8 hours; (e¢) film annealed at 80 °C for 16 hours; (f) film annealed at
110 °C for 16 hours; (g) film annealed at 140 °C for 16 hours; (h) film annealed at 170 °C for
16 hours.
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Fig. 3. Cross-sectional SEM image of spin-coated As,Se; films after annealing. Annealing
leads to a dense, defect-free film microstructure.

#173384 - $15.00 USD Received 30 Jul 2012; revised 15 Oct 2012; accepted 3 Nov 2012; published 6 Nov 2012
(C) 2012 OSA 1 December 2012 / Vol. 2, No. 12/ OPTICAL MATERIALS EXPRESS 1727



3. Structural analysis using micro-Raman spectroscopy

Raman spectroscopy has been proven to be a powerful tool for glass structure identification
[29]. The micro-Raman spectra for the parent bulk glass and deposited films were recorded
using a Bruker Senterra Raman spectrometer with a Raman microprobe attachment. This
system has a typical resolution of 2-3 cm™' at room temperature and uses a backscattering
geometry. The system consists of an edge filter for Rayleigh rejection, a microscope equipped
with x 10, x 50 and x 100 objectives and a CCD detector. A 785 nm NIR semiconductor laser
was used for excitation with an incident power of approximately 2 mW. The use of a 785 nm
source with a low power was specific to our study in order to avoid any photo-structural
changes which the laser beam might induce in the samples during measurement. Three
measurements per sample were compared and averaged, and the resulting spectra were
illustrated in Fig. 4(a).
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Fig. 4. (a) Raman spectra of spin coated As,Se; films under different annealing conditions; the
spectra are vertically offset for clarity; (b) Raman spectra from an as-deposited film and a film
annealed at 170 °C for 16 hours were fitted by keeping the position of the peaks constant; (c)
The peak area ratio, as determined by the area of AsSe; pyramidal unit peaks over the area of
peaks corresponding to AssSes unit, Se-Se chain and Se-Se ring, as a function of annealing
conditions.
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Table 2. Raman peak position and peak assignments

Peak Position (Wave number, cm™) Peak assignment
205 As,Sey unit
227 AsSe; pyramid unit
238 Se-Se chain
252 Se-Se ring

The dominant features in the glass Raman spectra are the broad bands located at 200 — 300
cm™'. The broad band can be further deconvoluted into four peaks, each corresponds to a
distinctive vibrational mode belonging to a specific structural group. In order to understand
the structure variation, the spectra were fitted keeping the position of the peaks constant
[30,31]. Figure 4(b) illustrates two examples of the fitting result for as-deposited film and a
film annealed at 170 °C for 16 hours. According to Li ef al. [32], peaks located at 205 cm™,
227 cm", 238 cm™! and 252 cm™! are assigned to the vibrational modes of As;Se, units, AsSe;
pyramidal units, Se-Se chain and Se-Se ring respectively (Table 2). The As,Se, units, Se-Se
chain and ring units contain homopolar bonds which are only formed during the EDA
chelation process and are absent in bulk As,Se; glass. This observation is consistent with the
proposed dissolution mechanism [26]: solution deposition from EDA-As,Se; solution
essentially involves As-Se heteropolar bond breaking and new Se-Se homopolar bond
formation. Since the AsSe; pyramids represent the dominant structural unit in bulk glasses
and the Se-Se homopolar bonds originated from the solvent chelation process, we plot the
peak area ratio, the area of AsSe; pyramidal unit peaks over the area of peaks corresponding
to As4Se, unit, Se-Se chain and Se-Se ring, as a function of annealing conditions in Fig. 4(c).
With increasing of annealing time and temperature, the peak area ratio monotonically
increases, which indicates that the re-polymerization process accompanying annealing brings
spin coated films close to the structure of bulk glasses.

4. Optical property characterizations

We used infrared spectroscopy to monitor EDA solvent removal in annealed films. Infrared
transmission spectra of the films were measured with a Perkin-Elmer Spectrum 100 series
spectrometer with a Universal diamond ATR attachment. Figure 5(a) shows the absorption
spectra of as-deposited and annealed spin-coated films. Spectrum collected on a thermally
evaporated As;Ses film is also included for comparison. We observed a remarkable decrease
of N-H stretching modes at 1580, 3140 and 3310 cm™' as the annealing time or temperature
increases. The double absorption peaks located at 2860 and 2940 cm™ and peaks around 1455
cm™ are attributed to C-H bonds associated with the amine molecules. All these spectral
features are absent in the spectrum collected on the EDA-free, thermally evaporated film.
Peak absorbance values for peaks at 1580, 3140 and 3310 cm™' as a function of annealing
conditions are plotted in Fig. 5(b). Apparently, annealing at higher temperature or longer time
leads to diminishing infrared absorption, indicating effective removal of organic solvent in the
films. However, persistent presence of the absorption peaks makes it clear that there is still
residual solvent left in the films annealed in vacuum at the maximum temperature of 170 °C
for 16 hours. This is a somewhat surprising result given the much lower boiling point of EDA
in an ambient environment (118 °C [33]). To explain this phenomenon, we again refer to the
Guiton's model which suggests the formation of EDA-As,Se; chelated molecules upon glass
dissolution. Chelation increases the bonding affinity between EDA and selenides, which
impedes solvent removal during annealing. Parasitic infrared optical absorption in the spin-
coated films due to the residual solvent was quantified using waveguide measurement and the
results are summarized in section 5.
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Fig. 5. (a) FTIR absorption spectra of EDA-derived As,Se; films vacuum annealed at
conditions. (b) Peak absorbance at 1580, 3140 and 3310 cm™ (due to N-H stretching modes) of
EDA-derived As,Se; films. The decrease of peak absorbance indicates progressive solvent
removal during annealing.

A Perkin-Elmer 1050 UV-Vis spectrophotometer is used to record the transmittance
spectra of glass films in the range of 450-2000 nm. The film refractive indices were calculated
from the transmittance spectra using the Swanepoel equations [34]. Since we only have a
small number of interference fringes, the fitting accuracy is limited to ~0.02. The
transmittance spectra and fitted refractive index values at 1500 nm wavelength are plotted in
Figs. 6(a) and 6(b), respectively. As-deposited film shows a low refractive index of 2.44,
much lower than the corresponding bulk value of 2.83 [35]. After annealing at 170 °C for 16
hours, the As-Se; pyramid structure units are partially restored and the residual solvent is
mostly removed, and the film index thus becomes 2.74, approaching the bulk value at 1500
nm wavelength. The partial recovery of film refractive index to its corresponding bulk value
was observed in thermally evaporated chalcogenide glass films as well [35,36].
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Fig. 6. (a) UV-Vis transmission spectra of spin-coated As,Ses; films from EDA solution with
different annealing conditions. The spectra are not corrected for Fresnel reflection. (b) Effect of
annealing on film refractive indices measured at 1500 nm wavelength.

5. Waveguide fabrication and optical loss measurement at 1550 nm wavelength

Since N-H bonds exhibit an infrared absorption overtone near 1500 nm wavelength, it is
expected that the residual solvent in spin-coated films can pose additional optical loss at the
1550 nm telecommunication wave band. To validate the optical performance of the spin-
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coated films, we fabricated planar inverted ridge waveguides using a process flow
schematically shown in Fig. 7. A photoresist pattern is first defined on an oxide-coated Si
wafer using photolithography, followed by a Buffered Oxide Etch (BOE) to define trenches in
the silica cladding layer. After removal of the photoresist, an As,Se; glass layer is spin coated
and vacuum annealed at 140 °C for 16 hours to complete the inverted ridge waveguide
structure fabrication.

Photoresist
sio, Resist coating

UV exposure

SiO, etching

——
Bl cevciopment
—
[—

Resist removal

AS,SE‘ UDEL 300 X4300 WD

Inverted ridge __ F Glass deposition
waveguides 1

by spin coating
(a) (b)

Fig. 7. (a) Schematic process flow of As,Ses; inverted ridge waveguides. (b) A cross-sectional
SEM image of an inverted ridge waveguide from spin coated As,Se; glass

Optical loss in the waveguides is measured using a fiber end-fire coupling method and the
cut-back technique, and is 9 dB/cm at 1550 nm wavelength, as shown in Fig. 8. This loss
figure is comparable to previously reported values measured in solution processed sulfide
glass waveguides [37]; however, it is much higher compared to the loss in rib waveguides
fabricated in thermally evaporated chalcogenide glass films (< 1 dB/cm). The optical loss is
almost independent of the waveguide widths, indicating that sidewall roughness scattering is
insignificant in the devices. We thus attribute the additional loss to N-H bond overtone
absorption caused by residual solvent in the films.
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Fig. 8. Total insertion loss of the As,Se; waveguides plotted as a function of wavelength
lengths. The slopes of the curves yield the propagation loss in the waveguides, while the
intercepts with the vertical axis give the coupling loss. The three curves correspond to
waveguides of three different widths.
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6. Conclusions

In this report, we demonstrate the successful deposition of stoichiometric As,Se; films using a
solution-based spin-coating technique. The influence of annealing conditions on
physiochemical properties of spin coated films was evaluated in detail through structure,
morphology and optical property characterizations. As-deposited films are structurally
dissimilar to bulk glasses in that they contain a large fraction of Se-Se homopolar bonds and
residual solvents, which is consistent with the EDA chelation dissolution model proposed for
film formation from solution. The increase of annealing time and temperature leads to solvent
molecule removal from the chelated sites as well as a structural transformation towards the
“bulk state” characterized by dominating As-Se; pyramidal units. Annealing process also
leads to condensed films with very low surface roughness (< 1 nm RMS) and increases the
refractive index from 2.45 (as-deposited) to 2.75 (annealed at 170 °C for 16 h), which is close
to the bulk value of 2.83 at 1550 nm wavelength. Unlike spin-coated Ge,;Sb,S-, glass, we did
not observe nanopore formation in the annealed As,Se; films. As a proof-of-concept
integrated photonic device, inverted ridge waveguides are fabricated using spin-coating and a
propagation loss of 9 dB/cm was measured using cut-back. This relatively high loss value is
attributed to N-H overtone absorption by residual solvent. Understanding of physiochemical
properties in the spin-coated As,Se; glass films paves the pathway for potential new
applications in integrated photonics.
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