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Solution-based chalcogenide glass films, traditionally deposited by spin-coating, are attractive for their potential use
in chip-based devices operating in the mid-infrared and for ease of nanostructure incorporation. To overcome lim-
itations of spin-coating such as excessive material waste and difficulty for scale-up, this paper introduces
electrospray as a film deposition technique for solution-based chalcogenide glasses. Electrospray is shown to
produce Ge,3Sb;S7g films with similar surface quality and optical properties as films deposited by spin-coating.
The advantages of electrospray deposition for nanoparticle dispersion, scalable and continuous manufacturing
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1. Introduction

Chalcogenide glasses (ChGs) are well-known for their potential
use as optical components within chip-based photonic devices
when fabricated in thin film form [1-9]. Several techniques of ChG
thin film deposition exist and have been previously evaluated for
physical property attributes as compared to materials in their parent
bulk glass form, as such property variation directly impacts post-
fabrication optical quality. These include physical vapor deposition
techniques (PVD) such as thermal evaporation (TE) or pulsed laser
deposition (PLD) methods which both utilize targets of bulk glass
(non-solution based) [10-15]. Additionally, recent efforts to exploit
the deposition of glass-loaded solutions onto diverse surfaces have
received further attention, such as in the wet processing of the
amine-based solutions, which offer the flexibility to integrate other
functions through solution mixing [16-18]. Furthermore, since
glass type and properties can be tuned to tailor the optical and
physical properties of the resulting film, integration with other on-chip
optical components is envisioned, including coupling of solution-
derived waveguides to quantum cascade lasers [19], inter-band cascade
lasers, and detectors as well as to resonators which have been function-
alized with polymer films or foams [6].

Each type of ChG film deposition has advantages and disadvantages
for specific scenarios. PVD techniques, especially TE, are the most
commonly used method when studying planar photonic devices because
of their low loss, compared to solution-derived films which contain
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residual organic solvent [16]. However, TE films can show inhomogeneity
due to varying volatilization rates of the constituents at different temper-
atures [10,20]. The typical solution based processing method is spin-
coating, which offers the ability to quickly deposit relatively thick films
over large areas. However, spin-coating has several limitations:
(i) significant amounts of solution are wasted by spin-off; (ii) scale-up
of spin-coating is challenging due to size and geometry constraints;
(iii) spin-coating cannot easily be used on curved surfaces; and (iv)
little control is offered over the geometrical shape of the film.

A major advantage of solution-based approaches over other tech-
niques is that nanoparticles can be incorporated into the film by sim-
ply mixing solutions prior to deposition. Previous studies have
explored the incorporation of quantum dots (QDs) into ChG films
for their luminescent properties, which could serve as a compact, on-
chip light source for a photonic device [21,22], as well as the incorpora-
tion of metallic nanoparticles [23]. In order to overcome the
limitations of spin-coating and potentially fabricate ChG films with
well-dispersed nanoparticles, this study introduces solution-based ChG
film deposition by electrospray. Electrospray is a method of atomizing
conductive liquids by applying a voltage between a liquid flowing
through a needle and a target substrate. The electric field applies a
shear stress on the liquid that causes an elongated jet to form and
disintegrate into droplets, which are generally mono-dispersed in the
micron or nanometer size range [24,25], depending on the deposition
conditions. Electrospray has been used previously for deposition of
films such as in thin radioactive sources for nuclear research, films for
inorganic and organic solar cells and organic light emitting diodes,
which are found to be competitive with other solution-based processing
methods [25-33]. Advantages of electrospray include the ability to use
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substrate translation to create various film geometries, simultaneous
spray of multiple liquids to fabricate hybrid or gradient films, a reduced
level of solution waste, the capability of conformal deposition on a
curved surface, and scalability to the manufacturing level [34].

We propose that the advantages of electrospray film deposition
could also be useful in preventing the aggregation of QDs that has
been observed in spin-coated ChG films [22]. During electrospray,
individual QDs can potentially be isolated in droplets, and the quicker
drying kinetics of a falling droplet allow less time for aggregation to
occur compared to a continuous liquid in spin-coating. The purpose of
the present study is to demonstrate electrospray as a legitimate method
for solution-derived ChG film deposition. This effort evaluates process
parameters and compares resulting film attributes of electrosprayed
materials to those properties of spin-coated ChG films.

2. Experimental details
2.1. Fabrication of bulk glass

Ge,3Sb;S79 glass was fabricated by traditional chalcogenide
melt-quench techniques [35]. Elemental starting materials were batched
into a fused silica ampoule in a nitrogen-purged glovebox, vacuum
purged for 4 h at 90 °C to remove the nitrogen and residual moisture,
and then sealed in the evacuated ampoule using a methane torch. The
batch was melted in a rocking furnace at 850 °C for 16 h, air-quenched,
and annealed for 16 h at 270 °C to relieve quench-induced stresses. The
bulk glass was crushed into a powder using a mortar and pestle, placed
on a microscope slide, and the sizes of 130 random particles were ana-
lyzed using an optical microscope with magnification of approximately
400 x. The median particle size of the powder was found to be 3.8 pm,
with a skewness of 2.9. The powder was used to make solutions for film
deposition by both spin-coating and electrospray techniques.

2.2. Film processing and characterization

Spin-coated films were fabricated using the parameters described in
[16]. The glass loading of the solution was 0.05 g/mL dissolved in
propylamine. Inside of a nitrogen-purged glovebox, the glass solution
was dripped on a Si wafer and spun at 3000 rpm for 10 s witha 5 s
acceleration rate, followed by soft-curing on a hotplate for 5 min at
50 °C to yield the resulting spin-coated film.

Electrosprayed films were fabricated using 0.05 g/mL glass dissolved
in ethanolamine. The process for selecting an optimal solvent for
electrospray is discussed in Section 3.1. The solution was sonicated for
20 min to minimize the quantity of microbubbles and loaded into a
0.5 mL syringe with a 30 gauge outer diameter needle. To evaluate the
basic processing protocol of the method, electrospray deposition took
place in a fume hood with ambient atmosphere, despite the possibility
of introducing oxygen to the system. The electrospray deposition was
set up vertically with a 15 mm working distance between the needle
and a Si wafer placed on a hotplate with surface temperature of 50 °C.
Flow rate was set at 25 pL/h, and a DC high voltage power supply was
tuned until a stable Taylor cone was formed [36]. The duration of film
deposition was 8.5 min.

Table 1
Description of film heat treatments in vacuum oven.
Heat treatment number Description
HTO SC: 50 °C for 5 min; ES: as-deposited
HT1 100°Cfor1h
HT2 150°Cfor 1 h
HT3 180°Cfor1h
HT4 200°Cfor1h

Six samples each of spin-coated and electrosprayed films were
prepared and analyzed. Following the deposition protocols described
above, both spin-coated and electrosprayed films were subjected to
the set of vacuum annealing treatments shown in Table 1.

Films were characterized with several metrics. Film thickness was
measured using a Dektak III profilometer. Fourier transform infrared
(FTIR) spectra were taken in the range of 5000-500 cm™ ! using a Jasco
4100 under ambient atmospheric conditions. For the electrosprayed
films, FTIR spectra were taken near the center point, in the thickest
region of the films. Surface quality was analyzed with a Zygo NewView
6300 white light interferometer. Root mean square (RMS) roughnesses
measured across five random 250 pm x 350 pm locations on each of
the six films within a set were averaged, with the standard deviation
reported from all 30 measurements. Refractive index (RI) was deter-
mined using a Filmetrics F20 instrument using a Bridge Lorentzian
three term model, and reported at a measurement wavelength of N\ =
632.8 nm. RI measurements of one electrosprayed and one spin-coated
film that were taken from five random spots were averaged.

3. Results and discussion
3.1. Finding an optimal chalcogenide glass solution for electrospray

Several Ge-Sb-S solvents were tested in the process of finding
an optimal solution for electrospray, including propylamine (PA),
butylamine (BA), hexylamine (HA) and ethanolamine (ETA). For the de-
position of pore and pinhole free, low roughness films by electrospray,
the droplets must flow upon reaching the substrate. This allows each
droplet to become part of the film without forming pores or interfaces.
While stable cone-jets were possible with all the solutions tested, ETA-
based solutions resulted in smooth films with the substrate at 50 °C. The
other candidate solvents resulted in rough films with a matte appear-
ance, and coating substrates at room temperature instead of 50 °C did
not affect the result. This phenomenon can be explained by analysis of
the droplet evaporation and residence times. Droplet diameter dy can
be estimated from scaling laws as [37]
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where p is the liquid mass density, &g is the vacuum permittivity, Q is
the liquid flow rate, k is the electrical conductivity of the solution,
and vy is the liquid-air interfacial tension. With measured solution
conductivity k = 2 x 1072 S/m, flow rate Q = 25 uL/h, surface tension
v = 0.049 N/m, and the droplet size is estimated to be 400 nm under
these conditions.

The droplet evaporation time can be estimated by an initial surface
area relationship [38]
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where t, is the evaporation time and K is the evaporation rate, which is a
solution property and is approximately proportional to the vapor pres-
sure. For ETA, the low vapor pressure of 0.054 kPa leads to an estimated
evaporation rate of 5.6 x 10~ '" m?/s, and the droplet evaporation time
is ~3 ms. Assuming a typical droplet velocity of 10 m/s, the residence
time of the droplet is ~1.5 ms, which suggests that the droplet is
not completely dried (i.e., full evaporation has not yet occurred) upon
impacting the substrate. These wet droplets overlap and form a
continuous smooth wet film, which dries to form a smooth solid film.

In the selection of solvents, several issues must be considered. The
glass must have good solubility in the candidate solvent of choice to
ensure that no precipitation of solute occurs that can clog the deposition
needle. Additionally, the vapor pressures of PA, BA and HA are 33 kPa,
9.1 kPa and 1.2 kPa, respectively, are 2 to 3 orders of magnitude higher
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than ETA. This suggests that the evaporation times of PA, BA and HA are
much shorter than the droplet residence time, which leads to deposition
of dry particles and the formation of a rough film. Hence, a solution that
balances these competing aspects of the process window must be
considered.

During electrospray of the ChG solution, a very sharp Taylor cone is
anchored at the flat end of a nozzle, with a very fine jet of solution
(not optically visible) emitted from the apex of the cone. The jet
undergoes Rayleigh instability and breaks up into a fine, uniform mist
of droplets. The mist expands due to Coulombic repulsion force, forming
a spray angle of ~60°. Fig. 1 shows a photograph of ES ChG solution in
ETA illuminated by a green laser sheet.

3.2. Comparison of electrosprayed and spin-coated film properties

Since the proposed films are being fabricated for use in optical
applications, it is required that they have low scatter loss and uniform
thickness. In most desired applications, ideal thickness ranges from a
few hundred nanometers to a few microns. In this initial study, the
duration of electrospray deposition was chosen to fabricate films with
similar target thickness to the previously prepared spin-coated films,
nominally 300 nm. It should be noted that the electrospray process
tends to deposit films of non-uniform in thickness, whereas spin-
coating generally results in films of uniform thickness. The optimization
towards large area, uniform thickness electrosprayed films was beyond
the scope of this initial study, but this has been demonstrated in other ma-
terials [25]. For future large area depositions, the footprint can be
increased by using multiplexed electrospray [34]. The uniformity of the
film can be improved by reducing the droplet size combined with sub-
strate translation, as well as the deposition pattern from a 50-nozzle lin-
ear array of electrosprays, based on a numerical simulation [39]. Smaller
droplets have higher charge-to-mass ratios, allowing them to reach ho-
mogeneous number density more rapidly while falling to the substrate.

A linear substrate translation has been demonstrated in the present
effort in order to deposit films with regions of uniform thickness
indicated by the regions of uniform color, shown in Fig. 2. This film
has a similar thickness profile (vertically in the photograph) as a film
made with no substrate translation, of which thickness data is presented
in Fig. 3.

The multi-cm path over which uniform film thickness is seen in Fig. 2
demonstrates the potential of coating large areas using electrospray and
the compatibility of our process with roll-to-roll manufacturing. For the
purpose of film characterization, however, subsequent data presented in

Fig. 1. Photograph of Ge,3Sb;S;0/ETA solution during electrospray using green laser sheet
to image the cone-jet and spray.

Fig. 2. Electrosprayed Ge,3Sb,S;¢ film deposited with one-dimensional movement of
substrate. Scale is in cm.

this paper were measured from films deposited with no substrate
movement. A comparison of electrosprayed and spin-coated film
thickness profile is shown in Fig. 3.

In Fig. 3, film thickness is compared between electrosprayed films and
spin-coated films throughout the heat treatments, with measurements
taken at various distances from the electrosprayed film center point to il-
lustrate the thickness profile that results from film deposition with no
substrate translation. Theoretically, virtually any film thickness can be
built up with electrospray by increasing the duration of deposition, like
PVD methods, although this was not attempted in this study. In contrast,
the thickness of an individual spin-coated layer is ultimately limited by
glass solubility, though multi-layer structures have been demonstrated
[40].

In addition to thickness, low optical loss is another important
characteristic of optical thin films. Prior work by our team has shown
a direct correlation between film roughness and scatter loss, whether
in plane surfaces and on the side-walls of rib waveguides [41]. For the
proposed QD-doped glass film study, good film surface quality is
necessary to minimize scattering loss of the excitation and emission,
and removal of residual solvent from the film matrix is necessary to
minimize absorption loss and quenching [22]. RMS roughness and
FTIR spectroscopy were used to demonstrate that electrospray is capable
of producing films with comparable optical loss to spin-coating. RMS
roughness values were taken after all heat treatments were completed.
The average roughness of the electrosprayed films was found to be
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Fig. 3. Comparison of film thickness between electrospray (solid lines) and spin-coating
(dashed lines). The error on the thickness measurement is 410 nm.
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6.8 nm with a standard deviation of 5.2 nm, and the spin-coated film was
7.8 nm with a standard deviation of 2.3 nm. While these RMS roughness
values are higher than TE films in other publications [42], they are similar
to the initial studies on Ge,3Sb,S;9 waveguides fabricated by TE and lift-
off techniques [43]. Furthermore, our main goal is to fabricate QD-
doped ChG for a light source, in which very low scattering loss is not as es-
sential because the pathlength of the light is shorter. FTIR spectra taken
throughout the heat treatments were used to investigate solvent removal
from the films, shown in Fig. 4.

From the FTIR spectra, both spin-coated and electrosprayed films
demonstrate similar transparency in the mid-IR range, as the films
were nominally the same thickness where the spectra were taken. The
HTO electrosprayed film has a lower solvent absorption peak size at
3175 cm™ ! than the HTO spin-coated film at 2960 cm™ !, implying
that there is less solvent initially present in the film matrix, which is
likely a result of the fast drying kinetics of electrospray droplets
compared to the continuous liquid used for spin-coating. In both types
of films, the solvent peak initially decreases rapidly at the lower heat
treatment temperatures (HTO-HT2). At this point, the remaining
solvent is bonded more strongly into the film matrix, and it is driven
off slower despite higher heat treatment temperatures. It should be
noted that the shape of the FTIR transmission curve is partially deter-
mined by optical interference from the two layer, film plus substrate
system. As the thickness decreases and refractive index increases
when solvent is removed, an increase in the period of the interference
fringes is observed. As the heat treatments progress, PA is removed
more quickly than ETA, which is the result of the higher vapor pressure
of PA. Despite the low vapor pressure of ETA (0.054 kPa) relative to PA
(33 kPa), the ETA solvent can be removed to a similar degree as PA, as
the spin-coated film had a slightly smaller absorption peak than the
electrosprayed film after all heat treatments were completed, 1.6% vs.
2.2%, as shown in Fig. 4. This represents a reduction in the size of the
solvent absorption peak in the spin-coated films to 12% and in the
electrosprayed films to 28%, relative to the initial size measured
after HTO. This residual solvent is the main disadvantage of solution-
derived ChG film deposition, and it is possible that the intrinsic loss of
microphotonic components made from solution-derived films is higher
than with PVD methods.

The heat treatments used were chosen based on reference [16], where
the kinetics of solvent removal from Ge,3Sb,S;o/propylamine films were
investigated. In our study, a very similar multi-step heat treatment was
used, with the durations of each anneal increased to 1 h. This was done
for simplicity of comparing the spin-coated (PA solvent) to the
electrosprayed (ETA solvent) films in order to ensure that the vast major-
ity of solvent was removed from both types of films. In the future, optimi-
zation of solvent removal from ethanolamine-based films will be
performed.
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Fig. 5. Refractive index measured at 632.8 nm of electrosprayed and spin-coated
Ge3Sb;Syo films throughout heat treatments.

Film RI is another important material property to the design of
planar optical devices that employ doped or undoped films. A comparison
of the RIs of spin-coated and electrosprayed films is shown in Fig. 5,
measured at 632.8 nm.

Throughout the heat treatments, RI was found to be in good agree-
ment between the two types of films. Shown for reference is the bulk
material RI, which is the optimal, solvent-free target that we would
like to realize. However, as is typically the case with solution-derived
films, the RI does not reach that of the corresponding bulk glass. This
is consistent with the FTIR data, which shows the presence of residual
solvent (RI = 1.39 for PA and 1.45 for ETA) that serves to lower the
overall RI of the material. Although it is possible to fabricate thin ChG
films with near complete removal of solvent, the remaining difference
in RI between the solution-derived films and corresponding bulk glass
is attributed to pores remaining in the film as solvent is removed and
small amounts of residual solvent bonded into the film matrix [16].
The fact that the RI of the electrosprayed film matches that of the
spin-coated film implies that additional pores are not being formed
between droplets during the electrosprayed film deposition. This
further supports that the droplets have sufficiently low viscosity to
flow upon arrival at the substrate.

4. Conclusions

It was found that electrosprayed ChG films can be deposited with
comparable thickness, RMS roughness, mid-IR transmission and RI as
films deposited by spin-coating. Low roughness and high transmission
are important for the fabrication of low-loss materials for use in
chip-based devices operating in the mid-IR. The similarity of RIs of
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Fig. 4. FTIR transmission spectra of (a) spin-coated films and (b) electrosprayed films in the range of the amine solvent absorption peak and (c) plot of the size of the absorption peak from

residual solvent in spin-coated and electrosprayed films as a function of heat treatment.
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electrosprayed and spin-coated films indicates that electrospray can be
used to deposit films with no trapped pores. This study shows that
electrospray is a valid alternative to spin-coating with many potential
advantages such as scalability and high material utilization rate. While
further optimization of post-deposition heat treatment protocols to
more fully remove solvent, and substrate translation to realize larger
areas of uniform thickness are required, the efficacy of the technique
as applied to these attractive mid-IR optical materials has been shown.
Current electrospray experiments are underway to investigate the
possibility of improved nanoparticle dispersion.
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