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ABSTRACT

On-chip photonics offers substantial potential for miniaturizing mid-infrared (mid-IR) optical systems, advancing molecular science and
technology across diverse practical applications. However, strong interaction between mid-IR light and chemical species, while beneficial for
molecular detection, can also leave these devices, such as ones made with chalcogenide glass, vulnerable to gradual increases in propagation
loss caused by the adsorption and diffusion of airborne chemicals. Dense, nanometer-scale atomic layer deposited (ALD) films are commonly
employed as protective barriers against surrounding contaminants, but their effectiveness in preserving initial optical loss performance has
not been quantitatively assessed. In this study, we investigate both the protective capabilities of ALD coatings and their influence on mid-
IR propagation losses. By depositing Al,O3 and TiO, films on ultra-low-loss microresonators and monitoring changes in propagation loss
over several days, we demonstrate that these ALD films effectively prevent long-term loss degradation. Nonetheless, the coating also intro-
duces initial optical losses through two distinct mechanisms, absorption from precursor-derived impurities within the film and increased
surface-adsorbed water due to higher surface hydrophilicity. By analyzing the dependence of additional optical loss on film thickness and
two distinct precursor chemistries, we clearly distinguish these mechanisms. Our results provide a comprehensive evaluation of mid-IR pas-
sivation materials in terms of both passivation capability and optical loss impact, highlighting the critical importance of careful selection and
process optimization of passivation films for further performance improvements in integrated mid-IR photonic devices.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0275180
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I. INTRODUCTION

The mid-infrared (mid-IR) wavelength, also known as the
molecular fingerprint region, is highly valued for its strong
interaction with the fundamental vibrational modes of various
molecules, making it indispensable for applications such as molec-
ular sensing/spectroscopy,”’ biochemical imaging,”” and chem-
ical processing.”” Although these applications have traditionally
relied on bulky free-space optics, integrated photonics offers a
pathway toward compact and highly versatile chip-scale solutions.
Recent advancements in on-chip quantum cascade lasers,”” mid-IR
photodetectors,”'" and their spectroscopic applications'** have

demonstrated the feasibility of these goals. Concurrently, remark-
able advancements have been made in reducing propagation loss
in mid-IR waveguides by using materials such as Si,"”"" Ge,'*”
SiGe,”' " and chalcogenide glasses (ChGs).”” ** One notable mile-
stone is the demonstration of propagation losses of as low as 0.52
dB/m on a ChG platform,”” on par with that of state-of-the-art mid-
IR fibers,”’ paving the way for implementing versatile ultra-high-Q
microresonators in this wavelength range.

Despite these advancements, maintaining the ultra-low-loss
performance, such as that achieved on the ChG platform, remains
challenging, mainly due to the adsorption and infiltration of air-
borne chemical contaminants through the typically thinner cladding
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layers used in on-chip devices compared to those of optical fibers.
In particular, the exceptional sensitivity of mid-IR light to chem-
ical species makes these on-chip devices prone to progressive
loss increases over time by, for example, water molecules from
the surrounding environment. To manage this issue, atomic layer
deposition (ALD) has often been employed to thinly coat the
devices with dense protective films that suppress the diffusion of
contaminants.’' ** However, to the best of our knowledge, the effec-
tiveness of these films in preserving the initial loss performance
of mid-IR devices and how the films themselves affect the propa-
gation loss have not been optically characterized yet because such
effects were masked by the relatively high scattering loss on previous
on-chip mid-IR devices.

In this work, we investigate both the passivation performance
and additional optical losses introduced by ALD films when applied
to the ChG-based ultra-low-loss resonator platforms. The results
revealed that while the ALD films effectively preserve propagation
loss for more than five days in an ambient environment, they also
introduce the initial additional loss, attributed to two mechanisms:
first, absorption by precursor-derived impurities incorporated into
the film, and second, change in surface hydrophilicity that affects
the concentration of adsorbed water. These loss mechanisms were
discriminated and quantitatively analyzed by measuring, as a func-
tion of wavelength, additional losses introduced by ALD Al O;
and TiO; films of various thicknesses, each using different precur-
sor chemistries. The findings presented here provide insights for

(a)
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selecting and processing passivation films suitable for developing
ultra-low-loss mid-IR photonic circuits on a chip, paving the way
for broad practical applications of mid-IR photonics.

Il. METHODS

The passivation performance of ALD films and their impact on
device propagation loss were analyzed in the mid-IR range using
ultra-low-loss resonators made of ChG materials. These resonators,
having a unique trapezoidal cross-section geometry [Fig. 1(a)],
exhibit the lowest mid-IR propagation loss among on-chip plat-
forms, making them ideal for monitoring even minute changes in
the loss by diffusion of contaminants or by the nanometer-thick
films themselves. The device in specific consists of an As;Ses core,
As,S3 top/bottom claddings that minimize absorption loss from the
SiO; substrate and external contaminants [Fig. 1(b)], and a 10 nm
thick Ge-As-Se uppermost layer that prevents the crystallization
of the arsenic-based core and cladding materials. The mid-IR loss
of these resonators was precisely characterized by measuring their
quality factors (Q-factors), which is inversely proportional to the
loss, using a free-space measurement setup that includes a calibrated
free-space Michelson interferometer (MI, 75.25 MHz) as a frequency
reference [Fig. | (e)]. The intrinsic Q-factors (Qint) of the resonators
over the 3.2-3.9 ym wavelength range were measured to be between
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FIG. 1. (a) Scanning electron microscope image of the trapezoidal on-chip resonator cross section. (b) An intensity profile of the optical mode calculated using the measured
geometry is presented. The mode is asymmetric, being shifted toward the outer rim of the resonator due to its bent structure. The thickness of each layer (t), radius (R),
wedge angle (8), and top width (w) of the device are as follows: tsio, = 8 um, tag,s, (botom) = 1.1 #M, tag,se;(core) = 1.7 4, tags, (topy = 0.8 um, R = 2.5 mm, 6 = 28.9°,
w = 10.7 um. (c) Highest Q-factor measured on the resonator, showing an intrinsic Q-factor (Qiy) of 3.24 x107 at a wavelength of 3.82 ym. The turquoise line shows
the bus waveguide transmission data; the orange line is the Lorentzian fitting; and the blue line is the Michelson interferometer (M) signal used as a frequency reference.
(d) Surface roughness of resonators with different uppermost material layers, measured by atomic force microscopy. Rms values indicate the root mean square roughness
measured over a 2 x 2 ym? area. (e) Schematic of the free-space mid-IR measurement setup. A continuously tunable optical parametric oscillation type laser (Aculight
Argos 2400 C module, linewidth <1MHz) was used as the pump source. BS: beam splitter, VA: variable attenuator, PC: polarization controller, L: lens, WG: bus waveguide,

PD: photodetector, and OSC: oscilloscope.
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32 and 5 x 10° [Fig. 1(c)], corresponding to an optical loss of 0.6 to
5 dB/m, depending on the wavelength. More details can be found in
Refs. 29, 34, and 35.

Two different passivation materials, ALO3 and TiO,, were
coated onto the surface of these resonators by O, plasma-enhanced
ALD (PEALD). Different types of precursors were chosen to check
the effect of chemical residues originating from them: an organic
precursor trimethylaluminum (TMA) for A,O3, and an inorganic
TiCly for TiO,. The deposition temperature was set below the glass
transition temperature of composing ChGs (187 °C for As,S; and
178 °C for As;Ses),’® being 120 °C for Al,O3 and 130 °C for TiO,.
The roughness of the device surface remained nearly identical after
the ALD coating as depicted in Fig. 1 (d), meaning that the scattering
loss of the devices was not altered by the coating process. In addi-
tion, the absence of crystallite states on the TiO, ALD films, which
are known to form rutile crystal phases under certain conditions,’”
was confirmed by x-ray diffraction.

Ill. RESULTS AND DISCUSSION
A. Passivation performance of ALD films

Optical characterization of the PEALD coated and uncoated
devices revealed that while both the Al,O3 and TiO, films effec-
tively passivate the resonators, allowing them to maintain their
ultra-high-Q performance over time under ambient conditions, a
noticeable reduction in the initial device performance occurs by
their deposition. The passivation performance of the films was ana-
lyzed by monitoring changes in Qint while placing the devices in a
temperature- and humidity-controlled environment for five to ten
days, without exposing them to external light to prevent photoin-
duced changes in the ChG materials. As shown in Fig. 2, despite
the thick top cladding layer, the resonator without an ALD coat-
ing exhibited a noticeable decrease in Qin to approximately half
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FIG. 2. Q; spectra of uncoated, Al,05 coated, and TiO, coated resonators mea-
sured right after the deposition of ALD films (or right after its fabrication in the case
of the uncoated resonator) and after being placed under ambient conditions for five
to ten days. The resonators with an ALD passivation layer show no clear sign of
degradation, demonstrating the passivation property of the films.
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of its original value over ten days, or ~0.3 dB per day, whereas
devices incorporating an additional Al,O3 or TiO, layer main-
tained their Qin¢ over similar periods. However, the coating process
simultaneously decreased the initial Qin of the device from values
above 10 to approximately 5 x 10° and 3 x 10 for TiO; and Al,O;
coated resonators, respectively, which is a significantly large change
considering their thickness of just a few nanometers.

The modified Q¢ of Al,O3 and TiO, coated resonators show
different spectral tendencies compared to the uncoated resonators
and with each other, as depicted in Fig. 2. According to Ref. 29,
the Qint spectra of uncoated resonators in this wavelength range are
determined by the absorption loss from hydrocarbons and water,
adsorbed to the device surface. The absorption from hydrocar-
bons (C-H) causes Qin; to locally decrease over the 3.35-3.55 ym
wavelengths,”””’ while the absorption from water, having its peak
at 2.9 ym and an extremely broad tail, limits the overall Qiy value
over the measured 3.2-3.9 um wavelength range.”*”""*** This causes
Qint to gradually increase together with the wavelength, since the
intensity of water absorption decreases as the wavelength gets farther
from its peak. In the case of Al,O3-coated resonators, the Qiy spectra
are nearly flat over the measured wavelengths, except for the hydro-
carbon absorption band, which implies that the loss is not limited by
the absorption from surface-adsorbed water molecules. In contrast,
the overall Qin; spectra of TiO-coated resonators are mostly similar
to that of the uncoated resonators, except that their absolute values
are around one-third lower and the hydrocarbon absorption dips are
not visible.

To understand these spectral differences and reveal the origin
of loss caused by each PEALD film, resonators with various ALD
film thicknesses were fabricated and the additional loss caused by
them was analyzed as a function of their thickness. This method
allows for a clear distinction between whether the additional loss
originates from within the ALD film (film material absorption) or
from its surface (absorption from surface-adsorbed contaminants),
as the intensity of two losses exhibits different proportionality to the
film thickness. If absorption from the film material itself is the origin,
the additional loss by the film will increase linearly proportional to
its thickness. In contrast, if surface-related loss factors are the domi-
nant cause, the additional loss is expected to remain nearly constant
since the optical power at the surface is only minimally affected by
the addition of films with nanometer-scale thickness.

B. Optical loss by Al,O3 passivation films

In the case of PEALD Al O; films, material absorption loss
was identified as the dominant loss factor. Comparing the aver-
age Qint spectra of resonators coated with 10 and 20 nm AL O3
films reveals that the Qin values decrease proportionally to the film
thickness, as depicted in Fig. 3(a). The additional optical losses
induced by the 10 and 20 nm ALO; films (afpnm> Bonm) Were
extracted by subtracting the propagation loss of an uncoated res-
onator (agnm), converted from measured Qin (Qi = 27ng /A, ng:
group refractive index, \: wavelength), from that of AO3 film-
deposited resonators (ctionm, ®20nm), as shown in Fig. 3(b). The
ratio of these additional losses was close to 2 in regions exclud-
ing the hydrocarbon absorption loss area [Fig. 3(b)], indicating that
the loss originates from the intrinsic material absorption of the
film. This result demonstrates that, despite their nanometer-scale
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FIG. 3. Mid-IR Qi spectra of resonators coated with Al,O3 films. (a) Comparison of Qiy; spectra for resonators with varying Al,O3 layer thicknesses. The overall Qi
values monotonically decrease with increasing Al;Os film thickness. (b) Spectra of additional optical loss caused by the Al,Oj3 films. The additional loss was calculated by
first converting Qiyt into propagation loss and then subtracting the loss of resonators with and without the Al,O3 film. The black line below indicates the ratio between the

additional loss caused by the 10 and 20 nm Al,O; films.

thicknesses, PEALD ALO; films fabricated using the previously
mentioned conditions can significantly contribute to the mid-IR loss
of the device.

The material extinction coefficient of the film was roughly esti-
mated from the loss to be kg, ~ 1072, which is more than 100
times larger than that of fused silica on the same wavelength range.*”
This significant deviation of the extinction coefficient from pristine
Al O3, which is known to be transparent under 4 ym wavelengths,*
is likely caused by impurities within the PEALD film. The films in
this study were deposited at 120 °C to avoid the phase transition of
chalcogenide glass materials. However, this temperature is insuffi-
cient to effectively remove ~OH-related residues originating from
the organic precursor TMA and oxygen, which are typically miti-
gated when deposition occurs above 250 °C.*"** As a result, the high
—OH content inside the Al,O; films is suspected to cause a strong
absorption peak at 2.9 ym wavelength, with a broad tail that pro-
duces the flat additional loss spectra over the measured 3.2-3.9 ym
range in Fig. 3(b).

C. Optical loss by TiO, passivation films

Compared to Al,Os, the additional loss by TiO, films,
deposited using inorganic oxygen plasma and TiCly precursors, was

@ , , ®)

found to be originating from its surface by analyzing its thick-
ness dependence. The Qi spectra of TiO,-deposited resonators
[Fig. 4(a)] show that while Qin decrease after film deposition, the
extent of the reduction is independent of thickness, as more clearly
observed in the additional loss data and the near unity ratio between
them [Fig. 4(b)]. This suggests that the material absorption loss of
this TiO; film, free from OH impurities due to the use of inorganic
precursors,”*" is negligibly small at this wavelength unlike that of
Al Os. Instead, this thickness-independent additional loss can be
deduced as originating from the film surface as explained previously.

This additional loss from the surface is speculated to be caused
by an increased concentration of surface-adsorbed water due to
strong hydrophilicity of the TiO, film. Spectral analysis of the res-
onator Qin and hydrophilicity measurements were conducted to
support this hypothesis. In Ref. 29, it was demonstrated that the total
loss (aot) of an on-chip mid-IR resonator can be decomposed into
three numerically calculable loss factors,

Qtot = Omaterial + Qwater + Oscatter»

where dmaterial> Owater> ad Qscatter cOrrespond to absorption loss from
its composing materials, loss coming from surface-adsorbed water
molecules, and scattering loss due to surface roughness, respectively.

Hi/drocarbon E 8 - u;O nm=u20 um-uﬂ nm
absorption E M )
=6r O SO FIG. 4. Mid-IR Qi spectra of resonators
e e =4 -a coated with TiO, films. (a) Qi Spectra of
107} Bar Tum Sam S resonators with varying TiO; layer thick-
2 = nesses. The decrease in Qjy is inde-
E 227 pendent of the thickness. (b) Additional
& %\/ N ‘é"- loss by TiO, deposition, calculated in the
TiO, thickness Ag same way as done for Al,Os films. The
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FIG. 5. (a) Numerically expected optical loss of uncoated and TiO,-coated
resonators compared to measured values. The optical loss spectrum of the TiO,-
coated resonator shown here represents the average of all optical loss spectra
of TiO,-coated resonators, converted from Qi in Fig. 4(a). (b) The difference in
water contact angle between the uncoated Ge-As-Se ChG resonator surfaces and
the TiO, film.

Each loss factor exhibits distinct wavelength dependence, as shown
in Fig. 5(a), allowing us to determine the dominant loss mecha-
nism. Numerical calculations in Fig. 5(a) show that amaterial, Which is
reduced to agjica coming from the SiO; substrate in this case as all the
ChG materials are transparent in the mid-IR, and dscatter are negligi-
bly small, while the spectral envelopes of Qin¢ for both uncoated and
coated devices are dominated by dwater. In general, oater is propor-
tional to the optical field intensity multiplied by the concentration of
adsorbed water at the outermost air-facing surface. Assuming that
the water concentration on the TiO, surface is three times higher
than on the ChG layer (ario,, water = Quncoated, water X 3 ), the numer-
ically calculated optical losses for the TiO,-coated resonators closely
match the measured values. To further support the hypothesis of
higher water concentration on the TiO; surface compared to ChG,
their hydrophilicity was compared by measuring the water droplet
contact angle, as shown in Fig. 5(b). The TiO, surface exhibited a
contact angle of 50.4°, significantly lower than the 100.4° angle mea-
sured on the uncoated ChG device surface, confirming its higher
hydrophilicity.

IV. CONCLUSION

In conclusion, we optically analyzed the effectiveness of AL,O3
and TiO, PEALD passivation films in preserving the loss per-
formance of on-chip devices at 3-4 ym mid-IR wavelengths by
depositing them on ultra-low-loss microresonators on a chip. While
these films effectively prevented the degradation of loss by blocking
moisture diffusion from the air, the films themselves were found to
contribute significantly to mid-IR propagation loss through two dis-
tinct mechanisms. Low-temperature PEALD Al,Os films made from
an organic precursor TMA exhibited strong material absorption loss
in the mid-IR due to the incorporation of OH-related impurities
from TMA. In contrast, PEALD TiO; films made from an inorganic
precursor TiCly showed negligible material absorption but increased
the optical loss coming from surface-adsorbed water due to their
strong hydrophilicity.

pubs.aip.org/aip/apm

The strong material absorption of Al O3 films could be resolved
by using an inorganic precursor AlCl; instead of TMA,""" similar
to the case of the TiO; film, or by performing the PEALD process at
a temperature higher than 250 °C. However, the latter solution can
only be applied to devices made with materials that can withstand
this temperature, for instance, ChG materials with Ty higher than
250 °C such as Ge-Sb-S."”** The problem of strong hydrophilicity in
TiO; films could be mitigated by applying treatments that make the
surface hydrophobic, such as thinly coating it with fluoropolymers”®
or fluoroalkylsilane self-assembled monolayers.*’ In addition, ALD
layers that are natively hydrophobic’® could be applied as well,
although their passivation properties should be tested beforehand.

To the best of our knowledge, this is the first systematic analysis
of the impact of ALD layers on the loss performance of mid-IR pho-
tonic devices, highlighting the necessity of considering deposition
conditions and chemical characteristics of the films when coating
them on ultra-low-loss devices. Moreover, the results suggest that
chemical post-treatments targeted to reduce the adsorption of spe-
cific airborne molecules on the device surfaces can further enhance
the loss performance. We anticipate that this study will contribute
to the broader exploration of passivation materials for ultra-low-loss
mid-IR circuits on a chip, enhancing the overall optical performance
of mid-IR photonic devices.
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