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Abstract: Chalcogenide glass (ChG) thin films have a wide range of applications in planar
photonics that rely on the stability of their optical properties. However, most methods do not
provide quantitative optical property data at sufficiently high resolution. We have employed a
resonant cavity refractometry technique capable of detecting refractive index changes down to
107 refractive index unit (RIU) to study the aging, or sub-T, structural relaxation kinetics, of
Ge»3Sb7S79 ChG. Our study reveals that the refractive index (RI) change due to aging tends to
follow stretched exponential behavior, with stretch exponents and rate of index change dependent
on initial glass treatment. Thermally annealed devices show the best stability, suggesting that
thermal annealing is the appropriate post-deposition treatment method for obtaining stable ChG
films.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Glasses are inherently thermodynamically metastable. The thermodynamic instability and excess
free enthalpy of glasses below their glass transition temperature (T,) leads to physical aging
effects over time as the glass structure relaxes towards a more thermodynamically stable state
[1-4]. Concurrent with glass aging are changes to the structural, mechanical, thermal and optical
properties of glasses, and thus understanding the aging process is essential to both fundamental
glass science and practical applications involving glass materials. The earliest observation of
glass aging was measured by Joule, who tracked the zero-point displacement of a thermometer
over time [5]. Today, physical aging of glasses is traditionally measured by tracking changes in
enthalpy loss or fictive temperature of the glass using differential scanning calorimetry (DSC),
with experiments often spanning decades. These experiments have shown that enthalpy relaxation
proceeds by a stretch exponential (Kohlrausch) function defined by a Kohlrausch exponent, 3,
with the form:

Ui (1)

Values of 3 for glass materials tend to fall on or near select ‘magic numbers’ that correspond with
the axiomatic Phillips fields-free diffusion-to-traps model of structural relaxation, initially derived
from charge diffusion experiments [6,7]. These magic numbers are predicted theoretically by
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assuming that the structural relaxation mechanism is dependent on the effective dimensionality
(d) of the configuration space in which the diffusion occurs:

d

b=T3 @

Of particular interest for network glasses are § =3/5 and 5 =3/7. 8 =3/5 corresponds to a system
where d =3, undergoing structural relaxation dominated by short-range forces, while §=3/7
corresponds to d =3/2, signals a system dominated by a mixture of short and long-range forces.
In chalcogenide glass short range forces are said to indicate relaxation between covalent bonds,
while a mixture of short- and long-range forces indicate interchain relaxation of the glass [6,8,9].

In this study, we focus our attention on aging of chalcogenide glasses (ChGs), the amorphous
compounds containing the chalcogen elements S, Se, and/or Te. The ChGs are a group of glass
materials of significant interest to both glass science and optical applications. For instance,
ChGs are known for their large capacity for compositional alloying. This unique attribute allows
continuous modification of their network structures and thus presents them as an ideal system
for investigating the impact of network topology on physical aging [10]. Constraint within the
glass matrix is typically quantified by the number of Lagrangian constraints per atom (n.), with
the ideally constrained ChG matrix having n. = 3. This is related to the average coordination
number, Z, bonds per atom, with a critically constrained ChG matrix having Z=2.4. Above
Z =2.4, the glass network is over-constrained and aging effects are less energetically favorable.
Below Z =2.4, aging can proceed at ambient conditions at expedited rates, making these glass
materials unsuitable for applications where material stability is necessary [11-13].

In addition, the relatively weak chemical bonding between chalcogens and other atoms as
compared to those in oxide glasses implies that aging of ChG is strongly dependent on the
processing history and storage conditions of the glass. For instance, exposure to light near
the bandgap of the glass causes photobleaching (or photodarkening) and light-assisted aging
[14]. Annealing below the glass transition temperature (T,) allows them to settle to a more
thermodynamically favorable state [13—16]. Exposure to air leads to water absorption or oxide
formation on the surface of the glass [17-20]. Therefore, understanding the interplay between
glass processing and aging kinetics is an important topic for ChGs.

From the perspective of practical applications, studying the aging kinetics of ChGs is also highly
relevant to many optics and photonics applications. Key to predicting the optical performance
in molded bulk optics is the need to quantify the refractive index change (usually a decrease)
associated with the thermal history ‘reset’ or ‘rejuvenation’ imparted through the precision glass
molding (PGM) protocols used to reheat and shape the optical element. A variety of studies have
looked at such relaxation processes and the understanding assists in predictably understanding
optical property stability in these bulk applications [12-15,21,22]. With their large infrared
transparency windows, high nonlinearity, and compatibility with standard microfabrication
techniques, ChGs have a wide range of state-of-the-art applications in optics and photonics.
They can be easily processed into a wide range of photonic devices such as waveguides [23-32],
Bragg gratings [33,34], resonators [35-39], micro-lenses [40—44], omnidirectional reflectors
[45-47], and photonic crystals [48—51]. Their nonlinear characteristics also make them promising
candidates for all-optical signal processing [52,53] and nonlinear frequency generation [54-57].
Further, their photosensitivity may be leveraged in the device patterning using laser direct writing
[58-60]. Taking advantage of their low deposition temperatures, it has been further demonstrated
that ChG devices can be patterned on unconventional substrates such as polymers and 2-D
materials, which have applications in packaging, conformal epidermal sensing, high-speed data
communications, and more [61-67]. Most of these applications mandate long-term stability
of the optical properties of ChGs to varying degrees: for example, Bragg gratings, resonator
sensors, and photonic crystal switches are particularly sensitive even to minute changes in
refractive indices. Aging is known to change the refractive index of the glass [68,69], resulting in
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deleterious wavelength drift and performance degradation in photonic devices over time. This
effect is sometimes even cited as a main drawback against the utility of chalcogenide glasses
in optics and photonics, given their reduced T, and expedited aging compared to their oxide
counterparts [70].

Despite the recognized importance of understanding and quantifying the aging process in
ChGs (as well as other optical glasses), few experiments have directly tracked the optical property
evolution of glasses over time. A main technical challenge lies in the small magnitude of the
changes. Changes of the real part of the refractive indices due to aging are usually in the order of
1073 to 107~* (refractive index unit or RIU), comparable to the resolution of classical thin film
optical measurement techniques such as ellipsometry or prism coupling. Moreover, the relaxation
of some glasses can take decades to stabilize. The result of this is the limited set of optical aging
measurements reported in literature. Many involve scattered optical measurements spaced out
over years in order to observe any significant changes with these techniques [12,15,71,72]. The
limited resolution also excludes precise quantification of the aging kinetics. Furthermore, the
reported measurements were performed on films exposed to environmental conditions that do
not mirror the storage and geometry of real ChG devices.

One commonly adopted procedure enabling the study of slow material (or device) aging or
degrading processes within an acceptable timeframe is accelerated aging test, where the kinetics
of the process is expedited by exposing the subject material to elevated temperatures. Glass
aging follows non-Arrhenius behavior below Ty, and thus at different temperatures different
thermodynamically stable states of the glass are accessed and the selection of an appropriate
aging temperature is not straightforward [73-78]. In actual photonic devices where ChGs are
inevitably used alongside other materials, the situation is further complicated as heat treatment
can result in significant thermal stress which further modifies the equilibrium states the glass
relax towards at different temperatures [79].

Here we quantified the aging kinetics of ChG thin films and its dependence on processing
conditions using resonant cavity refractometry [35,80]. In resonant cavity refractometry, the
changes in the optical characteristics of a cavity are tracked via its resonant wavelength shift.
Previous resonant cavity refractometry techniques track the optical changes of a single cavity
over time, in most cases describing only the stability of the resonator as a whole and not capturing
the changes in the cavity material itself [33,81]. Prior work on resonant cavity refractometry
investigated photosensitivity in ChG-based resonators, which indicates a photosensitive refractive
index change in the order of 1072. The approach used, however, is not adequately precise for
aging studies as aging of cladding materials can also contribute to resonance drift and interfere
with the refractive index change quantification [35].

In this technique, tiny refractive index changes in a ChG are monitored through tracking the
resonant wavelength shifts of optical cavity arrays of four ChG devices. Each array undergoes
different processing conditions before aging is tracked. Since the resonant wavelength of an
optical cavity with high quality factor (Q-factor) can be determined with picometer-level accuracy,
the technique features exceptional resolution to refractive index changes (down to 10~ RIU and
below [35,80]) ideal for probing the kinetics of aging processes. Furthermore, the technique
also measures aging of ChG when the material is deployed in a functional photonic device and
therefore the results are immediately relevant to device applications based on ChGs.

2. Experimental details

In this study, we chose Ge»3Sb7S7¢ (GSS, bulk composition) as our model system since it has
been shown to be non-toxic [82], resistant to oxidation, and applicable to fabricating champion
low-loss devices with a diverse range of applications [83,84]. Its average coordination number
is Z=2.53, thus the network should be somewhat overconstrained and age slowly. It has a T,
of 311°C [85], much higher than common As-based ChGs (the Tg’s of As>S3 and AssSego
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are 210°C and 187°C [18,86], respectively), which implies reduced aging at room temperature
essential for practical device applications. The refractive index of thermally evaporated GSS is
approximately 2.22 at 1550 nm, and the expected composition post-evaporation is Gey3Sb;1Sge
[87]. Figure 1(A) schematically illustrates the layout of the micro-ring cavity device used for
refractometry measurements.

’ () sus epoxy
A ) o ) Gss chG

- @ silicon wafer

Fig. 1. A) 3D perspective drawing of the device arrays used in this experiment. B) Optical
microscope image of the device chip (Scale bar 300 um).

The waveguides and micro-ring resonators were fabricated using electron beam lithography
and a lift-off technique [88]. We select lift-off over etching because lift-off yields a pristine glass
surface without excess materials (e.g. fluorine sidewall coatings [89]) that can complicate the
analysis. First, a silicon wafer coated with 150 nm oxide was cleaned in Nanostrip 2X at 80 °C
for 5 minutes and rinsed thoroughly in DI water. The wafer was then treated for 30 s with oxygen
plasma to improve SU-8 adhesion. 2 pm of SU-8 was spin cast onto the wafer as the bottom
cladding layer and soft-baked for 1 minute at 95 °C. This layer was then exposed to 100 mW/cm?
UV using a Neutronix-Quintel NXQ8006 mask aligner and baked for an additional 150 s at 95 °C.
Additional lines were patterned in the regions between devices to aid liftoff, as seen in Fig. 1(B).
Next, 500 nm of LOR 5A liftoff resist was spin cast on top of the SU-8 under-cladding and baked
for 5 minutes at 150 °C. This was followed by 280 nm of CSAR ARP-6200.09, baked for another
5 minutes at 150 °C. Following electron beam patterning with a Vistec EBPG5200ES, the CSAR
resist was developed for 60 s in AR-600-546 developer. The exposed LOR was developed for
approximately 35 s to realize a good undercut profile. 250 nm thick GSS was deposited onto
the device pattern via thermal evaporation, and the remaining resist and excess glass were lifted
off in NMP at 75 °C for approximately 2 minutes. Another 2 um layer of SU-8 was spun and
crosslinked as a top cladding layer using the methods described previously.

We specifically design the waveguide to be symmetrically cladded with SU-8 epoxy to serve
two purposes. We have experimentally proven that SU-8 acts as an excellent barrier to moisture
in the ambient environment, thereby preventing humidity change from interfering with the
measurement. More importantly, as the symmetric waveguide only consists of two materials,
ChG and SU-8, we can readily isolate the index change induced by the ChG core. Confinement
factors in the ChG core (I'cpg) and SU-8 cladding (I'syg) change with varying waveguide widths
and the corresponding resonant wavelength shift (A4;) is given by:

L'eng X Ancng + 'sug X Angys

A, = X A, 3)
ng

Where n is the index of the waveguide core (ChG) or cladding (SU8) and n, is the group index,
given by:
2

" T FSRxL “)
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where FSR, or Free Spectral Range, of the resonator corresponds to resonant peak spacing in the
wavelength domain, and L is the length of the resonant cavity.

Here we take advantage of the linear relationship between the confinement factor and effective
index change of the waveguide mode in order to extrapolate the index change of the glass itself.
The core and cladding confinement factors for TE and TM modes in each waveguide geometry
were determined by FDTD simulations, shown in Fig. 2. The waveguide profiles analyzed are

extracted from SEM images of true device cross-sections. Sidewall angles were approximately
65°.
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Fig. 2. TE mode profiles for each waveguide simulated with FDTD. The labeled widths are
the approximate width of each waveguide at 1/ its thickness.

Here we define the normalized confinement factor in the ChG core as:

r
Coorm = G (5)
Leng + Tsus
These values are shown in Fig. 3. Small differences in the waveguide profile geometry due to

variations in the liftoff resist profile led to the error shown in the average confinement factor.
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Fig. 3. Average calculated normalized confinement factor for each waveguide width and
polarization

We note that I'cj, + I'sys is a function of waveguide width and in general does not equal to
unity due to the slow light effect [90]. Eq. 3 then can be re-written as:

ng A,

— ——— = Lo X Ancpg + (1 = Tpomm) X Angyg = (Ancpg — Ansyg) X Uporm + Angys (6)
A Tang + Tsus

A,
> Teng+Tsus

waveguide. By plotting ﬁ versus the normalized confinement factor, we can therefore

extrapolate the refractive index change of the ChG core at ['yorm = 1.

The equation indicates that for each waveguide width linearly scales with I'porm of the
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In this study, we track the aging of three groups of devices, each patterned on one chip with
identical fabrication protocols but treated with unique initial conditions. The devices were
covered with thick opaque tape (Scotch ‘Super 33+’ Vinyl Electrical Tape) throughout the aging
measurements in order to isolate the observed aging effects from photobleaching of the GSS
glass [91]. One group of devices was photo-saturated under a broadband halogen lamp used
for microscope illumination for 96 hours with a power flux of 4.45 mW/cm?, determined at
635 nm with a thermal power meter, before covering the device chip with tape and starting
aging measurements. The refractive index change of ChG in this group was also tracked
during photo-saturation. The next group was covered and measured immediately after cladding,
receiving no additional treatment before beginning the study. The final device group was covered
immediately and annealed for two hours at 130 °C before beginning aging measurements.

In order to isolate the aging-induced index change from thermal effects, temperature dependent
wavelength shifts (TDWS) of ChG resonators with different waveguide widths were determined
on a separate set of calibration devices with identical configurations. The device chip was placed
on a temperature-controlled stage, and the peak shift was measured at multiple temperatures
between 18 °C and 25 °C. The device was left to stabilize for one hour at each temperature
before measurement. We also made sure that index drift resulting from aging during the entire
experiment was much smaller than the measured thermo-optic index change. As an example, the
temperature-dependent resonant wavelength shifts (TDWS) of each measured calibration device
are plotted in Fig. 4. The average TDWS was -0.072 + 0.005 nm/°C for the TE device modes and
-0.150 £+ 0.009 nm/°C for the TM device modes. The data point to thermo-optic coefficients of
(6.16 £0.59) x 1072 /°C for GSS and -(2.13 £ 0.14) x 10~* /°C for SU-8, on the same order of
magnitude as prior reports [37,83,92].

= 12TM
0.14 14T™M

-0.74 s
-0.8

Temperature Dependent Akr

18 19 20 21 22 23
Temperature (°C)

Fig. 4. TDWS of each calibration device with respect to room temperature (18.3 °C)

During aging measurements, the temperature of the stage at each measurement is recorded. In
our data analysis, we compensate for the temperature response of each device using the measured
TDWS of the calibration device with the same geometry.

3. Results and discussion

During photo-saturation, TE and TM mode confinement factors from four devices with varying
widths were analyzed per measurement, calculated from resonant peaks near 1570 nm. The
changes in the devices’ effective indices versus confinement factors is plotted in Fig. 5(A). The
calculated Ancpg versus exposure dose, extrapolated from the intersection of each best fit line
with the ['yorm = 1.0 axis, is plotted in Fig. 5(B). The error bars in Fig. 5(B) and Figs. 6 through 8
indicate the standard deviation of the calculated I'yorm, = 1.0 intercept with the % . ﬁ axis.
During photo-saturation, the effective index of the GSS decreased and was well fit with a stretch
exponential function with a 5 of 0.495 + 0.017. The rate constant of this relaxation was a dose
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of 560 + 51.1 J/cm?, which corresponded to approximately 36 hours of photo-saturation. This
stretch exponent is also in keeping with a similar study done by Knotek e al. on Ge4.9Sb11.6563.5
in which the 8= 0.45 for films exposed to several different light intensities at 532 nm [93]. The
limit of this fit equation as dose approaches infinity was -(4.596 +/- 0.137) x 1072 RIU.
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Fig. 5. A) Change in left-hand-side of Eq. 6 versus normalized confinement factor (defined
by Eq. 5) during photo-saturation. Data in purple is fit from the earliest time point and
red corresponds to the last measurement taken. B) The change in GSS refractive index vs
exposure dose of broadband light.

During the aging study of the photo-saturated device, the effective index increased instead of
decreased, and changed at a much lower rate than during photo-saturation. Aging of this device
was tracked for 32 days. The results, shown in Fig. 6, were best fit by a stretch exponential with
£=0.685+0.064 and 7. = 12.4 + 2.2 days. The maximal value of index change as determined
by the limit of the stretch exponential fit was (1.335 +/- 0.095) x 1073 RIU.
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Fig. 6. Refractive index change of GSS as a function of time during aging of photo-saturated
devices

The sample that underwent no annealing or photo-saturation prior to beginning the aging study
showed the most rapid decrease in Ancpg during aging. This data, shown in Fig. 7, was fit best
by a stretch exponential function with 7, =32.5 + 3.0 days and =0.653 +0.027. The limit of
the refractive index change for this sample was calculated to be -(8.428 +/-0.248) x 10~3 RIU.

In Fig. 8, we observe that the annealed sample showed the smallest change in Anchg vs time of
all three samples. Over the 18-day time course of this experiment, the data was best fit by an
exponential fit instead of a stretch exponential, with 7, =1.42 +0.25 days. The limit of index
change for this sample was -(1.731 +/- 0.094) x 10~4 RIU.

Overall, aging behavior of both devices that did not undergo heat treatment had stretch
coeflicients between 0.65 and 0.7, closest to the stretch exponent of 0.6 which indicates structural
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Fig. 8. Refractive index change of GSS as a function of time during aging of annealed
devices

relaxation driven by short range forces. This is consistent with a previous report by Knotek et al.,
who studied aging-induced shifts in the optical bandgap of a Gey4.9Sb;6S63.5 based glass with
similar composition [17].

During photo-saturation, the stretch coefficient was closer to 5 = 0.43, which would indicate a
mixture of short and long-range forces driving index change. The result also suggests that light
illumination can produce a structural state significantly different from that in thermally treated
but unexposed glasses. Photobleaching, the typical result of exposing many Ge-based ChGs
to near-bandgap light, occurred as indicated by the decrease in refractive index. However, the
increase in refractive index during aging of this device is somewhat unexpected. The origin of
the index increase will be a subject for future studies.

The results from the annealed film are not fit well by a stretch exponential function. This is
possibly because the magnitude of the error relative to the glass index change is quite large, with
error in many measurements comparable to the index shift. Overall this device had the minimum
predicted index change, approximately an order of magnitude less than that of the photosaturated
device.

These studies were all continued past the time frame reported in this report, and further
decrease in n.¢ was observed for the annealed device, however we chose to omit these data
points because we observed significant discontinuities in the aging behavior of all three device
arrays after a prolonged spike in the storage temperature of the samples. In general, the standard
deviation in the calculated I',om = 1.0 intercept for all studies tended to increase over time. For
example, calculated error in the Ancpg of the annealed device for early timepoints was as low as
2.5 x 107, while towards the end of the study the error ranged from 3 to 8 x 107.
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4. Summary

In summary, the change in GSS index over time of the photo-saturated and untreated devices
reported in this letter showed good agreement with the Phillips-free axiomatic diffusion to traps
model of relaxation, with 8 values indicating structural relaxation proceeding in response to
short range forces within the glass. Photo-saturation of GSS may occur by a somewhat different
mechanism, as its S-value is closer to 0.49. The thermally annealed glass exhibits the smallest
index drift in the order of 107*, suggesting that proper heat treatment is the preferred method to
stabilize the optical response of ChG devices. The study shows that resonant cavity refractometry
can be used as a precise method to extract the aging kinetics of ChG over a relatively short
time frame. In addition to shedding light on the aging mechanism, the results also establish the
baseline aging behavior of glass undergoing different processing conditions critical for practical
photonic device applications based on these materials.
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