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Abstract: Chalcogenide-oxide Bragg reflectors and a 1-D vertical cavity for operation at
1.55 um were designed and fabricated via radio-frequency sputtering. The Bragg reflectors
were made out of repeating layers of Al;O3 and As,Ses, and the cavity was obtained via a
GasGeyoSboSes:Er* defect layer. The layers’ properties were assessed via ellipsometry and
SEM imaging. Transmission spectroscopy verifies the appearance of a well-defined stop-band
centered around 1.5 pym with a very wide bandgap, and extremely low transmission, even with a
relatively low layer count. The vertical optical cavity fabrication results in the appearance of
a resonance within the band, at a wavelength corresponding to the s 2 -5 /2 transition of
erbium. The high transmittance at 808 and 980 nm allows for optical pumping, and thus light
amplification and coherent light generation from the cavity. The operation of these devices
was investigated, showing coherent light emission at 1.5 pm. The results are encouraging in
assessing the viability of this design and these materials for operation in the near-infrared range,
providing an important step towards the fabrication of chalcogenide-based optical amplifiers for
the near-infrared.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, optical materials and devices for operation in the infrared range have been a
point of strong interest for research, due to the many interesting potential uses they provide,
ranging from medical applications to astrophysics [1—4]. In this context, chalcogenide glasses
have gained great popularity, owing to their wide transparency range and high refractive index in
the near-infared (NIR) and mid-infrared (MIR) [5-7]. The development of IR light sources and
amplifiers is therefore an important part of this field: in particular, compact sources and integrated
devices make for very interesting research topics. Light amplification and laser generation can
be obtained through high-quality factor optical cavities fabricated with the use of interferential
mirrors [8—10], which can be obtained by RF-sputtering [11,12]. In literature, optical cavities
and micro-resonators for operation in the NIR range have been successfully obtained with the
use of common oxide glasses, semiconductors, and polymers [13—15], however, there is not
much information about similar chalcogenide-based structures doped with rare earth, which
could provide a key step towards the subsequent development of devices for application at longer
wavelengths. It is noteworthy that Bragg reflectors (BRs) as infrared interferential filters have been
successfully fabricated using chalcogenide glasses by electron beam-assisted evaporation [16].
The interest of using chalcogenides as main materials is not only that of extending the application
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of multilayer structures and active resonators further into the MIR range with ever-improving
efficiency, but they provide interesting application in non-linear optics which can be employed
for a large variety of applications [17-19]. Amorphous chalcogenides thin films were used as a
photosensitive material [20-25] for spacer and high refractive index material of narrow band-pass
filters to allow post-trimming of these devices using a light beam. The objective was not only to
correct the consequences of deposition errors on the filter properties with precision, but also
to create entirely new filter devices with controlled spatial properties, e.g., variable filters with
arbitrary profile or an anodizing filter with spatially structured transmittance/reflectance response
[26,27]. Moreover, previous efforts have yielded encouraging results in obtaining Er** doped
chalcogenide-based optical cavities, depositing the multilayer structures via laser ablation [28].
Chalcogenide-based photonic crystals and optical cavities are therefore an extremely appealing
set of devices, as they can be implemented as free-standing elements as well as integrated
components in waveguides and fiber optics [20,29].

Consequently, in this work, chalcogenide-based devices for operation in the infrared are
designed, fabricated and characterized, showing their optical properties and the viability of their
design, and intending to lead further on to the development of optical amplifiers and laser sources
in deeper MIR regions.

2. Materials and methods

In order to fabricate performant optical cavities in the near-to-mid infrared, it is first and foremost
essential to obtain the appropriate distributed BRs. The choice of materials must take into account
the transparency in the desired spectral range and the difference in refractive index between the
different layers, since a larger refractive index contrast provides higher reflectivity and wider
stop-bands. For this purpose, Al;O3 and As;Ses were chosen as the low- and high-refractive
index materials respectively, because they have a refractive index difference greater than 1 across
the range of interest, and high transparency in the NIR. The GasGeyySboSes:Er’* glass was
chosen as the defect material, as it possesses favorable optical qualities such as high transmission
over a very broad region from NIR to MIR, and provides a good solubility for rare earths [30,31];
erbium in particular was chosen as dopant for its well-known transitions and common use in
active devices and coherent light sources.

Three two-inch sputtering targets, Al,O; (ALB Materials), As»Se; (VITRON), and
GasGenoSbioSes:Er’* (fabricated by melt-quenching technique [16,31]) with 10* ppm dop-
ing concentration were installed in a radio-frequency co-sputtering cathode cluster within a
vacuum chamber, so that each layer could be deposited independently without changing the
substrate position. The depositions were performed under 0.5 Pa argon pressure, with a 75 sccm
argon flow, and keeping a steady 5 rpm rotation of the substrate holder. The applied power for
the three cathodes was 150 W for Al,O3, 15 W for As,Ses, and 20 W for GasGenoSbioSes:Er’*.

Several depositions on silicon wafer substrates were performed for each material at different
distances between cathodes, ranging from 5 cm to 8.5 cm; the optimal distance was identified by
trade-off of deposition rates for layer thickness homogeneity. These values were obtained via
variable angle spectroscopic ellipsometry (VASE) in the UV-to-NIR range.

Both a 10-layer BR and a 20-layer BR were deposited on 1-inch glass (BK7) substrates placed
at the center of the substrate holder. A silicon substrate was also placed on the holder in order to
have a sample for ellipsometry measurements. The BRs were deposited alternating Al,O3 and
AsySes layers. The deposition time for the layers was estimated using the values of refractive
index and deposition rate, to have for each of them an optical thickness equal to Ar/4 for the
resonance wavelength Ag of 1.55 um, corresponding to the main NIR emission of Er’*. The
deposition began with the low-index material, Al,O3, for a softer index transition from the BK7
substrate to the BR, thus reducing Fresnel losses.
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VASE measurements were performed with a J. A. Woollam ellipsometer on the control samples
deposited on the silicon substrate so as to check refractive index and thickness of the BR layers.
The measurements were taken in the 300-2300 nm range with a 5 nm step and averaging over 30
revolutions at each wavelength.

Scanning Electron Microscope (SEM) images of the cross-section of the multilayers were
recorded using a JEOL JSM 7100 F instrument. To record these images, the BRs samples,
deposited on a silicon substrate, were cleaved at a position that was close to the substrate holder
center during deposition.

Fluorescence measurements were performed on the vertical cavity by mounting the sample on
a holder, exciting the film at 980 nm and collecting the near-field signal through a multimode
fiber leading to a near-infrared spectrometer (Oceanoptics NIRQuest). A commercial 980 nm
laser diode driven by a temperature and current controller (ILX Lightwave LDC 3742) was used
to obtain the pump beam, which was carried through a fiber and focused with a lens of 25.4 mm
focal length onto the sample through the substrate, collecting the signal on the other side.

Transmission spectroscopy was performed on the BRs deposited on BK7 substrates with a
Perkin-Elmer spectrometer to assess reflectivity and stop-band width around Agr. The measurement
was performed with a 1 nm monochromator bandwidth and using a circular diaphragm with
5 mm diameter to limit the beam size to the center of the sample.

Reflection spectroscopy measurements were also performed, using the Woollam ellipsometer,
at an angle of 30° from the normal to the surface. While this causes a shift in the position of the
spectral features of the device, it nonetheless allows an approximate representation of the optical
and spectroscopic properties for the BRs.

3. Results and discussion

The results of the single film thickness estimate from VASE are shown in Fig. 1. The
maximum thickness of the film was 400 + 1 nm for As,Ses, 244 + 1 nm for Al,O3, and 352 + 1 nm
for GasGeyoSboSes:Er*, obtained at a 5cm target-to-substrate distance. The ellipsometry
measurements also provided the actual refractive index dispersion curves for all three materials,
and most importantly an accurate value for their refractive index at the operating wavelength
of 1550 nm, that is to say 1.64 +0.01 for Al,O3, 2.77 £ 0.01 for As,;Ses3, and 2.24 +0.01 for
GasGen)Sb1oSes:Er’*. These values were then used in combination with the deposition rate
estimates to adjust the deposition parameters for the device fabrication process.

As foreseen, the deposition rate is greater when the target-to-substrate distance is shorter,
however there does not seem to be any obvious difference in the thickness homogeneity across
depositions at different distances. Based on these results, the distance of 5cm was deemed
appropriate for further depositions. It is worth noting that the drop in layer thickness up to 1 cm
distance from the film center is about 1% (Fig. 1), which allows us to consider the layers uniform
across most of the surface of one-inch glass substrates that will be used for the final device.

The deposited 10-layer BR and a 20-layer BR samples are shown in Fig. 2. The absence of
visible interference fringes suggests that the layers are rather uniform in thickness.

The SEM images of the BR cross-sections are shown in Fig. 3. The approximate estimate of
the thickness for the different layers is consistent with expectations for both samples: both VASE
and SEM imaging show a roughly 10% decrease in the thicknesses of all layers deposited on
silicon with respect to the intended layer thickness values, which is expected due to the off-center
position of the silicon substrates during deposition.

The thickness and refractive index of the different layers were estimated by fitting the
ellipsometry data using the Cauchy model. The refractive index was considered equal across
all layers of the same material in the fitting. It should be pointed out that the reliability of
ellipsometry data fitting is somewhat lower in comparison with single thin films due to large
number of layers. The 10-layer BR fit yielded on average 230 nm thick Al,O3 layers with a
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Fig. 1. Normalized sputtering deposition rate (estimated via VASE) for the various materials
versus the distance from the center of the substrate showing the homogeneity of the layers
around the center. The grey dashed line marks the 1% thickness drop.

Fig. 2. (a) 5+ 5 layers BRs and (b) 10 + 10 layers BRs deposited on both BK7 substrates
and silicon wafers.

| ~220 nm

100 nm (b)

Fig. 3. SEM images of the multilayer BRs deposited on silicon substrates: (a) 10-layer BR,
and (d) 20-layer BR. The pictures show the polished cleaved sections.
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refractive index of 1.64 +0.01 at 1.55 um, and 130 nm thick As,Ses layers with a refractive index
of 2.81 £0.01 at 1.55 um. The 20-layer BR fit yielded on average 230 nm thick Al,O3 layers with
a refractive index of 1.67 £0.01 at 1.55 um, and 130 nm thick As,Se;3 layers with a refractive
index of 2.79 + 0.01 at 1.55 ym. The thickness average estimates have an uncertainty of 5 nm due
to fluctuations between different layers, and the refractive index average estimates have an error
of 2% at maximum. The thickness estimates are consistent with values indicated by SEM images
(Fig. 3). One can notice some imperfections in interface homogeneity that carry over across
the stacked layers at some spots. These small imperfections or layer oscillations can be also
amplified by charge effects in SEM images. However, local imperfections do not seem to affect
the overall integrity of the structure and do not entail any sensible issue in the spectroscopy.

The reflection spectroscopy measurements on the BRs, reported in Fig. 4, show that the
deposition was successful in producing devices with a stop-band centered at the 1.55um
wavelength. In particular, one can see that the more defined stop-band of the 20-layer BR is
rather broad, having a width of 560 nm, but narrower than that of the 10-layer BR, which is about
690 nm wide. However, the 20-layer BR reflection around the 1.55 pm wavelength is sensibly
enhanced, as it corresponds to a significant improvement with respect to the 10-layer BR, as the
latter has a transmittance value of 0.13% at the resonant frequency, and the former has 0.001%.
The reduction in stop-band width is not a crucial factor for the operation of the device, while
the increase in reflectance is a very significant improvement, as it is the parameter, which will
determine the quality factor of the cavity.

5+5 layers BR

100 —— ——10+10 layers BR

80 1
—~ 60 n i
>
\'g 690 nm
40 1
20 i
500 1000 1500 2000 2500

Wavelength (nm)

Fig. 4. Reflectivity spectra for the 10- and 20-layer BRs collected at a 30° incidence angle,
showing the difference in stop-band shape, width and depth. The percentages at the top of
the band show the reflectance values of the two BRs at 1.55 um.

In addition, the reflection data were used in conjunction with transmission data to obtain an
estimate of the reflectors absorbance. The absorbance A of the BRs were then calculated via the
equation:

1 - 2
R) 1

A = loglo (
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where R and T are the reflectance and transmittance respectively. The total UV absorption,
extending over 600 nm due to the As,Ses layers is clearly visible in the spectra (Fig. 5). Significant
absorption is also present through the stop-band interval, however, these values are subject to
very high uncertainty through Eq. (1) because of the extremely low transmission in that range.

Once the BR properties were assessed, a 41-layer optical resonator was fabricated by depositing
a defect layer with optical thickness equal to Ar/2 between two mirrored 20-layer Al,O3-As,Ses
BRs, as shown in Fig. 6. For the resonator, a SiO, glass substrate was placed in the center of the
holder instead of the BK7 because of the higher transparency of the former, so as to optimize the
overall performance of the final device.
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Fig. 5. Absorption spectra of the 10-layer (a) and 20-layer (b) BRs from the transmission
and reflection data.
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Fig. 6. Schematic representation of the GasGeyoSbyoSes:Er>* optical cavity enclosed
between two 20-layer Al;O3-As;Se; BRs.

Both transmission spectroscopy and VASE measurements were performed to assess the optical
properties of the resonator. At the same time, a simulation for the spectroscopic properties of the
device, based on the transfer-matrix formalism [32,33], was run in order to have a comparison
between the experimental results and the theoretical expectations.

The optical transmission spectrum of the vertical cavity is shown in Fig. 7. Here, as expected
due to the high number of BR layers, the optical stop-band is extremely well-defined and the
transmission within it extremely low. One can nonetheless see the appearance of the transmission
peak close to 1.5 pm, corresponding to the cavity resonance. Moreover, the transmission of the
device is found as high as 94.3% at 808 nm and 84.1% at 980 nm, meaning losses of incident light
at these wavelengths are low and the excitation of Er** ions is therefore theoretically efficient,
which makes the device suitable for coherent light generation at 1.5 pm.

While the device resonance peak position is somewhat shifted from the Er>* emission maximum
wavelength (1550 nm), it still falls within the range of the *I;3 /2—>4115 /2 emission band, meaning
operation with this system is still viable, although not as efficient. However, since considering a
three-level laser system, this blue-shift entails that the light will incur in greater reabsorption
from the ground state due to the relative increase in absorption cross-section with respect to the
emission cross-section as per the McCumber relation [34], which is expected to reduce the total
internal gain of the device. This shift is due to the uncertainty on the deposition rate estimates of
the defect layer material, which caused the layer to be roughly 3% thinner than expected. One
can see, in Fig. 7, the blue-shift in the experimental transmission spectrum with respect to the
results of the simulation, which confirms the observation of the deposited BR layers and defect
layer being generally thinner than expected.

The simulations allowed to obtain an estimate of the ideal-case cavity quality factor, which was
calculated to be roughly 4.2-10* for a device with 20-layer BRs simply based on the transmission
spectrum, while the actual quality factor was estimated of about 500, however this value is limited
by the spectrophotometer resolution.
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Fig. 7. (a) Comparison between the transmission measurements on the vertical cavity and
the simulated spectrum obtained from the parameters used for designing the device, and
(b) position of the resonance peaks compared with the 4113 /2—>4115 2 Er3*emission band.
The experimental single-layer parameters obtained from the initial deposition trials for each
material were used in performing the simulations.

Fluorescence spectra however, show very little signal around 1.5 um (Fig. 8). The emission
peak appears over the noise as the pump power is increased, and rises monotonically with pump
power. Nevertheless, the low intensity signals very strong quenching due to up-conversion of
the pump power to the green Er’* emission. The appearance and rise of a peak at the 1027 nm
wavelength, corresponding to the second-order detection of 514 nm emission confirms that
up-conversion takes place. This is an unfortunate side effect of the combination of relatively
high Er’* concentration with the BR third-order stop-band, centered very close to this particular
wavelength corresponding to the 2Hy;2—*1;5/ Er** emission. While this is deleterious to the
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Fig. 8. Emission spectrum of a vertical cavity showing evidence of the generation of
fluorescence in the green (appearance of the second order of the 514 nm emission) and
infrared.

goal of obtaining an intense 1.5 um emission, it is an encouraging result, as it attests the high
degree of light confinement of the cavity, while the quenching issue can be addressed separately.

It is however possible to trace the 1.5 um emission intensity as a function of the pump power.
One can then notice (Fig. 9) the appearance of a clear threshold for this emission estimated
around 5.2 mW, which, along with the narrow width of the visible peak, inferior to the instrument
resolution, suggests the generation of coherent radiation. Interestingly, the data seem to deviate
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Fig. 9. Data and linear fit of the cavity emission at 1.5 pm, showing the estimated pump
power.
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from the initial behavior at higher pump power, as the slope decreases indicatively above 40 mW.
This is possibly indicative of nonlinear phenomena taking place in the cavity.

While the results of the fabrication were quite close to the expectations provided by the
simulations, the emission spectroscopy clearly shows flaws in the final product that hinder the
device efficiency. Keeping these observations in mind, some improvements can be considered
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Fig. 10. (a) Transmission spectra of vertical cavities calculated via the transfer matrix
formalism for operation within the 411 1 /2—>4113 /2 Er3* emission band, showing the effect
of different number of BR periods on the stop-band profile; (b) estimate of the ideal cavity
quality factor as a function of the number of iterations of the BR layer pairs. This represents
an ideal case in which absorption is zero, so actual cavity quality factors are expected to be

sensibly lower.
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in order to obtain a more performant cavity. First of all, since the position of the resonance
peak is crucial for the ratio of the emission/reabsorption cross-section, the optical properties of
the device will be manipulated by subjecting it to thermal annealing, with the aim of possibly
reducing the thin film porosity and improve its homogeneity, which will effectively increase
the refractive index and therefore the optical length of the defect, and also via light exposure,
to exploit the chalcogenides photosensitivity in order to better tailor the photonic bandgap and
resonance. However for future trials, a better control of the optical thickness of the defect layer is
needed. This can be achieved with more trials spent on fine-tuning the deposition parameters and
time, or by installing a method of in-chamber detection of the deposited material, such as quartz
microscales or an optical control. The other main issue is the high Er** doping concentration,
which causes quenching of the *I;3 /2—>411 5/2 transition, and can be addressed by simply using a
target with lower, better-suited rare earth ions concentration.

Since the simulations have shown to give a good approximation for the transmission and
reflection spectra of 1DPCs, they can be used to perform a reasonable estimate of similar cavities
for different wavelengths and emission lines. In particular, moving further into the Mid-IR, one
can use these calculations to design an appropriate resonator for the *I; 2 -3 2 Er3* emission
at 2.7 um. Figure 10 shows the results of the simulations for GasGe;oSb 10S6s:Er3* cavities with
AlO3-As;Ses BRs. It is important to keep in mind, however, that the transmission values are
higher than what can be expect from the actual device, as these simulations do not take into
account absorption, which is even higher in the MIR than in the NIR for materials such as oxides,
and the quality factor estimates present the ideal value, while the real one would be sensibly
lower.

4. Conclusion

In the course of the work, Al,O3-As,Ses distributed Bragg reflectors and a 1-D optical cavity with
a GasGeyoSboSes:Er’* defect layer were designed and deposited by radio-frequency sputtering.
The layer thickness, uniformity and refractive index were estimated via SEM imaging and
ellipsometry, and the devices were spectroscopically characterized. The spectroscopy shows
encouraging results as the stop-band appears clearly around 1.5 pm with a relatively low number
of layers: a total of 10 periods of alternating layers is sufficient to obtain a very well-defined
stop-band with an almost zero transmittance at 1.55 pm. As expected, the addition of the defect
layer causes the appearance of a transmission peak in the middle of the band, at a wavelength
corresponding to the I3 2 -5 /2 transition of erbium, proving the viability of the material
choice and design to obtain an efficient optical amplifier in the infrared. Further investigation is
envisioned in order to extend the application of this design to the mid infrared, exploiting the
wide infrared transparency window of chalcogenides to obtain similar resonators at 2.7 ym and
possibly as far as 4.5 ym.
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