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Abstract 

Integrated photonics is poised to become a mainstream solution for high-speed data 

communications and sensing in harsh radiation environments such as outer space, high-energy 

physics (HEP) facilities, nuclear power plants, and test fusion reactors. Understanding the impact 

of radiation damage in optical materials and devices is thus a prerequisite to building radiation-

hard photonic systems for these applications. In this paper, we report real-time, in-situ analysis of 

radiation damage in integrated photonic devices. The devices, integrated with an optical fiber array 

package and a baseline-correction temperature sensor, can be remotely interrogated while exposed 

to ionizing radiations over a long period without compromising their structural and optical integrity. 

We also introduce a method to deconvolve the radiation damage responses from different 

constituent materials in a device. The approach was implemented to quantify Gamma radiation 

damage and post-radiation relaxation behavior of SiO2-cladded SiC photonic devices. Our findings 

suggest that densification induced by Compton scattering displacement defects is the primary 

mechanism for the observed refractive index change in SiC. Additionally, post-radiation relaxation 

in amorphous SiC does not restore the original pre-irradiated structural state of the material. Our 

results further point to the potential of realizing radiation-hard photonic device designs taking 

advantage of the opposite signs of radiation-induced refractive index changes in SiC and SiO2. 
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Over the past decade, integrated photonics has rapidly gained recognition as the technology of 

choice over their electronic counterparts for applications covering data communications1, radio-

frequency (RF) photonics2, and on-chip spectroscopic sensing3. Device for operating in harsh 

radiation environments is yet another arena where integrated photonics presents unique benefits. 

Integrated photonic modules are being deployed in these settings for applications including optical 

links for high-volume HEP data transmission4 and satellite communications5. In addition to their 

inherent advantages in energy-efficient data communications and non-contact sensing/imaging, 

recent studies have revealed that various radiation-hard integrated photonic components can be 

realized with proper designs6–9. 

To enable such radiation-hard designs, it is essential to develop thorough understandings about 

the radiation-induced changes in relevant photonic materials and devices. Towards this goal, 

several studies have been undertaken to evaluate radiation effects in integrated photonic devices10–

14. In these studies, responses of the photonic devices to ionizing radiations were only quantified 

ex-situ, i.e. after the devices were removed from the irradiation chamber. In-situ monitoring of 

radiation damage has been reported in silicon-on-insulator (SOI) micro-ring resonators (under 

Gamma ray irradiation)15 and Mach-Zehnder interferometers (MZIs, under X-ray and neutron 

irradiation)16,17. The measurements allow for real-time monitoring of the kinetics of radiation 

damage as well as post-radiation relaxation, which takes place at room temperature and 

commences immediately after irradiation completes18. 

A standing challenge, however, is that only radiation-induced changes of the overall device 

response were reported in these studies, and it is unclear which constituent materials are 

responsible for the performance variation and to what extent. For instance, in an optical waveguide 

both the core and cladding materials influence its waveguiding properties, and elucidating their 

relative contributions can open up useful engineering spaces including radiation-hard designs, as 

we shall discuss later. It is therefore imperative to identify a technique to deconvolve the radiation-

induced responses of individual constituent materials. 

In this study, we seek to address the challenge by performing real-time measurements of 

photonic device arrays while they were being irradiated in-situ. Stable long-term measurements 

were made possible by packaging the photonic devices with optical fiber arrays (FAs) as a robust 

optical interface for light in/out coupling. We further leverage the FAs to facilitate parallel 

characterization of multiple optical waveguide devices on the same chip. The devices, each 

designed with a different geometric dimension, gives rise to distinctive optical field distributions 

in the core and cladding materials. The difference in their radiation-induced responses was then 

used to isolate the property changes of the core and cladding materials respectively. 

Specifically, we employ SiC/SiO2 as the model system to demonstrate our approach. SiC, 

which consists of a robust 3-D covalent atomic network interconnected through strong Si-C bonds, 

has long been regarded as a leading material candidate for  radiation-hard devices19. Recently there 

is also a surge of interest in SiC for integrated photonics applications covering nonlinear optics, 

optomechanics, and quantum optics21-34. In our study, we choose amorphous SiC (a-SiC) deposited 

using plasma enhanced chemical vapor deposition (PECVD) as the material platform. The choice 

of PECVD SiC as the waveguide core material is mainly justified by its CMOS compatibility and 

ease of processing20,21, as neither wafer bonding (in the case of SiC-on-insulator)22–24 nor undercut 

etch for suspended structures (in the case of epitaxial SiC-on-Si)25–33 is needed. The material 

processing and device fabrication protocols are detailed in the Methods section. A fiber array 

consisting of eight optical fiber channels were aligned to the on-chip grating couplers and 

subsequently permanently attached to the chip using UV-curable epoxy. A thermal couple is also 
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bonded onto the chip for in-situ temperature monitoring. Figure 1b shows a photo of the packaged 

photonic chip. Prior to irradiation, the temperature-dependent wavelength shifts (TDWS) of the 

SiC resonator devices under test were quantified and the information was used to correct the 

resonance drift due to ambient temperature fluctuations during the experiment. The fiber-tethered 

devices were then loaded into a GammaCell Co-60 Irradiator and exposed to a Gamma ray dose 

rate of approximately 4,000 rad/min (calibrated with respect to Si). Transmittance spectra of both 

transverse electric (TE) and transverse magnetic (TM) polarizations were recorded concurrently 

using an optical vector analyzer (LUNA Technologies OVA-5000) with a built-in external cavity 

tunable laser. Figure 1c depicts a block diagram illustrating the testing setup and a representative 

set of measured TE/TM spectra was shown in Fig. 1d. 

 

Long-term stability of the fiber package under Gamma irradiation was experimentally 

confirmed by examining the loop-back insertion loss variation in the in-situ experiment. As is 

shown in Fig. 2a, changes of the insertion losses remain negligible up to a large irradiation dose 

of 10 Mrad and are consistently less than the device-to-device variation. On the device side, 

 

Fig. 1. (a) Top-view micrograph of the photonic chip showing the micro-ring resonators and the 

grating couplers; (b) photograph of the packaged photonic chip; (c) block diagram showing the 

in-situ measurement setup. EDFA: erbium-doped fiber amplifier; GC: grating coupler; Opt. 

switch: optical switch; DUT: device under test; (d) normalized transmittance spectra of a micro-

ring resonator under test for both TE and TM polarized modes. 
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Gamma ray irradiation resulted in progressive resonant wavelength shifts with increasing radiation 

dose (Fig. 2b). The observed resonant wavelength shift was a combined effect of radiation-induced 

refractive index changes in the SiC core (ncore) and SiO2 cladding (nclad). To elucidate the 

respective contributions from the core and cladding, micro-ring resonators with different core 

widths (from 700 nm to 1000 nm) but otherwise identical configurations (275 nm core height, 150 

m diameter) were fabricated on the same chip. Waveguides with different dimensions give rise 

to varying confinement factors core and clad in the core and cladding regions, respectively. The 

measured resonant wavelength drift  relates to the modal effective index change caused by 

irradiation neff through: 
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Here λ denotes the starting resonant wavelength and ng is the group index. It is important to note 

that core and clad in general do not add up to unity due to the slow light effect34. We define 

normalized confinement factors as follows: 
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We see that the sum of so-defined norm,core and norm,clad always equals to unity. Eq. 1 can then be 

cast in the following form: 
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Eq. 3 suggests that the measured neff / (core + clad) for all the resonators and polarizations at a 

given radiation dose, when plotted as a function of norm,core, should fall on a straight line. As is 

seen in an example shown in Fig. 2c, this is indeed the case and linear fits of our measured data 

consistently give coefficients of determination (R2) above 0.99. The intercepts of the fitted line 

with norm,core = 1 and norm,core = 0 then correspond to ncore and nclad respectively with the 

particular radiation dose. 

 

 

Fig. 2. (a) Insertion loss change of the fiber-packaged chip during in-situ irradiation: here the 

error bars (shaded regions) are defined as the device-to-device variations on the same chip; (b) 

resonance shift due to Gamma irradiation; the three spectra correspond to 0, 3.6 Mrad, and 8.4 

Mrad radiation doses, respectively; (c) extracting material refractive index changes from device 

measurements following protocols described in the text. The insets show TE and TM polarized 

waveguide mode profiles for SiC waveguides. 
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Besides inferring the refractive index changes of core and cladding materials, the same notion 

can also be applied to extract the optical loss variations in both materials from the quality factor 

(Q-factor) modifications of the different resonator devices and polarizations. The detailed 

formalism of the loss extraction procedure is presented in the Supporting Information. 

 

Figures 3a and 3b plot the radiation dose dependent changes in material refractive indices and 

optical losses, respectively. Optical losses in the materials hardly changed within the measurement 

error throughout the course of the irradiation experiment. The relatively large dispersion in the 

measured optical losses (approximately ± 1 dB/cm) is attributed to inherent scattering loss 

variations in micro-ring resonators35. In contrast, refractive index changes ranging from 10-5 to 10-

4 were unambiguously quantified taking advantage of the extreme precision afforded by resonant 

cavity refractometry36–38. This index drift is sufficiently small to be negligible for most guiding 

wave devices, however it must be properly compensated in devices sensitive to optical phase 

variations, such as MZIs and resonators. It is also interesting to note that SiC and SiO2 exhibit 

index changes with opposing signs. This observation signals the possibility of creating radiation-

hard optical devices by engineering the modal confinement to nullify the effective index drift. One 

 

Fig. 3. In-situ measured changes of (a) refractive indices and (b) optical losses in SiC and SiO2 

induced by Gamma ray irradiation; (c) TE mode intensity profile of the radiation-hard SiC 

waveguide device design; (d) projected TE-mode effective index change of the design in (c) based 

on measurement date in (a). The shaded regions in (a), (b) and (d) denote standard deviations of 

data taken on multiple devices on the same chip. 
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such hypothetical design is illustrated in Fig. 3c, and the projected dose-dependent effective index 

change of the device is plotted in Fig. 3d based on the measured index change values in Fig. 3a. 

The design predicts waveguide effective index drift of less than 2 × 10-6, more than an order of 

magnitude smaller than the index changes of SiC or SiO2 alone. Such a design is useful in 

improving phase stability of photonic components in radiation environments. 

 

The packaged device also facilitates real-time tracking of the materials’ post-radiation 

relaxation response at room temperature. Figures 4a and 4b plot the refractive index and loss 

relaxation behavior of SiC and SiO2 after 10 Mrad Gamma irradiation. While the loss variation is 

insignificant, we observed considerable refractive index change in SiC. Remarkably, the post-

radiation index change in SiC over time is not a monotonic function, showing an initial increase 

followed by subsequent decrease. This is in contrast to refractive index relaxation in crystalline Si, 

which occurs immediately after irradiation is terminated and always acts to diminish the index 

change induced by radiation15. 

The results from our in-situ measurement outlined above provide important insights into the 

mechanism of radiation damage in a-SiC for photonic applications. In general, there are three 

possible damage mechanisms caused by Gamma radiation which can lead to optical property 

modifications: 1) ionizing radiations generate electron and hole pairs which introduce free carrier 

absorption and refractive index change through the plasmon dispersion effect39; 2) high-energy 

photons or particles can catalyze oxidation reactions. For instance, Gamma radiation was reported 

to induce surface oxidation and refractive index change in SiN and a-Si when the samples were 

exposed to an ambient environment11; and 3) while direct momentum transfer from the photons of 

Gamma rays to atoms is minimal, high-energy electrons emitted through the Compton scattering 

process can collide with atoms and produce point (displacement) defects40. Formation of these 

point defects further triggers drastic rise in local temperature and pressure, which prompts local 

network configuration and density change in an amorphous material41. 

Here we argue that volume compaction due to Compton scattering displacement is the main 

mechanism responsible for the observed optical property change in SiC. In a-SiC, the free carrier 

effects are negligible due to low carrier mobility. In addition, the persistent refractive index change 

after removal of the sample from irradiation chamber can hardly be accounted for by free carrier 

effects. Our SiC devices are entirely encapsulated in a SiO2 cladding and isolated from the ambient 

 

Fig. 4. Post-irradiation relaxation of (a) refractive indices and (b) optical losses in SiC and SiO2. 
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atmosphere. Moreover, we have performed secondary-ion mass spectrometry (SIMS) 

measurements on Gamma-irradiated a-SiC to confirm the absence of surface oxidation (see 

Supporting Information). 

To further reinforce the argument, we computed of the atomic displacement parameters in SiC 

and the results are summarized in Table 1. Details of the calculations are furnished in the 

Supporting Information. The calculated maximum atomic recoil energies are significantly larger 

than the displacement energy threshold in a-SiC (13 eV42), and thus the Compton scattered 

electrons have a high probability of causing displacement damage in the material. The total density 

of displacement defects is approximately 5.8 × 1014 /cm3, or 5.8 × 10-9 per atomic site. The heat 

and pressure spikes produced by each displacement defect can impact a large number of nearby 

atoms41 and remove excess free volume in as-deposited a-SiC through local bond rearrangement, 

thereby leading to the refractive index change. 

Table 1. Calculated displacement damage parameters in a-SiC at 10 Mrad radiation dose 

Atom type 
Maximum recoil 

energy (eV) 

Compton scattering 

displacement cross-section 

(barn, 10-22 cm2) 

Gamma photon 

fluence (/cm2) 

Atomic 

density 

(/cm3) 

Density of 

displacement defects 

(/cm3) 

Silicon (Si) 204 0.45 1.9 × 1016 6.6 × 1022 5.6 × 1014 

Carbon (C) 476 0.28 1.9 × 1016 3.4 × 1022 1.8 × 1014 

To account for the non-monotonic relaxation behavior, we note that unlike crystalline materials, 

the structure of amorphous compounds are characterized by a large number of metastable 

configurations or metabasins43. Structural relaxation (or aging) in amorphous materials is therefore 

an inherently complex process and does not necessarily retraces back to the starting structural 

state44. Moreover, since the a-SiC deposited by PECVD is heavily hydrogenated (see Supporting 

Information), the structural relaxation kinetics may be further complicated by hydrogen diffusion, 

which can contribute to generation or passivation of broken (dangling) bonds in a-SiC and stabilize 

metastable structural configurations after irradiation45. Exact structural origin of the post-radiation 

relaxation behavior will be a topic worthy of further investigations. 

In conclusion, in this study we developed a method to probe optical property changes of 

photonic materials induced by ionizing radiations through in-situ photonic device measurements. 

We show that the photonic package is stable in the Gamma radiation environment and permits 

long-term, real-time measurements up to a large radiation dose. The radiation-induced refractive 

index change in SiC is attributed to volume compaction resulting from displacement defects 

generated by Compton scattered electrons. We also observed a non-monotonic variation of the SiC 

material refractive index during room-temperature post-radiation relaxation. Finally, findings from 

the study further points to the potential of realizing radiation-hard passive photonic devices 

leveraging the opposite signs of radiation-induced refractive index changes in different materials. 

Methods 

Device fabrication. The devices were fabricated on piranha cleaned Si wafers. The process started 

with growing a 2-µm-thick PECVD SiO2 under cladding layer. A 275-nm film of amorphous 

silicon carbide was deposited subsequently via PECVD with a gas mixture of CH4 and SiH4 

following previously published conditions21. Patterning of the SiC film was conducted on an 

Elionix ELS-F125 electron beam lithography (EBL) tool with a beam current of 10 nA and an 

optimized dose of 3200 µC/cm2. 6% hydrogen silsesquioxane (HSQ) was chosen as the EBL resist 

as it provides optimal etching resistivity. The chip was then developed in 25% 

tetramethylammonium hydroxide (TMAH) for 2.5 min to reveal the pattern. Reactive ion etching 

was performed in an STS ICP-RIE tool with a forward power of 1000 W and an etching gas of Cl2 
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at a pressure of 30 mTorr. These parameters yielded an etching rate of a-SiC at 600 nm/min. Device 

fabrication was completed by depositing another 2 µm PECVD oxide layer as the top cladding. 

The devices fabricated following the protocols are symmetrically cladded with PECVD SiO2. The 

cross-sectional dimensions of the waveguides were quantified using scanning electron microscopy 

(SEM) and used as input parameters for full-vectorial optical modal simulations. 

Device packaging. The as-fabricated devices were packaged with optical fiber arrays (SQS 

Vlaknova optika a.s.) using UV curable epoxy (Masterbond UV15TK) as the bonding agent. Fibers 

with an incident angle of 15° were first active aligned to the on-chip grating couplers to maximize 

the transmitted power. Epoxy was applied onto the chip to securely bond the fibers to the chip. 

Active alignment was repeated after epoxy application to ensure optimal coupling. The epoxy was 

then cured through flood UV exposure. After the epoxy was fully cured, the fibers were released 

from the alignment stage and attached to a custom-designed and 3-D printed device holder. 
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