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Silicon-on-nitride ridge waveguides are demonstrated and characterized at mid- and near-infrared

optical wavelengths. Silicon-on-nitride thin films were achieved by bonding a silicon handling die

to a silicon-on-insulator die coated with a low-stress silicon nitride layer. Subsequent removal of

the silicon-on-insulator substrate results in a thin film of silicon on a nitride bottom cladding,

readily available for waveguide fabrication. At the mid-infrared wavelength of 3.39 lm, the

fabricated waveguides have a propagation loss of 5.2 6 0.6 dB/cm and 5.1 6 0.6 dB/cm for the

transverse-electric and transverse-magnetic modes, respectively. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4798557]

Silicon photonics has become a mature integrated-optics

technology for telecommunication or near-infrared (near-IR)

wavelengths for some years.1 Extending the operating wave-

length range of silicon photonics into the 3–5 lm or mid-wave

infrared (MWIR or mid-IR) regime is a more recent field of

research2–15 with potential applications in chemical and bio-

logical sensing, tissue photoablation, environmental monitor-

ing, and free-space communications. The initial mid-IR works

were mostly on bulk silicon ingots.2–4 Mid-IR integrated sili-

con photonic devices have been emerging7–14 but more slowly

due to the lack of high-beam-quality and high-power mid-IR

laser sources and the associated problem of coupling light in

and out waveguides efficiently. Another key challenge has

been that the standard silicon-on-insulator (SOI) waveguides

are not suitable for mid-IR, particularly in the 2.6–2.9 lm and

>3.7lm ranges, since the material loss of the buried oxide

(BOX) layer becomes substantially high.5 Efforts have been

made to eliminate overlapping of the optical mode with the

lossy BOX cladding by demonstrating suspended silicon

membrane waveguides on SOI.12 The silicon-on-sapphire

(SOS) waveguide technology has also been pursued to extend

the operating wavelength range up to 4.4 lm.7,11,13 Low-loss

germanium strip waveguides on silicon have also demon-

strated.14 Silicon-on-nitride (SON) waveguides, boasting a

wide transparent range of 1.2–6.7 lm, have been proposed

and theoretically analyzed.5,6,15 Here, SON waveguides are

demonstrated and characterized at both mid-IR (3.39 lm) and

near-IR (1.55lm) wavelengths.

The bonding fabrication process is depicted in Fig. 1

and is described in the following. A SOI wafer and a silicon

handling wafer were first diced into 2� 2 cm2 dies. The SOI

die was then coated with a 1.3-lm low-stress silicon nitride

(SiNx) layer using the plasma-enhanced chemical vapor

deposition (PECVD) process. Silicon nitride can be direct-

bonded to the handling die after planarization by chemical

mechanical polishing (CMP)16,17 or by using a spin-on-glass

(SOG) layer.18,19 SOG was chosen in this work because of

its low cost and ease of fabrication. Silicate-based SOG

(20B) by Filmtronics was diluted with isopropyl alcohol

(IPA) with a ratio of SOG:IPA¼ 1:8, resulting in a SOG

layer of around 38 nm after 10 min of curing at 240 �C.

Thicker SOG layers (using higher SOG:IPA ratio) were

avoided because they lead to striations that causes difficulties

in the subsequent bonding step. Since SOG has low adhesion

to silicon and silicon nitride surfaces, 50-nm thick layers of

PECVD silicon dioxide (SiO2) were deposited on both the

nitride layer (SOI die) and the silicon handling die before

bonding. Thorough cleaning of the dies, by both the piranha

solution and the RCA process, is essential for high-quality

bonding. The cleaning steps also make the surfaces hydro-

philic and strengthen the formed bonds. At initial room-

temperature, atmospheric-pressure bonding was performed

by sandwiching the dies between two quartz slides and

squeezing them with a steel clamp. A 60-min annealing at

450 �C in a nitrogen environment completes the bonding pro-

cess. Then, about 400 lm of the 500-lm thick SOI substrate

is removed by lapping, and the remaining 100 lm is wet-

etched in tetramethylammonium hydroxide (TMAH) solu-

tion at 70 �C. Finally, the BOX layer is removed by diluted

hydrofluoric (HF) acid solution exposing the SOI thin-film

layer for waveguide processing. The SOG bonding is strong

enough to survive the lapping and the following dicing and

polishing processes for waveguide fabrication. It is noted

that bonding at atmospheric pressure causes some undesired

bubble formation in the achieved SON dies. This problem

can be eliminated by bonding in vacuum, which is applicable

for both direct and SOG-based bonding.18,19

Obviously, the buried SiNx layer should be thick enough

to prevent leakage of the optical mode into the silicon sub-

strate, the SOG layer, and the associated SiO2 adhesion layers.

The required SiNx thickness and waveguide dimensions for

single-mode condition at mid-IR wavelengths were designed

by RSoft BeamProp simulations. Ridge waveguides with

2 lm rib thickness, 0.8-lm etch depth (1.2-lm slab thickness),

and 2.0 to 2.5 lm ridge widths were chosen for single-mode

operation at the wavelength of 3.39 lm. The simulation resultsa)Electronic mail: fathpour@creol.ucf.edu
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(see the inset of Fig. 4(a)) show that for a SiNx thickness of

1.3 lm, there is negligible overlap of the optical mode with

the SOG layer and the silicon substrate.

Based on the above design guidelines, ridge optical wave-

guides were fabricated on the SON dies using standard optical

lithography and inductively coupled-plasma (ICP) dry etching

of silicon using a 500-nm PECVD SiO2 hard mask. The

employed SOI wafers had a 2-lm-thick top silicon layer on a

1-lm-thick BOX. The SOI substrate and the silicon handling

wafers were both 500-lm thick. The chips were diced into

smaller dies that accommodate <0.5-cm-long L-shaped ridge

waveguides. The waveguide facets were finally polished at

highest attainable quality for optical transmission-loss meas-

urements using end-butt coupling and the Fabry-Perot (FP)

method. Figure 2 shows a scanning-electron-microscopic

(SEM) image of the polished facet of a fabricated waveguide

with air top cladding. The shiny layer observed in the middle

of the �1.3-lm-thick silicon nitride layer is a measurement

artifact due to the well-known charging effect of dielectric

layers during SEM imaging.

The propagation loss, a, of the achieved L-shaped SON

waveguides was measured by the FP method, i.e., a was

extracted from the modulation depth of the interference

fringes20

aL ¼ log R
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pmin=Pmax

p
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pmin=Pmax

p
 !

; (1)

where Pmin is the minimum measured power, Pmax is the

maximum measured power in the FP fringes, L is the wave-

guide length, and R is the reflectivity of the waveguide facet.

The radius of curvature of the L-shaped waveguides is 1 mm,

which is large enough to ignore any bending loss.

Figure 3 shows the schematic of our measurement setup at

mid-IR wavelengths that includes the standard lock-in tech-

nique for signal amplification. A Newport 3.39-lm HeNe laser

with a maximum continuous-wave (CW) output power of

2 mW was employed. The FP fringes were obtained by sweep-

ing the temperature of the chip using a thermoelectric cooler

(TEC) controller. A mid-IR single-mode (SM) ZBLAN optical

fiber from IRPhotonics was used to couple light into the wave-

guides, while a mid-IR multimode (MM) metal halide fiber

was used for coupling the light out of the waveguides. Both the

input and output fibers were non-tapered. ThorLabs’ PbSe

amplified detector (model# PDA20H) was used for photode-

tection. Waveguides’ temperature was scanned from 15 �C to

58 �C at a speed of 0.1 �C/s. Figure 4(a) shows a measured

transverse-electric (TE) mode transmission intensity modula-

tion of a waveguide with 2.0-lm ridge width and 3.65-mm

length. The inset shows the single-mode profile at 3.39lm,

obtained by RSoft BeamProp simulation. By conducting sev-

eral similar measurements for TE and transverse-magnetic

(TM) modes, propagation losses of 5.2 6 0.6 dB/cm and

5.1 6 0.6 dB/cm are, respectively, extracted from Eq. (1) at

3.39-lm wavelength. The TE and TM polarizations were

achieved by simply rotating the polarized HeNe laser around

its axis.

The waveguides were also characterized at near-IR

wavelengths. A CW tunable laser at about 1.55 lm was used

to scan the wavelength and obtain FP fringes (see Fig. 4(b)).

The extracted TE-mode propagation loss is 15.4 dB/cm and

the TM-mode loss is 15.6 dB/cm at 1.55 lm. The near-IR

TE-mode propagation loss was also measured by scanning

the waveguide temperature using the TEC controller. The

obtained value of 14.5 dB/cm is fairly close to the above

value obtained from wavelength scanning. To a certain

extent, this consistency at the near-IR confirms the validity

of the mid-IR measurements done merely by temperature

scanning.

The right-hand inset of Fig. 4(b) shows the measured

output mode profile of a SON waveguide at 1.55 lm,

obtained by an infrared camera. Considering that the wave-

guides are L-shaped, the measured mode profile confirms

that the optical energy is indeed guided in the core, since any

significant coupling into the slab mode(s) would have been

FIG. 1. Schematic of silicon-on-nitride die fabrication process.

FIG. 2. SEM images of a fabricated silicon-on-nitride waveguide.

FIG. 3. Schematic of the experimental mid-IR setup used to characterize the

silicon-on-nitride waveguides.
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lost in the bent regions. However, the measured single-lobe

profile does not necessarily mean that the waveguides are

single-mode at the near-IR. Actually, the reason for higher

loss at near-IR compared to mid-IR is that the large cross-

section waveguides (�2��2 lm2) are most likely multi-

mode at 1.55 lm. Our BeamProp simulations confirm that by

launching a 1.55 lm TE input field into waveguides with

widths of 2.1 to 2.5 lm, higher order modes exist in the

structures. The TE-like components of these higher-order

modes are symmetric and overlap the fundamental TE mode.

A similar situation exists when a TM field is launched into

the waveguides. As a result, the optical energy leaked from

the fundamental mode into the higher-order modes can easily

be lost to radiation modes in the bent regions of the

L-shaped waveguides. The net effect is that the higher-order

modes contribute to an extra loss term in the attained

fundamental-mode FP fringes.

The near-IR multimodeness is also supported by our ex-

perimental results. It is known that multimodeness leads to

distortion in the FP fringes.21 Slight distortion is evident in

our scanned fringes as shown in the zoomed region of

Fig. 4(b). Obviously, single-mode SON waveguides at

near-IR can be achieved by fabricating smaller core cross-

sections, and then the real propagation loss at these wave-

lengths are expected to be comparable to the mid-IR values.

In summary, silicon-on-nitride waveguides are demon-

strated and characterized at both mid- and near-IR wave-

lengths. At the mid-IR wavelength of 3.39 lm, the fabricated

waveguides have a propagation loss of 5.2 6 0.6 dB/cm and

5.1 6 0.6 dB/cm for TE and TM modes, respectively. The

demonstrated integrated photonic platform can extend the

operating wavelength range of silicon photonics up to

6.7 lm for a variety of biophotonic, sensing, and communi-

cation applications.
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FIG. 4. (a) Measured TE-mode transmission intensity modulation obtained

by scanning the temperature of a silicon-on-nitride waveguide at 3.39 lm

wavelength. The inset shows the mode profile of the single-mode SON

waveguide at 3.39 lm, obtained from RSoft BeamProp simulation. (b)

Measured TE mode transmission intensity modulation obtained by scanning

the wavelength of a 1.55 lm tunable laser. The right-hand inset shows the

mode profile at 1.55 lm, obtained by an infrared camera. The left-hand

zoomed region shows distortion in the scan caused by multimodeness.
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