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Foundry silicon photonics

200 or 300 mm dia.

Manufacture photonic chips in microelectronics infrastructure
⇒ scalability, $B industry

A*STAR, Singapore



Foundry silicon photonics: the opportunity

Electronic 
die

Si optical 
modulator

Large wafers

⇒ Mass-manufacturing, reduce cost

High density integration 

⇒ Sophisticated photonic circuits

2D and 3D integration

⇒ Combine photonics with electronics, other 
technologies

Photonics for a broader range of applications

⇒ Go beyond telecom

1 μm

~500 nm

Si

SiO2
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200mm or 300mm



Cross-section of a typical Si photonic platform

• Si waveguide (2-3 etch depths)

• Silicon nitride waveguide

• 2-3 routing metal layers
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• Silicon modulators (P, N implants)

• Germanium photodetectors

• Telecom applications

“Silicon-on-
insulator (SOI)”

SiN



Commercialization ongoing
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Transceivers 

source: Intel 

LiDAR source: SiLC

Special Purpose Compute Engines 

source: LightMatter

Optical I/O

source: Ayar Labs 



Si photonics for the visible spectrum?
Some applications
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Quantum Science and Computing
(ion traps and cold atoms)

R. J. Niffenegger et al., Nature, 2020. 

Beam-Scanners

Shin et al., Optics Letters, 2020.

Spectroscopy and Fluorescence Sensing 

K. K. Mehta et al., Nature, 2020. 
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Benefits of silicon photonics ≠ Silicon waveguides!



Elements used in the semiconductor industry

8https://blog.lamresearch.com/happy-150th-birthday-to-the-periodic-table/



SiN or Al2O3 as waveguides
Selected progress on 200mm or 300mm Si
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Material Foundry
Reported 

Wavelength
Waveguide Loss Reference

SiN (PECVD) IMEC → Pix4Life BioPIX 532-900nm < 1dB/cm @532nm A. Z. Subramanian et al., IEEE 
Photonics Journal, 2013.

SiN Witzens Group, 
CMOS Pilot Line 660 nm < 0.5 dB/cm S. Romero-García et al., Opt. 

Express, 2013.

SiN AIM Photonics 635 nm ? C, V. Poulton, et al. Opt. Lett. 42, 
21-24, 2017.

SiN (LPCVD) Ligentec ? 0.1 dB/cm? Press releases

SiN (LPCVD) LioniX 405-640 nm 0.3-0.4dB/cm 
@405nm

Mashayekh et al., Opt. Express. 29, 
8635, 2021.

Al2O3 MIT Lincoln Labs 371-1092 nm 2.6 dB/cm @371nm
0.6 dB/cm @458nm

C. Sorace-Agaskar, et al., Proc. 
SPIE, 2018.

Al2O3 Ram Group, MIT with 
MIT Lincoln Labs 371-458 nm 3dB/cm @371nm

~1dB/cm @ 458nm
G. N. West et al., APL Photonics, 

2018.



Our approach: 
SiN on 200mm Si, 193nm DUV

• with Advanced MicroFoundry
(Singapore)

• Dr. Xianshu Luo

• Dr. Patrick Lo
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Single-mode, high confinement waveguides
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< 10dB/cm for blue

W. D. Sacher et al., Optics Express, 2019.

Single-mode waveguide loss
PECVD SiN, 135nm thickness

LPCVD SiN similar  to PECVD

Research Article Vol. 27, No. 26 / 23 December 2019 / Optics Express 37402

Fig. 1. (a) Schematic of the SiN waveguide platform. tSiN , tclad, bot, and tclad, top are
the SiN, bottom SiO2 cladding, and top SiO2 cladding thicknesses, respectively. Wafer
backgrinding is used to thin the wafers for the neurophotonic probe application. (b) Cross-
section transmission electron micrograph (X-TEM) of a single-mode waveguide from Wafer
1. (c) Simulated mode profiles at wavelengths (�) 488 nm and 633 nm of waveguides from
Wafers 1 and 2. The electric field magnitudes |Ex | and |Ey | are shown for the TE and TM
polarizations, respectively.

is optional but was carried out for the purpose of testing the fabrication process of implantable
neuroprobes for optogenetic stimulation and functional optical imaging [12,13]. This etching
before grinding technique (auto-dicing) also separated the dies on the grinding tape since test dies
were surrounded on all sides by deep trenches. A cross-section transmission electron micrograph
(X-TEM) of a fabricated 270 nm wide SiN waveguide from Wafer 1 is shown in Fig. 1(b).
X-TEMs and cross-section scanning electron micrographs of a small number of dies from Wafers
1-3 confirmed the SiN thicknesses.

The measured PECVD and LPCVD SiN refractive indices monotonically decreased from
1.82-1.79 and 2.02-1.98, respectively, over a wavelength range of 450-648 nm. Mode profiles
and single-mode cuto� widths were calculated using a finite di�erence eigenmode solver with
the nominal SiN thicknesses and measured refractive indices. The widths for the single-mode



Bilayer edge couplers

13

Co
up

lin
g 

Lo
ss

 (d
B/

fa
ce

t)
Wavelength (nm)

Single 
layer

Lin et al., CLEO 2021
Manuscript submitted.



Thermo-optic phase-shifters
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Pπ ~ 0.8 mW @ 445nm

10%-90% Rise/fall time: 570/590us

Manuscript in preparation.



SiN-Si waveguide photodetectors

15Lin et al., CLEO 2021
Dark current: 28pA @-2V
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Application:
Light for brain activity mapping

• Genetically modified neurons actuated by or emit light 
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Deisseroth lab

Functional optical (fluorescence) imaging 
genetically encoded calcium or voltage indicators 

Optogenetics
deterministic photo-actuation of neurons

GCaMP6f frontal cortex, Ca imaging 
(NeuroLabWare)



Implantable neurophotonic probes

Overcome optical scattering limit for deep (> mm) brain access 

Massively parallel interrogation with single neuron resolution

Foundry manufacturing for complexity and broad dissemination
17

Fiber 
input/output 

coupling Electronic 
integration

Optrode array 
~4 mm

Si substrate

Light emission and 
collection sites + electrodes

Pitch: ~150 um



Foundry-fabricated neurophotonic probes
• 200mm (8”) wafers, DUV 

lithography, full-wafer thinning

• >1600 probes on 1 wafer
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1mm 1mm

Xianshu Luo
Patrick Lo



Acknowledgment:
Neuroprobe Team
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Approach: 
Passive neurophotonic probe with spatial addressing 
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Fiber 
Bundle

Laser

MEMS 
Scanning Mirror

Relay Optics

Fiber Bundle Cross-Section

Packaged and 
Mounted Probe

with Auto-Pix: 
the Pixel Dance!



Improvements: 
Custom multi-core optical fibers & Mini-Scan

• 10 and 16 single-mode cores
• Nominal pitch: 24um, 16um
• Fiber diameter: 300um

21Azadeh et al., CLEO, 2021.

Fiber loss

Kevin Bennett

Miniaturized scanning unit



Lightsheet fluorescence microscopy

• Selective Plane Illumination Microscopy

• Image 1 plane at a time ⇒ Large volume imaging

• So far, only applies to transparent small organisms due to bulkiness of the optics
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Excitation

https://www.microscopyu.com/techniques/light-sheet/light-sheet-
fluorescence-microscopy https://www.photometrics.com/applications/appnotes/dispim



Lightsheet imaging neurophotonic probe

• Synthesize lightsheet from multiple grating couplers

• Implantable miniature light source ⇒ lightsheet microscopy in non-transparent organisms

23

Im
ag

in
g 

Sy
st

em

Probe

Brain

Michael Roukes Taufik Valiante, Andres Lozano

Sacher et al., Neurophotonics, 2021. 

Fluorescein side profile



Light-sheet characterization
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Top-down image 
in fluorescein solution

200µm

Shanks 2x intensity 
variation

In scattering media, uniformity is 
higher

Extracted average sheet thickness in free space 
from imaging a fluorescent thin film



Fixed Tissue validation
• ≈1mm thick fixed slice from Thy1-GCaMP6s transgenic mouse

• Dentate gyrus, < 100µm depth
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EpifluorescenceLight-sheet probe illumination

200µm

3-4x average contrast 
enhancement for neurons



Brain slice functional imaging

• ≈450µm thick perfused cortical brain slice from Thy1-GCaMP6s transgenic mouse.
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Shanks

Video accelerated 10x



In vivo experiments
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In vivo
Comparison in the same setup

Probe

High speed 
camera

Filter 
cube

Objective

Tube lens

Electrically 
tunable lens

LED 
input

Fiber 
bundle

• Anesthetized Thy1-GCaMP6s mouse
• Parietal cortex, < 200µm sheet depth

Activity imaged



Beam-steering neurophotonic probes

• High spatial resolution optogenetics and functional optical imaging

• Miniature optical phased array; No moving parts in tissue
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Beam-steering neurophotonic probes

29
Sacher et al., CLEO 2019. Paper ATh4I.4

Manuscript in preparation

Michael Roukes Taufik Valiante

• Gratings as light emitters



In vitro validation 
Optogenetic stimulation

• VGAT-ChR2-EYFP: ChR2 expressed in interneurons
• Very low power: max. laser output power ~10mW

30

Neurophotonic 
probe

Brain slice

Microelectrode 
array (MEA)

100 μm pitch

YFP

Beam-forming 
possible in tissue!

Cerebellum Molecular Layer

Data AnalysisLight Evoked Activity



Sidelobe-free beam-steering OPA

• End-fire phased array into free propagation region slab

• Sidelobes are separated from the main beam in the slab

• Out-of-plane emission by the grating
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λ = 471nm λ = 480nm

λ = 486nm λ = 492nm

Property Value
Free spectral range 23 nm near 

λ=470nm
Full steering range 23.7o

Single-lobe steering 
range

16o

Beam width (FWHM) 2.2o

Chen et al., CLEO 2021.

Wavelength 
tunable 

laser input



Neuroprobe characterization
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Beam profile in fluorescein Cross-section profile at 100 μmEdge couplers400um

At 100μm from the OPA, single-lobe operation:

• Steerable distance = 57μm

• Average beam FWHM = 11.2 μm

100 μm

wavelength tuning: 

469 to 481 nm



Open challenge: 
High-speed modulator or phase-shifter

Liquid crystal?
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M.Notaros et al., Frontiers in Optics, 2018. FW6B.5

FW6B.5.pdf Frontiers in Optics / Laser Science © OSA 2018

Integrated Visible-Light Liquid-Crystal Phase Modulator 
 

Milica Notaros*, Manan Raval, Jelena Notaros, and Michael R. Watts 
Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA 

*mnotaros@mit.edu 
 

Abstract: An integrated liquid-crystal phase modulator for applications within the visible 
wavelength range is demonstrated. A threshold voltage of േ1.2V is shown and 24π phase shift is 
achieved within േ2.5V in a 500-μm-long modulator. 
OCIS codes: (130.3120) Integrated optics devices; (130.4110) Integrated optics modulators; (130.0250) Optoelectronics. 

 
1. Introduction 

Integrated photonics systems at visible wavelengths have many wide-reaching potential applications, including image 
projection systems, underwater optical communications, and optogenetics [1-2]. Generally, these visible-light 
integrated systems are based on silicon-nitride waveguides since silicon nitride has a low absorption coefficient within 
the visible spectrum and is CMOS compatible. However, silicon nitride has a low thermo-optic coefficient and does 
not exhibit any significant electro-optic properties, which makes integrated phase tuning at visible wavelengths a 
challenge. 

As a solution, nematic liquid crystals, with strong birefringence in the visible spectrum, can be integrated and used 
for phase modulation. Integrated liquid-crystal-based devices, including slot waveguide phase shifters [3], ring 
resonators [4-5], and switches and tuners [6], have been explored. However, these demonstrations have been largely 
limited to the infrared wavelength range. In this work, an integrated visible-light liquid-crystal phase modulator is 
experimentally demonstrated with a േ1.2V threshold voltage and 24ʌ phase shift within േ2.5V in a 500-µm-long 
modulation region. 

2.  Liquid-Crystal Theory 

In the proposed liquid-crystal modulator, phase modulation is achieved via the birefringence of the liquid crystal. In 
a nematic liquid-crystal media, the index of refraction varies based on the orientation of the media¶s molecules. Thus, 
the index can be actively tuned by applying an electric field across the liquid-crystal region to orient the molecules in 
the direction of the field and cause a change in the index of refraction. The resulting phase shift due to this change in 
refractive index is given by 

Δ߶ ൌ
𝐿Δ𝑛ୣ୤୤ߨ2

𝜆଴
,                                                                                         ሺ1ሻ 

where 𝐿 is the length of the liquid-crystal region, Δ𝑛ୣ୤୤ is the change in effective refractive index, and 𝜆଴ is the free-
space operating wavelength. Here, the transverse-electric mode is used and the molecules are aligned in plane with 
the surface of the chip. 

3.  Liquid-Crystal Phase Modulator Structure and Fabrication 

The integrated liquid-crystal phase modulator consists of a silicon-nitride waveguide, liquid crystal deposited into an 
oxide trench, a top glass chip with a liquid-crystal alignment layer, and metal electrodes for applying an electric field 
across the liquid crystal. The devices are fabricated in a 300-mm wafer-scale CMOS-compatible process at the 
Colleges of Nanoscale Science and Engineering (CNSE) SUNY-Poly. A cross-sectional diagram of the device as 
fabricated by CNSE is shown in Fig. 1a. The 200-nm-thick silicon-nitride waveguide is recessed within the silicon 

Fig. 1. Cross-sectional diagram of the phase modulator device (a) as received from CNSE-SUNY, (b) after in-house etch to expose the 
top of the waveguide and deposition of the SU-8 spacer layer, (c) after the top glass chip with an alignment layer is epoxied to the chip, 
and (d) after the liquid crystal is injected into the cavity and sealed with the UV-cured epoxy. 

SiN
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dioxide cladding, a trench is etched above the waveguide using a second silicon-nitride etch-stop layer, and metal 
electrodes are placed along both sides of the trench. Further fabrication and packaging are then done at the MIT 
fabrication facilities as back-end steps. First, an anisotropic dry etch is performed to etch away the excess oxide on 
top of the waveguide. Exposing the top of the waveguide is an important fabrication step, because it allows the mode 
to maximally interact with the liquid crystal, hence allowing for the largest phase shift for a set modulator length. 
Next, an SU-8 resist spacer layer is deposited around the device, as shown in Fig. 1b. Then, a glass chip, with a 
polyimide alignment layer on the bottom side, is epoxied on top of the spacer layer, as shown in Fig. 1c. The alignment 
layer is used to anchor the liquid-crystal molecules. Finally, 5CB nematic liquid crystal is injected into the formed 
cavity via capillary action and the cavity is sealed off with UV-cured epoxy, as shown in Fig. 1d. 

4.  Characterization Setup and Experimental Results 

To enable characterization of the device, the liquid-crystal phase modulator is fabricated in an integrated Mach-
Zehnder-interferometer (MZI) test structure, as shown in Fig. 2a. A 632.8-nm-wavelength HeNe laser is coupled into 
the chip from an input fiber to the integrated silicon-nitride waveguide using an input edge coupler. A 1x2 multimode 
interference (MMI) splitter is used to transition from a single waveguide to the two arms of the MZI. A 500-µm-long 
liquid-crystal phase modulator is placed in each arm of the MZI. Finally, a 2x1 MMI is used to combine the two arms 
back into a single waveguide and a second edge coupler is used to couple the light from the chip to an output fiber 
that is fed into a power meter. A photograph of the fabricated and packaged chip and the experimental setup is shown 
in Fig. 2b. 

To characterize the device, electronic probes are used to apply a 10kHz square wave with a variable peak voltage 
across the electrodes of the phase modulator in one arm of the MZI, as shown in Fig. 2a. (Note that no voltage is 
applied across the second phase modulator in the MZI; the liquid-crystal molecules in this modulator are maintained 
in a constant orientation via the alignment layer.) As shown in Fig. 2c, as the peak voltage applied to the liquid-crystal 
modulator is varied, phase modulation is achieved, which results in amplitude modulation at the output of the MZI 
test structure. Using this method, a threshold voltage of േ1.2V is measured and 24π phase shift is achieved in േ2.5V. 

5.  Conclusion 

In this work, an integrated visible-light liquid-crystal phase modulator has been experimentally demonstrated. A low 
threshold voltage of േ1.2V is shown and 24π phase shift is achieved within േ2.5V in a 500-μm-long modulation 
region. This device enables integrated visible-wavelength modulation for a variety of applications, including visible 
image projection systems, underwater communications, and optogenetics [1-2]. 

This work was supported by the Defense Advanced Research Projects Agency (DARPA) VIPER program (Grant 
No. FA8650-17-1-7713), DARPA E-PHI program (Grant No. HR0011-12-2-0007), and a National Science 
Foundation Graduate Research Fellowship (Grant No. 1122374). 
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Fig. 2. (a) Diagram showing the integrated Mach-Zehnder-interferometer (MZI) test structure and modulation scheme. (b) Photograph 
of the fabricated chip and experimental setup. (c) Experimental results showing normalized output power versus peak voltage applied 
to one arm of the MZI. 

 
 

 
 

 
 

 
Figure 4. Mask layout of modulator test chip with set of MZI-based waveguide structures (red), LC cell window (green) and 
electrode configuration (blue). The electrode length of this specific chip is 1 mm. 

 

3. DEVICE FABRICATION 
 
3.1 Fabrication flow 

In the fabrication flow we distinguish three fabrication parts of which the main steps are as follows:  
(1) Fabrication of the waveguide chips with LC cell windows:  

In this step the TriPleX waveguides are fabrication on a silicon substrate. The wafer-scale processing is based on 
LioniX¶ standard platform technolog\. The LC cell windows are implemented through lithography and etching into 
the top cladding of waveguide wafer. Finally, the chips are diced. 

(2) Fabrication of the cover plate wafer with electrodes: 
The electrode pattern is fabricated by lithography and metal deposition onto a transparent fused silica wafer. Then 
the cover plates are diced. 

(3) Assembly of waveguide and cover parts on chip level: 
Waveguide chips and cover plates are coated with a photoalignment layer. This enables the LC alignment in the cell 
by a contactless method, photoalignment [9][10]. Then chip and electrode plate are aligned and fixed by glue. In the 
final step, the cell filling is performed including UV illumination, LC filling process, and cell sealing. 

 

A schematic of the assembled TriPleX ± LC chip is depicted in the cross-sectional view of Figure 5. 

 
Figure 5: Schematic cross-section of TriPleX ± LC cell assembly (dimensions not to scale). 

 K. Wörhoff et al., Proc. SPIE, 2019.

Aluminum Nitride (AlN)?
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To make waveguides, a 200nm PECVD SiO2 was deposited, followed by patterning using 248-nm lithography. 
Then, SiO2 was dry etched, followed by photoresist removing and wet cleaning. AlN was dry etched using the 
200-nm SiO2 as the hard mask. After wet cleaning, a cladding SiO2 was deposited. Spiral waveguides with width 
of 0.5, 0.7, and 1.0 µm and length ranging from 0.3 mm to 20 cm were fabricated. Fig. 1(c) shows DRSEM image 
of a waveguide inverted taper coupler and Fig. 1(d) shows XTEM of an AlN waveguide core with 0.7-µm width 
and 0.5-µm height. The propagation loss (D) was measured using the cut-back method using different laser sources 
available in our lab. Fig. 1(e) shows the measured output power vs. waveguide length for two sets of waveguides, 
from which the propagation loss is extracted by linearly fitting. Tens sets of waveguides have been measured and 
the average results are summarized in Fig. 1(f). A recorded ultralow loss of a0.42 dB/cm is achieved at 1550-nm 
transverse electric (TE) light. The propagation loss increases with the wavelength decreasing, roughly obeying 
the dependence of DvO-4 at the shorter wavelength range, indicating that the loss is mainly due to the roughness 
induced Rayleigh scattering [8]. It is expected the loss may be further reduced by using 193nm immersion 
lithography and also improving the AlN dry etch recipe to reduce the waveguide sidewall roughness.  

3. Push-pull MZI EO modulators 
We had reported an AlN MZI EO modulator with the required S-phase shift voltage (VS) of a170 V [9]. Owing 

to the ultralow loss waveguide achieved in this work, we can reduce VS by increasing the arm length while keeping 
the insertion loss low enough. Moreover, a push-pull structure is adopted, as shown in Fig. 2(a), which can reduce 
VS by half. Fig. 2(b) shows XTEM image of one arm of the fabricated MZI modulator, the bottom electrode is a 
highly doped polysilicon and the top electrode is TaN/Al. Fig. 2(c) shows the measured spectra of a MZI 
modulator with arm length of 2.8 cm at different voltages using a wideband 1550nm laser source. The extracted 
phase shift vs. voltage is plotted in Fig. 2(d). VS is extracted to be a21 V. The EO coefficient is estimated to be 
a1.0 pm/V, close to our previous result although the propagation loss has been dramatically reduced [9]. The same 
MZI is also measured using a wideband 1064nm laser source, as shown in Fig. 2(e), and VS is estimated to be 
a12.9 V. Since VS v 1/O, the EO coefficient of AlN is slightly larger at shorter wavelength. To measure the 
transient performance, a high-frequency voltage is applied on the MZI modulator and the output light is measured 
by a high-speed detector. The measurement result is shown in Fig. 2(f). The rise/fall time is read to be 2.4/1.2 ns. 
The modulation speed is estimated using 0.35/max�ሺW௥௜௦௘, W௙௔௟௟ሻ to be a140 MHz, which we expect to be mainly 
limited by the resistive-capacitive (RC) delay.  

 
Fig. 2 (a) Schematic cross section of the push-pull AlN EO modulator, (b) XTEM image of one arm of AlN MZI modulator, (c) 
measured spectra for a MZI with arm length of 2.8 cm at -12, 0, and 12 V bias, (d) extracted phase shift vs. voltage at 1550 nm 
wavelength, (e) extracted phase shift vs. voltage at 1064 nm wavelength, and (f) the transient measurement at 1550 nm wavelength, 
the rise/fall time is read as 2.4/1.2ns.       

Obviously, the approach to improve the modulator performance is to increase the EO coefficient of AlN. We 
expect that Sc-doped AlN may have larger EO coefficient than AlN because Sc-doped AlN has significantly 
higher piezoelectric property than AlN [10] and the EO coefficient is related to the piezoelectric coefficient. 
However, Sc-doped AlN may have different propagation loss. The studying of Sc-doped AlN optical devices is 
still on-going. Another approach to improve the modulator performance is to increase electric field through AlN 
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To make waveguides, a 200nm PECVD SiO2 was deposited, followed by patterning using 248-nm lithography. 
Then, SiO2 was dry etched, followed by photoresist removing and wet cleaning. AlN was dry etched using the 
200-nm SiO2 as the hard mask. After wet cleaning, a cladding SiO2 was deposited. Spiral waveguides with width 
of 0.5, 0.7, and 1.0 µm and length ranging from 0.3 mm to 20 cm were fabricated. Fig. 1(c) shows DRSEM image 
of a waveguide inverted taper coupler and Fig. 1(d) shows XTEM of an AlN waveguide core with 0.7-µm width 
and 0.5-µm height. The propagation loss (D) was measured using the cut-back method using different laser sources 
available in our lab. Fig. 1(e) shows the measured output power vs. waveguide length for two sets of waveguides, 
from which the propagation loss is extracted by linearly fitting. Tens sets of waveguides have been measured and 
the average results are summarized in Fig. 1(f). A recorded ultralow loss of a0.42 dB/cm is achieved at 1550-nm 
transverse electric (TE) light. The propagation loss increases with the wavelength decreasing, roughly obeying 
the dependence of DvO-4 at the shorter wavelength range, indicating that the loss is mainly due to the roughness 
induced Rayleigh scattering [8]. It is expected the loss may be further reduced by using 193nm immersion 
lithography and also improving the AlN dry etch recipe to reduce the waveguide sidewall roughness.  

3. Push-pull MZI EO modulators 
We had reported an AlN MZI EO modulator with the required S-phase shift voltage (VS) of a170 V [9]. Owing 

to the ultralow loss waveguide achieved in this work, we can reduce VS by increasing the arm length while keeping 
the insertion loss low enough. Moreover, a push-pull structure is adopted, as shown in Fig. 2(a), which can reduce 
VS by half. Fig. 2(b) shows XTEM image of one arm of the fabricated MZI modulator, the bottom electrode is a 
highly doped polysilicon and the top electrode is TaN/Al. Fig. 2(c) shows the measured spectra of a MZI 
modulator with arm length of 2.8 cm at different voltages using a wideband 1550nm laser source. The extracted 
phase shift vs. voltage is plotted in Fig. 2(d). VS is extracted to be a21 V. The EO coefficient is estimated to be 
a1.0 pm/V, close to our previous result although the propagation loss has been dramatically reduced [9]. The same 
MZI is also measured using a wideband 1064nm laser source, as shown in Fig. 2(e), and VS is estimated to be 
a12.9 V. Since VS v 1/O, the EO coefficient of AlN is slightly larger at shorter wavelength. To measure the 
transient performance, a high-frequency voltage is applied on the MZI modulator and the output light is measured 
by a high-speed detector. The measurement result is shown in Fig. 2(f). The rise/fall time is read to be 2.4/1.2 ns. 
The modulation speed is estimated using 0.35/max�ሺW௥௜௦௘, W௙௔௟௟ሻ to be a140 MHz, which we expect to be mainly 
limited by the resistive-capacitive (RC) delay.  

 
Fig. 2 (a) Schematic cross section of the push-pull AlN EO modulator, (b) XTEM image of one arm of AlN MZI modulator, (c) 
measured spectra for a MZI with arm length of 2.8 cm at -12, 0, and 12 V bias, (d) extracted phase shift vs. voltage at 1550 nm 
wavelength, (e) extracted phase shift vs. voltage at 1064 nm wavelength, and (f) the transient measurement at 1550 nm wavelength, 
the rise/fall time is read as 2.4/1.2ns.       

Obviously, the approach to improve the modulator performance is to increase the EO coefficient of AlN. We 
expect that Sc-doped AlN may have larger EO coefficient than AlN because Sc-doped AlN has significantly 
higher piezoelectric property than AlN [10] and the EO coefficient is related to the piezoelectric coefficient. 
However, Sc-doped AlN may have different propagation loss. The studying of Sc-doped AlN optical devices is 
still on-going. Another approach to improve the modulator performance is to increase electric field through AlN 
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Open challenge: 
Laser integration
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GaAs and GaN (?) integration on SiN??
(Nexus Photonics)

H. Park et al., Optica, 7: 336-337, 2020

GaN integration on TiO2??
(UCSB, Bowers Group)

taper structure. Therefore, TiO2 is chosen as a WG material.
An evanescent coupling is, however, more critical at a shorter
wavelengths, for an evanescent tail is thinner at shorter wave-
lengths, as is shown by Equation (1).

E ∝ e!2πd
λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
neff 2 ! nc2

q
(1)

where E is the field amplitude at a distance, d, from the core-
cladding interface, λ is the wavelength, neff is the effective index
of the mode, and nc is the refractive index of the cladding.

With this in mind, here, we first calculate the optical trans-
verse mode in a heterogeneously integrated GaN/TiO2 LD and
confirm that it extends both to GaN and TiO2 regions. We then
design an adiabatic taper structure that can transfer the mode
between a hybrid GaN/TiO2 section and a pure TiO2 WG with
a low coupling loss by eigenmode expansion (EME) solver, con-
firmed by finite difference time domain (FDTD) solver, but with
some discrepancies. We have then developed four primary
technologies to fabricate heterogeneously integrated InGaN/
TiO2 LD such as TiO2WG, edge emitting InGaN LD with topside
n-contact, GaN substrate removal, and direct bonding of GaN
with Si by plasma activation.

2. Design of a Heterogeneously Integrated
InGaN/TiO2 LD

Figure 1a shows a schematic of a heterogeneously integrated
InGaN/TiO2 LD that is composed of a hybrid InGaN/TiO2

section, an adiabatic taper structure, DBR mirrors, and a GC.
The adiabatic taper structure can transfer a mode between a
hybrid InGaN/TiO2 section and pure TiO2 WG with a low cou-
pling loss, whereas two DBR mirrors can form a laser cavity. The
DBRmirrors can be replaced with loopmirror or ring resonators.
A particularly intriguing alternation is to use ring resonators.
Wide tunability is achieved due to thermo-optic effect of WG
material by controlling temperature of the ring resonators com-
bined with the Vernier effect.[18] The GC can convert a WGmode
to surface emission that is slightly tilted from the surface normal
to suppress the back scattering into WG. The GC is not an essen-
tial component, but can add a functionality, in this case, surface
emission. When an optical-phased array is used instead of GC, it
is capable of steering the beam, suited for visual displays and
light detection and ranging (LIDAR) applications.[19] The other
benefit of this structure, shown in Figure 1, is the separation
of the light output port from a heat-generating InGaN gain
section that would reduce light-induced particle collection,
eliminating the need for expensive metal packaging used with
conventional InGaN laser.

2.1. Fundamental Transverse Electric Mode of a Heterogeneous
InGaN/TiO2 Section

Figure 1b shows a schematic cross-sectional structure of a
hybrid InGaN/TiO2 section of heterogeneously integrated LD.
The InGaN layer stack structure adopted here is a University
of California Santa Barbara (UCSB) standard LD structure
except for the thickness of GaN n-cladding layer.[20] We set

the thickness of the n-cladding layer as 100 nm to satisfy both
sufficient electrical conductivity of the n-cladding layers and an
efficient coupling between InGaN and TiO2 WGs. Dispersion
of refractive index for InxGa1!xN and AlxGa1!xN alloys as well
as the relation of bandgap with alloy molar fraction x is deduced
from Bergmann and Casey,[21] whereas the dispersion of refrac-
tive index of TiO2 is taken from Siefke et al.[22] Figure 1c shows
a fundamental transverse electric (TE) mode of a hybrid InGaN/
TiO2 section with 1000 nm of TiO2 rib width for λ of 450 nm
simulated by eigenmode solver (Lumerical Mode solution).
The mode extends to both InGaN and TiO2 in a hybrid mode.
The confinement factor Γ of multiquantum wells (MQWs) is
1.9%, whereas Γ of TiO2 WG is 28%. When the rib width of

Figure 1. a) A schematic of a heterogeneously integrated InGaN/TiO2 LD
composed of a hybrid InGaN/TiO2 section, an adiabatic taper structure,
DBR mirrors, and a GC. b) A schematic cross-sectional structure of a
hybrid InGaN/TiO2 section of heterogeneously integrated LD. A 2 μmwide
and 640 nm high GaN rib structure while 250 nm TiO2 WG with rib height
of 200 nm. c) A fundamental TE mode of a hybrid thick InGaN/TiO2

section with 1000 nm of TiO2 rib width for λ of 450 nm. Γ of MQWs is
1.9%, whereas Γ of TiO2 WG is 28%.
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Bonding was not successful…



Many elements used in the semiconductor industry!
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Summary: 
Visible light photonics and neurophotonics
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• Foundry Si photonics for visible light ⇒ A new class of nano-neurophotonic 
tools for brain recording & stimulation

• Passive neurophotonic probes bring patterned photostimulation into brain 
tissues without any lenses

• Applications of visible light photonics: biosensing, quantum photonics, 
optical phased arrays

• Opportunities for new devices, platforms, and integration approaches
UCLA 

Miniscope
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