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Abstract

The digital Fourier-Transform (dFT) spectrometer is a promising on-chip spec-
trometer architecture that offers exponential scaling for resolution with a compact
device footprint. A package of scripted modules employs object-oriented program-
ming to automate creating the mask layout and streamline the dFT design pro-
cess. Moving towards longer infrared wavelengths with broadband devices expand
the sensing capabilities by accessing stronger chemical absorption signatures asso-
ciated with the fingerprint regime. The second generation of dFT devices realizes
two high-resolution, 1024-channel spectrometers. The first device operates around
1550 nm and fully utilizes foundry standard components and processes. The second
device achieves half-octave operation between 1620 - 1750 nm with the use of cus-
tom broadband adiabatic couplers. The next set of designs push beyond the telecom
range, combining two dFT devices on a single chip for 1.2 - 2.4 pm operation. Ultra-
broadband single-mode waveguides and custom adiabatic couplers were designed for
each device on this chip. All four of the discussed designs use the SOI material plat-
form and are compatible standard foundry processes.
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1 Introduction

1.1 Motivation

Spectroscopic sensing facilitates the detection of chemical compounds using absorp-
tion signatures. Applications including biochemical sensing, environmental sensing, toxic
gas monitoring, industrial process control, and even exotic applications like astrophysics
present impactful opportunities to employ spectroscopic sensing in many facets of soci-
ety."* The phonon vibrational states of molecules create unique, wavelength-dependent
absorption signatures. Many key chemical resonant frequencies exist in the so-called “fin-
gerprint region” of the mid-infrared (MIR) spectral region, while harmonics of these fre-
quencies and certain functional group resonances may be found at smaller IR wavelengths
(Fig. 1).

Absorption spectroscopy is conducted by exposing a sample with light and analyzing
the resulting spectral information. The wavelengths of the absorption peaks in the col-
lected spectrum relate directly to the chemical species’ structural resonances and are used
to identify the species present. The magnitudes of the absorption peaks are used to quan-
tify the concentrations of each species, as the absorption scales linearly with the concen-
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Figure 1: Diagram of chemical absorption signatures. The lower portion shows the reso-
nance of different functional groups and the corresponding absorption wavelength ranges.®
Above, example species are depicted associated with the approximate wavelength of their
phonon resonances.”



Spectral information can be collected either using dispersive spectroscopy or with
Fourier-transform spectroscopy (FTS). The former splits light by wavelength spatially us-
ing a dispersive element and collects each portion of the light using an array of detectors.
Whereas FTS uses a dynamic system to create a time-dependent electric field distribution
which is then collected at a single detector. Since the light is concentrated at one detector,
the latter assumes the multiplex advantage which, compared to dispersive spectroscopy,
enhances the signal-to-noise ratio (SNR) by a factor of v/N /2 with N being the number of
spectral channels of the spectrometer.®?

The instrument used in F'TS is functionally an interferometer. As shown in Figure
2, the light beam is split into two paths. One path has a fixed length, while the other is
varied using a moving mirror. Based on the optical path difference (OPD) between the
two paths, the recombined light will exhibit constructive or destructive interference. The
input spectrum is recreated using the Fourier relation between the wavelength-dependent

spectrum and the time-dependent interferogram.*’
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Figure 2: Schematic of the interferometry used in FTIR spectroscopy. Input light is inci-
dent on a beam splitter which directs light down two paths. By moving the mirror on one
of the path, the path length difference is varied which changes the interference condition of
the recombined light at the detector.

Fourier-transform Infrared (FTIR) spectrometers are instruments commonly used for
FTS. As discussed previously, the IR is a spectral region of great interest for absorption
spectroscopy. FTIRs are bench-top instruments that house free-space optics for the inter-
ferometer. FTIR systems are expensive, usually costing tens of thousands of dollars, and
require frequent calibrations to keep the optical components in alignment. Using micro-
photonic integration is an enticing alternative to traditional spectrometers. Photonic inte-
grated circuit (PIC) technology would enable inexpensive, durable, and reliable solid-state
on-chip spectrometers. Benefiting from established high-volume manufacturing processes



for semiconductor devices, the unit cost for a spectrometer would be a fraction of what
is currently paid for bench-top instruments. The monolithic nature of integrated circuits
eliminated the need for frequent calibration, and the size reduction supports the eventual
use of portable spectrometers for field-deployed applications.

1.2 Background

On-Chip Spectrometers

While on-chip spectrometers would have great size, weight, power, and cost advan-
tages over traditional instruments, miniaturizing a spectrometer while maintaining per-
formance is its own challenge. Resolution scales inversely with the maximum path length
which is significantly limited for a chip scale device. Most research efforts to make an on-
chip FTS follow one of two approaches: (1) creating a tunable Mach-Zehnder Interferom-
eter (MZI) using direct index modulation to control the effective path lengths of the two
waveguides,''1* and (2) implementing the spatial heterodyne spectroscopy principle with
arrays of discrete MZIs of increasing OPD.'19 The first approach is limited by the fact
that direct refractive index modulation has a relatively small impact on the effective opti-
cal path length, so even with long waveguides and a large chip footprint the spectral res-

olution is limited to tens of cm ™!

in wavenumber. Devices following the second approach
also require large footprints for waveguide length and are not practical for high spectral
channel counts, both aspects limiting the potential resolution of these spectrometer. To
achieve resolution that rivals a macro-scale instrument in an on-chip spectrometer, differ-

ent approach is necessary for modulating the optical path lengths.

Previous Work

In previous work, this group introduced a new on-chip spectrometer architecture
with great potential for scalability.?? 22 This design utilizes a two sets of cascading optical
switches to make a tunable interferometer with quantized optical path differences (OPDs).
The digitally addressed switches actuate unique permutations of waveguide paths to cre-
ate a set of discrete optical path length combinations in the two arms of the interferom-
eter. With the switches in the base state, the OPD between the two arms is zero. Then
as switches are triggered, the OPD grows by factors of n, - L times powers of two, where
ng represents the group index of the waveguide. For j switches, the maximum OPD is
(27 — 1) - n, - AL. Following the Rayleigh criterion, this yields a spectral resolution given
by:

A ~ 1 A (1)
(20 —-1)-n,AL 2 n,AL

where ) is the center wavelength. The spectral channel count is defined by the number

0N =

of unique OPDs: N = 27 . As such, both the resolution and spectral channel count scale



exponentially with the number of switches while maintaining a small device footprint.

Before a dF'T device can be used as a spectrometer, it must be characterized to de-
termine the Fourier relation between the input spectra and the collected interferograms.
This relationship is given by the linear equation y = Ax, where x represents any arbitrary
polychromatic input, y is the measured interferogram, and A is the device-specific charac-
terization matrix.

The dimensions of the m x n matrix A depend on m, the number of spectral chan-
nels, and n the number of wavelength points in the input spectra. For the 64-channel pro-
totype, m = 64 and n = 801, making the linear equation under-constrained, so regulariza-
tion is required to find a unique solution. An “Elastic-D;” regression method was used to
solve for A while accounting for the sparsity, magnitude, and smoothness of the recorded
spectra using the following condition:

min {[ly — Ax|[; + aal[x|ls + azf[x][3 + as||D1x][3} (2)

Here a; and ay assign weights to the Li- and Lo-norms of x and a3 weighs the Ls-norm of
the first derivative of x, specified by Dj.

This digital Fourier-Transform (dFT) architecture was experimentally demonstrated
with a 64-channel spectrometer. The device was fabricated at a professional Si photonics
foundry, utilizing standard processes and components. This C-band spectrometer had 6
total switches, giving it a spectral resolution of around 0.4 nm. The optical switches were
comprised of custom thermo-optic (TO) modulators with a phase shifting efficiency of 33
mW /7 . MMIs from the foundry process design kit were used for the coupling elements.
Light was coupled on to the chip with grating couplers, and the output was collected by
Ge photodetectors.

In use, it was determined that this device could resolve two laser lines with a sepa-
ration of A = 0.2 nm. This outperforms the Rayleigh Criteria estimate as a result of the
Elastic-D1 regression method. Further testing verified the device’s ability to reconstruct
arbitrary input spectra and fine spectral features. This validated the dFT architecture
which could then be scaled to have more switches and finer resolution.
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Figure 3: (a) Schematic of the experimental setup for characterizing and testing dF'T de-
vices. (b) An example transmission spectrum measured by the dF'T device corresponding
to an optical path difference of 0.7 mm. (c) Transmission spectra are compiled into a spec-
tral basis from which the input spectrum may be reconstructed. Each row represents a
unique device state (m = 64 total) and contains intensity measurements for all n wave-
length samples. Reprinted from [18].
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2 Design Approach

2.1 Deign Concepts

To rival bench-top spectrometers a dFT device must have sub 1 cm ! resolution
across a considerable spectral range. Since the resolution is related to the maximum OPD,
as shown with the Rayleigh Criteria in Equation 1, the resolvable distance between fea-
tures is determined by the spectral channel count and the relative path length difference
between optical states, which is set by the scaling factor AL. Increasing the number of
switches exponentially improves the resolution. Additionally, optimizing L to increase the
maximum OPD while balancing device footprint and overall propagation loss further guar-
antees a high spectral resolution.

Another design consideration is the device’s bandwidth of operation. The spectral
window is decided based on the target species detection. As previously mentioned, absorp-
tion signatures in the near and mid IR allow for highly accurate detection and differen-
tiation of chemical species. A larger bandwidth improves the functionality of the spec-
trometer by increasing the versatility of the detection of chemical species. But since the
bandwidth of the device is limited by the bandwidth of the components, broadband de-
sign sacrifices the convenience of using proven, standard, telecom components available
through professional foundries. The original dF'T device used grating couplers for on-chip
coupling and MMIs for power coupling, both of which limit the bandwidth to a few tens of
nanometers. Substituting edge couplers for fiber-chip coupling and using broadband power
couplers are two ways to improve the bandwidth.

Beyond improving resolution and bandwidth, an additional change that can be made
to the original dFT design is adding the features of arm balancing and fringe alignment,
as noted in the schematic in Figure 4. By adding and additional pair of phase modulators
to the end of each major arm, light can be directed to either the arm’s taps or to the com-
biner for the total device output. Crucially, this feature prevents 3 dB of loss the original
device incurred since the output light was always split between the taps and the output.
The other added feature, fringe alignment, is achieved with the addition of a phase modu-
lator preceding the repeating stages on each major arm. These modulators allow the phase
of the light in each arm to be continuously adjusted, which can be used to shift the reso-
nant peaks of the output and effectively filter out excitation lines from laser sources.

11
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Figure 4: Schematic of the updated dFT spectrometer architecture. The new design in-
cludes phase modulators for fringe alignment and switches at the end of each arm for arm
balancing. The repeating stage consists of an optical switch, a pair of waveguides, and a

2x2 power coupler. The delay lengths of each waveguide are multiples of AL and follow
the pattern shown above where n = 1,2, 3, ... corresponding to the number of the stage.

Input

2.2 Programmatic Methodology

The creation of a PIC device starts with a mask design which assembles the con-
stituent photonic components into a visual representation of the device and translates the
design into fabrication layers and processes. This design can be made manually with the
pick-a-place method using software like KLayout. As the design becomes more complex,
this method becomes arduous and versioning is time consuming as minor edits can mean
redoing the placement of large portions of the layout.

Tools like the IPKISS Photonics Design Platform address that issue. Using object-
oriented programming, IPKISS synthesizes the different steps of the PIC design process
and streamlines the PIC design process by integrating component and circuit level simula-
tion and design with foundry components and design rule checks into a single platform. In
a scripting environment, the photonics circuit may be constructed out of components and
waveguides represented by coded objects and stitched together with place and join func-
tions. Implementing a programmatic approach to mask design decreases the revision time
and improves the adaptability of the design.

The first paradigm of programmatic design would be to specify the set of parameters
which define the device and have the mask design generated automatically. For a dFT de-
vice, the design comes down to five core parameters: the number of stages, power splitter,
power coupler, phase modulator, and OPL scaling factor (AL). As discussed previously,
the choices of these parameters are informed by the target bandwidth and resolution per-
formance of the dFT, but the parameters themselves are consistent across all possible de-
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signs and are a suitable basis for scripting the programmatic design.

The second paradigm of this programmatic approach is to represent the device archi-
tecture in a modular fashion by decomposing the device into its compositional pieces. This
adds to the flexibility of the design script and allows the designer to customize aspects of
the design without creating a design from scratch. To accomplish this, we must consider
the composition of the device and how it may be represented by a hierarchy of objects.

Utilizing the IPKISS platform, a set of Python objects was constructed which may
then be assembled into a dF'T design, shown by the hierarchy depicted in Figure 5. First,
the global variables are defined, including the waveguide template that represents the
structure of the waveguide and the bending radius that will be used throughout the de-
vice. Then the modules are used to combine switching stages into super-arms which rep-
resent the upper and lower branches of the interferometer. These arms are assembled with
input and output coupling to create the dFT device.

The modules are created as IPKISS Parametric Cells, or PCells, which are reusable
units that use parameters to calculate the details of said unit. The modules inherit the
PCell sub-classes that are used to layout the physical circuit and create a circuit model
that can be used in simulation. The parameters used by the PCell are a combination of
traditional data types like floats and IPKISS Child Cells, other PCells which are them-
selves used as sub-units for the new PCell. In the dFT module hierarchy, stages are com-
bined into the major arms of the dFT which are then used as Child Cells for the full de-
vice. The global parameters apply to all modules and are consistent throughout the de-
vice; these are the waveguide template, bending radius, and the power splitter! and modu-
lators Child Cells.

For the design of a dF'T, first the Stage module is used to create instances of the
device’s switching stages. The input arguments describe the vertical separation of the
modulators and all of the information needed to make the two waveguide paths. The arm
lengths specify the lengths of each optical path while the rest of the arm parameters spec-
ify the shape the waveguide path will take. The type argument is a string which desig-
nates which of the four routing types should be used for each path.? The direction indi-
cates whether the waveguide extends to the left or to the right. The number of loops is
used for the spiral routing functions to adjust the overall length and width of the spiral
waveguides. The sub-units of waveguide segments, modulators, and power couplers are
placed and joined to construct the stage PCell.

Next, the stages are used as Child Cells in the SuperArm module. The module also
takes in a Boolean argument representing whether or not fringe alignment modulators are

!Using MMISs requires 1x2 and 2x2 power splitter options, but when using adiabatic couplers the
power splitter is universal. An alternative version of the dFT script modules accommodates the use of
MMIs.

“Routing type should be decided based on the most space-efficient option for a given waveguide length.
The threshold for using a spiral or double-spiral waveguide path depends on the path length scaling and
the sizes of the components used within the stages, so the decision is left to the discretion of the designer.

13



dFT_Device

+arm_y_offset:float = 100. [um]
+arm_up:dFT_SuperArm
+ arm_dn:dFT_SuperArm

Global Parameters

+ wg_t:WaveguideTemplate

+ bend_radius:float = 20. [um]
+ delta_L:float

+ power_splitter:ChildCell

+ power_coupler:ChildCell

+ modulator:ChildCell

+ Layout()
+ CircuitModel()

T

dFT_SuperArm

+ fringe_alignment:bool = True
+ stage_a:dFT_Stage

+ stage_b:dFT_Stage

+ stage_c:dFT_Stage

+ ..

+ Layout()
+ CircuitModel()

f

dFT_Stage

+ ps_offset:float = 40. [um]
+arm_up_lengths

+ arm_dn_lengths
+arm_up_type:str
+arm_dn_type:str

+ arm_up_direction:str

+ arm_dn_direction:str
+amr_up_n_loops:int=1
+amr_dn_n_loops:int =1
- arm_up:ChildCell

- arm_dn:ChildCell

+ Layout()
+ CircuitModel()
BasicArm LShapeArm | ( SpiralArm DoubleSpiralArm

+ path_length:float = 0.

+ route_type:str = 'Simple’

+ path_length:float = 0.
+ L_direction:str = 'CW'

+ path_length:float = 0.
+ number_of_loops:int = 1

+ spiral_lengths:tuple
+ number_of_loops:int = 1

+ CircuitModel()

+ CircuitModel()

+ CircuitModel()

+y_offset:float +y_offset:float +y_offset +y_offset

- qtr_bend - qtr_bend + spiral_direction:str = 'L" - spiral_width

- u_bend - u_bend - gtr_bend - u_bend

- y_offset_segment - y_offset_segment - u_bend - y_offset_segment
- vertical_segment - vertical_segment - y_offset_segment - spiral_L

- X1_segment - X_segment - vertical_segment - spiral_R

- X2_segment - 2r_segment - spiral

+ Layout() + Layout() + Layout() + Layout()

+ CircuitModel()

Figure 5: Hierarchy of the modular design structure. First the global parameters are de-
fined. Then the dFT is constructed from stages that form two super arms and are com-
bined into a device. The stage level class uses four routing classes to create the individ-
ual stage delay waveguides. These four classes are private to the user and shown here con-

tained in the grey box.
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to be included in the dFT design. Variations of this module can be used depending on the
number of stages per arm for a given dFT. For a 5-stage device, stages a-e would be cre-
ated by the designer and used as input parameters for each of the arms.

Finally, the two major arms are combined in the Device module. The vertical dis-
tance between the two arms is specified to ensure clearance between the different circuit
components. Power splitters are placed at either end of each arm to split the light from
the chip-coupling input and recombine the light at the output of the device. Adjustments
to the Device class can be made to account for different off-chip coupling.

This implementation of a hierarchy of modules simplifies the design process while still
allowing for a large degree of customization. Using a programmatic approach, a dFT de-
vice may be created simply by specifying a set of global parameters, creating stages with
the required arguments, and assembling the stages into a device using the predefined ob-
jects.

15



3 Devices

The dFT prototype established the architecture as a promising, scalable on-chip spec-
troscopy solution. Building on this previous work, several new designs have been created
with the aim to prove the functionality for of dFT spectrometers at higher resolutions,
larger bandwidths, and longer wavelengths. The resolution is improved by implementing
addition switching stages to increase the spectral channel count. Increasing the bandwidth
requires the use of different components, namely for on-chip coupling and power splitting.
The further the operation range diverges from telecom frequencies, the more customization
is required for a dF'T design.

3.1 High-resolution and Broadband Designs

The second generation of dFT designs realized improvements to resolution and band-
width. Two different dFT design were included on a chip that was fabricated at the AMF
foundry SOI multi-project wafer (MPW) run.

The first design on this chip improves the resolution by increasing the spectral chan-
nel count. Having 5 repeating stages and 10 total switches, this high resolution dF'T has
a spectral channel count of 1024. While the 64-channel dFT prototype achieved a resolu-
tion of 0.2 nm, this new design has a resolution of 20 to 40 pm. This design leverages com-
ponents available through AMF’s process design kit (PDK) library to ensure the great-
est possible fabrication reliability. C-band MMIs and thermos-optic phase modulators are
used throughout the device. Each of the major arms has a 1% optical tap to siphon off a
small portion of light for calibrating the switching voltages for the first three stages. All
light outputs are collected using on-chip Ge photodetectors, also available through the
PDK.

The second device expands past the resolution improvements to realize a broadband,
high-resolution dF'T design. The first bandwidth limiting issue that was addressed were
the grating couplers used for on-chip coupling in the prototype design, and the second was
the MMIs used for power coupling in both the prototype and the high-resolution designs.
Around the C-band, grating couplers and MMIs limit the operation range to a few tens
of nanometers, so broadband substitutions must be used for these components in the new
design. To replace the grating couplers, edge coupling was used to coupler light onto the
chip. The edge couplers followed a reverse taper design to expand the waveguide mode at
the chip edge to more closely match the fiber mode and limit the loss arising from mode
size mismatch.

To avoid the bandwidth limitation of MMlIs, adiabatic couplers were designed that
could be used for both 1x2 and 2x2 power splitting. In an adiabatic coupler, the funda-
mental mode of a single waveguide is adiabatically converted into either the even or odd
mode of two waveguides of the same width separated by some distance.?32° This is accom-
plished by gradually tapering two parallel waveguides, one initially larger and the other

16



initially smaller than the waveguides at the end of the taper region, as shown in Figure
6. In this situation, the slow transition of the two waveguides ensures that only one fun-
damental mode is ever excited. When light is injected into the coupler from either of the
input ports, 3-dB power splitting occurs yielding equal power in the two output waveg-
uides. In the reverse configuration where light is injected from the symmetric side, the
phase difference dictates the output of the light: a phase difference of 7 directs the light
to the smaller waveguide output while a phase difference of zero directs the light to the
larger waveguide output. Based on this condition, the adiabatic coupler can be paired with
modulators to control the phase of the light to create an optical switch with binary posi-
tions. For this dF'T design, custom doped-silicon thermo-optic modulators were used to
guarantee a m-phase shift over the entire operation range.

Input Length Output Length

Coupling Length

Wang + dW/2 Wag

Wiy — dW/2 Wy

Figure 6: Adiabatic coupler structure with views of symmetric and asymmetric ends of the
tapered coupling section.

The mask design for each dFT was created with the fore-mentioned modular design
script. This script was developed first during the design of the high-resolution dFT. Then
the input parameters were changed to use the relevant components and the broadband
design was created. Both dFT devices used a scaling factor of AL =20 pm in order to
balance resolution, propagation loss, and device footprint.

After the chips were fabricated at AMF in 2021, they were sent to a company named
PHIX for packaging with electronic and optical connections®. The chips were mounted on
a custom PCB that wire-bonded to the chip’s metal contacts. A thermos-electric cooler
was mounted underneath the chip to provide thermal stabilization during dF'T operation.

SPHIX is partnered with a European consortia the aim to connect academia and industry to stream-
line and standardize photonic assembly packaging

17



A fiber array with an attached glass interposer was aligned and affixed to the side of the
chip of on-chip edge-coupling. The finished, packaged chips were received at the end of
2021 and are currently being characterized (Fig. 7).

Figure 7: Packaged chip with High Resolution dFT and Broadband dFT devices: (a) Close
up view of chip, electrical connections, and glass inter-poser. (b) Full view of the chip
packaging with mounting plate, attached fibers, and sub-mounted TEC.

3.2 Ultra-broadband dFT System

The usefulness of a dFT spectrometer depends on the accuracy of chemical species
detection and the breadth of species that may be detected. The importance of versatile
functionality motivates the design of broadband dFT spectrometers. For this an evolution
of integrated photonic components is necessary. Up to the transparency limit of silicon

26,27 and by adjusting com-

oxide around 4 pm, SOI remains a useful materials platform,
ponent design extremely broadband spectrometers may be created using this platform.

The next demonstration of the dFT architecture pushes the bounds of broadband
design and presents two dFT devices on a single chip to make an on-chip spectrometer
with an operation bandwidth of 1.2 — 2.4 pm. Device A will function over the 1.2 — 1.7 pm
wavelengths and Device B will cover 1.7 — 2.4 pm. The fabrication will be completed at
the AIM Photonics foundry using an MPW run.

Since these devices operate at wavelengths far beyond the telecom bands, the design
must start from the ground up, beginning with waveguide design. The challenge for broad-
band waveguide design is finding a single waveguide geometry that achieves adequate con-
finement and low bending loss for long wavelengths and still suppresses multimode propa-
gation at smaller wavelengths. In order to use an MPW run for the fabrication, the waveg-
uide thickness is fixed to the standard silicon thickness of 220 nm for SOI. With the thick-
ness set, the only variable to explore is the waveguide width. Studying the mode profiles
with an eigenmode expansion solver, initial simulations showed that device A must have
waveguides narrower than O-Band standard widths and Device B must go wider than C-

18



Band waveguide norms. From that starting point, and parameter sweep was conducted

to test potential waveguide widths (Fig. 8). The results show that Device A should have

a waveguide width below 350 nm to support single mode operation over the wavelength
range, but below 320 nm the waveguide does not support the fundamental TE mode above
1.5 ym. An analysis of bending loss for widths between these two bounds concluded that

a width of 340 nm is the preferable width for Device A. Following the same methods for
Device B, the waveguide width was set to 600 nm.

26 Waveguide Width = 340 nm Bending Loss at 1.7 pm
— TEo — 320 nm
54 — TM, 0.060 4 —— 330 nm
TEy — 340 nm
22 ] % 0.050 —
»
st 0n
< 2.0 9 0.040
©
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1.6 0.020 — —
| I I | | | | | |
1.2 1.3 1.4 1.5 1.6 10 15 20 25 30 35 40
Wavelength [um] Radius [um]
()
26 Waveguide Width = 600 nm Bending Loss at 2.4 pm
— TEo 0.035 — — 550 nm
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0
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Figure 8: Waveguide simulation results for the ultra-broadband dFT chip. Single mode
operation and bending loss were evaluated around (a) 320 - 350 nm for Device A and (b)
500 - 600 nm for Device B. The widths of 340 nm and 600 nm respectively were selected
to minimize the bending loss for each dF'T device while prioritizing single-mode operation.
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Once the waveguide design was established, the next step was to develop the compo-
nents necessary for an ultra-broadband dFT, specifically an adiabatic coupler that yields
3-dB power splitting over the operation range of each device. Since adiabatic couplers only
ever excite one fundamental mode, they are inherently broadband given a sufficiently long
coupling section.

The previous adiabatic coupler was designed for a waveguide width of 500 nm and a
wavelength range of 1620 — 1750 nm. For this new spectrometer chip, a new adiabatic cou-
pler was developed for each of the dF'T devices. Creating the ultra-broadband adiabatic
couplers was a matter of designing couplers compatible with each dFT’s waveguide width
while maintaining the adiabatic condition of the taper. For this, three-dimensional finite-
difference time-domain (FDTD) simulations were used to optimize the waveguide asym-
metry, that taper length, and the bend radius of the input-output s-bends. For Device A,
the resulting design used an asymmetry of 120 nm and a taper length of 100 pm. For the
longer wavelength device, a larger asymmetry of 250 nm and a longer taper length of 150
pm were required. For both coupler designs, it was determined that the s-bends must be
at least 50 pm long for the desired waveguide separation in order to keep the bending ra-
dius large enough to limit back reflections in the coupling region. The broadband trans-
mission of each coupler is provided in Figure 9. With further study of the adiabatic cou-
pler design, the oscillations in the transmission spectra may be further minimized or elimi-
nated completely.

One of the last factors of the design is the path length scaling. For these most recent
designs, optimizing the path length scaling factor for regression quality and experimental
logistics has been taken into consideration. By relating the resolution to the bandwidth
and the number of spectral channels using the derived Rayleigh Criteria, it was deter-
mined that a smaller AL would make the device characterization less under-constrained
and would therefore improve the quality of the regression used to solve for the character-
ization matrix. Furthermore, there is a limit to the wavelength steps that can be created
experimentally which places an upper limit on the path length scaling factor. Following
these two reasons, it was decided that a scaling factor of AL = 5 pm would be suitable for

both Device A and Device B.
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Figure 9: Broadband adiabatic coupler design. Simulations determined the power splitting
for (b) the 1.2 - 1.7 pm coupler and (c) the 1.7 - 2.4 pm coupler (b). Each coupler pro-
vides approximately 3-dB power splitting across the broad operation range.

The final design consideration is the modulators that will be used for each device.
After conferring with the foundry that will be fabricating the chips, we believe it will be
possible to use the TO modulators from the foundry’s PDK for the broadband devices.
The O-Band TO modulator was used in Device A and the C-Band TO modulator was
used for Device B. Before the design is finalized, further analysis is necessary to verify the
viability of this option. While PDK components are the safer choice for consistency and
reliability, using custom heaters may prove to be the better choice to meet the demands of
these designs. Since the designs were drafted with the modular dFT package, this will be a
simple edit to implement. Device fabrication will be completed later this year.
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4 Conclusion

Chip-scale spectrometers are an evolving technology poised to revolutionize chemi-
cal sensing capabilities. While other efforts to miniaturize spectrometers have been held
back by chip space limitation, our dF'T spectrometer presents a solution in which resolu-
tion scales exponentially with the number of stages, drastically reducing the space required
for a high-resolution device. The second generation of dF'T spectrometers realize [x] res-
olution and half-octave broadband operation. The next sets of dFT devices are designed
to achieve ultra-broadband performance, combining two spectrometers on a single chip for
1.2 - 2.4 pm operation. These designs were realized using a new modular scripting package
that automates the design process. This programmatic approach created a reusable tool
that dramatically reduces design and versioning time while maintaining the flexibility to
customize the device.

With future designs, we aim to demonstrate the dF'T’s functionality in biomedical
applications. On-chip spectrometers will be an advantageous addition to medical diagnoses
tools like optical coherence tomography and can help make diagnostics less expensive and
more accessible. Besides dFT designs and varied applications, another area of focus is the
spectrum reconstruction method and the regression algorithm used to characterize devices.
With this exploration, we will gain insight into how to optimize dFT design to improve the
quality of regression used for finding the characterization matrix to best aid in the recon-
struction of optical spectra.

In creating these devices, certain challenges have become apparent. One challenge
our spectrometer platform faces is the implementation of the electronics required to power
the dFT device. Miniaturizing the spectrometer must be paired with down-scaling the
electronics to fully realize a portable, field-deployable spectrometer. Integrating the power
electronics with the chip circuitry to create a stand-alone unit would be the ideal. An-
other challenge is the packaging currently available for photonic integrated circuits. Opto-
electronic packaging requires maturation before high-volume, low-cost manufacturing of
dFT devices is possible. As the field of integrated photonics continues to evolve, dF'T spec-
trometers will be instrumental in furthering chemical sensing capabilities.
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