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Experimental Demonstration of a
Resolution-Enhanced Loop-Terminated
Mach—Zehnder Interferometer Narrow

Band Fourier Transform Spectrometer

Jianhao Shen

Abstract—We experimentally demonstrate a compact on-chip
narrowband Fourier Transform spectrometer (FTS) based on
spatially heterodyned array of loop-terminated Mach-Zehnder
interferometers (LT-MZIs) in a foundry fabricated silicon-on-
insulator (SOI) platform for chip-integrated sensing applications.
We demonstrate that LT-MZIs with the same progressive geo-
metric path length difference between the spatially heterodyned
arrayed interferometer arms, as in Mach-Zehnder interferometers
(MZIs), double the optical phase delay and thus double the wave-
length resolution compared to MZIs. Our proof-of-concept device
demonstrates one method to address the bandwidth-resolution-
compactness tradeoff inherent in on-chip FTSs. The resolution en-
hancement is significant for optical sensing applications in biosens-
ing and chemical sensing requiring single digit picometers resolu-
tion within a narrow wavelength bandwidth in compact on-chip
form factors. We discuss the challenges arising from fabrication
imperfections in spatially heterodyned FTS in foundry fabricated
chips. We propose a method to compensate for phase errors aris-
ing from fabrication imperfections within a narrow wavelength
bandwidth in the FTS using the refractive index changes in the
amorphous to crystalline phase transformations of phase change
materials (PCMs), which would enable zero active power consump-
tion during on-chip narrowband FTS operation.

Index Terms—Fourier transform spectrometer, integrated
photonics, loop-terminated Mach-Zehnder interferometer, on-
chip, phase change materials, phase error compensation,
spectrometer.

1. INTRODUCTION

PECTROMETERS are significant fundamental instru-

ments in diverse applications ranging from environmental
monitoring and biological sensing in healthcare to telecommu-
nication networks and space instrumentation [1], [2]. With the
ever-increasing need for miniaturization, portability, perfor-
mance and cost of ownership for handheld, or unmanned air-
borne applications, there is a growing need to miniaturize bench-
top optical spectrometers to semiconductor chip dimensions to
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overcome challenges associated with size, weight, and fragile
optical alignment sensitivities to environmental fluctuations in
benchtop spectrometers. Over the past two decades, integrated
photonics have made significant strides towards the demonstra-
tion of on-chip spectral decomposition using dispersive methods
in arrayed waveguide gratings (AWGs) [3], echelle gratings
[4], and meta-surfaces [S] which require one or more sensitive
photodetectors to measure individual wavelengths in the optical
spectrum. The growing maturity of the silicon photonics
platform together with the higher refractive index contrast in a
silicon-on-insulator (SOI) platform versus III-V platforms, has
enabled further miniaturization of the fundamental components.

In addition to dispersive spectroscopy, Fourier transform
(FT) spectroscopy (FTS) has also successfully decomposed a
broadband wavelength source into its individual components.
In recent years, various FT'S methods such as planar waveguide
spatial heterodyne spectroscopy (SHS), microring resonator as-
sisted FTS and two-dimensional FTS have been proposed and
experimentally demonstrated as an alternative to AWGs and
waveguide echelle gratings [6], [7], [8], [9], [10], [11]. In planar
waveguide SHS, the moving interferometer arm in bulk optics
FT spectrometers is substituted by an array of planar waveguide
interferometers, typically in the unbalanced Mach-Zehnder in-
terferometer (MZI) configuration, with increasing phase delays
between the interferometer arms on different MZIs in the array
[7]. The frequency of periodic transmissions in an individual
MZI1 as a function of wavelength increases with increasing phase
delay in the spatially distributed power pattern observed across
the outputs of the successive MZIs [7]. As a result, achieving
larger wavelength resolution requires longer unbalanced lengths
in the array of MZIs. At the same time, spectrometers should
ideally cover a large optical wavelength bandwidth. The re-
quirements of wavelength range and wavelength resolution, the
constraints on the number of interferometer sampling points
placed by the Fourier sampling theorem together with factors
such as waveguide propagation loss and available space on a
chip limits the number of MZIs that can be arrayed as well
as the magnitude of interferometer waveguide arm length im-
balance [7]. Demonstration of broadband spectroscopy using
spatial heterodyning with chip integrated waveguides requires
stringent control on waveguide fabrication to avoid phase errors
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arising from fabrication imperfections, as also a consideration
of waveguide dispersion in the spectral reconstruction.

While broadband operation is desirable in analyte spec-
troscopy using Raman or Fourier methods, it is not required
for many narrowband single-wavelength resolving applications
[12], [13], [14] where high resolution is more important. Ap-
plications where narrow-band spectroscopy is sufficient include
biosensing where one measures dA~1pm resolution in a AXx
= 1-2 nm bandwidth to achieve the lowest LODs [15], [16],
and gas sensing that need A~0.6 nm resolution ina AA =2 nm
bandwidth to detect gas isotopes for example [14]. Furthermore,
in such applications, a single resonance lineshape such as in a
microcavity resonator or a single narrow absorbance lineshape
needs to be monitored for changes. One method to double the
spectrometer resolution is to double the path length difference in
each MZI for a fixed number of unbalanced MZIs. In this paper,
we propose and experimentally demonstrate a compact nar-
row band loop-terminated Mach-Zehnder interferometer-based
Fourier transform spectrometer (FTS) in which an unbalanced
LT-MZI array achieves twice the wavelength resolution of an
equivalent unbalanced MZI array with the same geometric path
length difference between the interferometer arms.

An ideal on-chip spectrometer using spatial heterodyning
assumes that the optical path length difference between the
spatially heterodyned arms is an integral multiple of the smallest
optical phase delay. While the silicon photonics foundry is
mature, effective indices of waveguide modes are extremely
sengitive to small variations in the waveguide width and device
silicon height, as also the etched waveguide sidewall angle,
across a wafer. As the geometric path length is increased to
achieve higher wavelength resolution, there is a potential in-
crease in phase errors due to fabrication imperfections. On-chip
heaters can compensate for phase errors arising from fabrication
imperfections using the thermo-optic effect [17]. As spectrom-
eter size increases to achieve higher resolution, the number of
heaters multiply by the same factor thereby increasing power
consumption. Moreover, the heater needs to be ON at all times
during active operation thus presenting a significant active power
consumption. In recent years, phase change materials (PCMs)
based on various chalcogenides have shown large refractive
index changes during the amorphous to crystalline phase trans-
formation and vice-versa [18], [19]. The phase transformation is
non-volatile, implying that the index change is permanent until
areset pulse is applied. It is possible to tune PCMs into several
intermediary material states, implying a continuous tuning of
the refractive index [20], [21].

In on-chip FT spectrometers, PCM integration with on-chip
waveguides can tune the waveguide effective index and phase
delay for fabrication induced phase error correction. In this
paper, we show via device modeling how a representative PCM
(Sb,Ses, antimony selenide) can potentially tune the FT interfer-
ence fringes. Mathematical methods for correction in the litera-
ture such as compressed sensing ideally require spectrally sparse
signals [22] for efficient spectral decomposition or narrow band
optical filters for broadband sources to estimate the background.
Matrix inversion methods [23] require wavelength sampling dur-
ing calibration and represent a software driven method to correct
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Fig. 1. Schematic of LT-MZI FTS, with each stage labelled with its respective
transfer matrix. Dashed red inset shows proposed PCM integration on one of
the interferometer arms. Optical mode profile is shown in bottom left inset
with integrated PCM. Bottom right inset shows the transfer function and mode
splitting of the 2 x 2 MMI splitter.

phase errors. Recently, stationary wave integrated FT systems
have demonstrated a lot of promise for large bandwidth FTS,
however they are still limited by large size exceeding 20mm?
while achieving a resolution > 1nm with off-chip interferogram
readout [24]. In a narrow spectral bandwidth however, wave-
guide dispersion can be ignored [7], and an average refractive
index assumed for spectral reconstruction.

Fig. 1 shows a schematic drawing of the proposed FT spec-
trometer with an array of 16 unbalanced loop-terminated Mach-
Zehnder interferometers. A light source at an input grating
coupler (GC) is split into 16 paths with a 4-stage cascaded tree
of 1 x 2 power splitters. In the last stage, in contrast to the MZI
array, an input to port A; of a 2 x 2 multimode interferometer
(MMI) power splitter, MMIy, splits the power into the two
unbalanced arms of the interferometers. The ports B and B are
connected via a loop waveguide mirror which reflects the light
back to the unbalanced interferometer arms. The output light that
exits through A is measured at the output GCs. Since the light
is reflected by the loop mirrors, it travels an effective path length
that is twice that of an equivalent MZI with the same geometric
length of the interferometer arms. As a result, the phase delay in
the LT-MZI is doubled compared to the equivalent MZI leading
to double the resolution versus the MZI.

II. MATHEMATICAL MODEL

The mathematical model of the arrayed LT-MZI can be in-
tuitively described using transfer matrices [7]. Considering a
and b as coupling coefficients, the transfer matrix of both MMI
couplers can be expressed as:

Ty = { ; ﬂ (M)

The coupling coefficients are dependent on multiple factors,
including how much loss the MMI experiences and how exactly
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the power is split between the ports. For a lossless MMI coupler,
a®? 4+ b?> = 1, and if the coupler has accurate 3dB sphttmg and
a 90-degree phase shift between the outputs, a = b = \/5 .
Assuming both of these conditions, and considering the naming
convention of each of the MMTI’s in Fig. 1, (1) can be rewritten:

1 .
TanL:TA:TB:_{l ]:| (2)

v2 LJ1

where 14 and T'p are represent transfer matrices of the first MMI
(MMI,) and second MMI (MMIp) respectively. For the middle
phase shifting section of the device [7], the transfer matrix Tpg ;
is shown below in (3):

eld1 0 ” AR
TPS,i:[ 0 ej¢2:| =el™ l: 0 1 (3)

Here, A¢; is the phase difference between the two interfer-
ometer arms of the ith LT-MZI. This phase difference can be
rewritten as A ¢; = SAL;, where 3 is the propagation constant
of the fundamental mode (the transverse electric (TE) mode in
our device) and A L; is the interferometer path length difference.
The power at the ports By and By before the loop mirror to the
input power at Ay and A, can be shown below in (4) as:

B A pin
[ Bj =Tp Tps,iTa [ A;] =Tp Tps,iTa [ 0 }
JAG: _ 1
. } “)

— 1 el®2 )
9 j (1 + €.7A¢’i)

On the forward path, as in an MZI, the outputs oscillate with
a frequency determined by the phase difference A¢; between
the interferometer arms. However, on the reflected (backward)
path, the loop mirror switches the output matrix elements so that
the transfer matrix relationship can be written as:

Ay Bo] 1 s [d(e289 1
{AJ TaTps: 1B [BJ =50 (1 + 2807 (%)

As observed from (5), the reflected light at MMI, on both
arms A; and A, oscillates at a frequency of 2A ¢; = 2BAL;.
An optical circulator in our experiments connected to the input
fiber prevents reflection back to the source. The lower output Ao
is monitored to determine the output of the LT-MZI, for all 16
unbalanced LT-MZIs in the demonstrated spectrometer. From
(5), the reflected powers P°“! at the two arms of MMI, for a
monochromatic signal back to the input 2 x 2 MMI are related
to the input power P by (6) and (7) as:

Pmn‘ ( ) — % P'n []_ — COoS QﬁALrL] (6)

P (z) = % P™[1 4 cos2BAL;] 0

For a polychromatic signal input [9], ignoring dispersion
over a narrow wavelength bandwidth [7], the input spectrum
is obtained from the measured interferogram using the discrete
Fourier transform that is given by:

; A
pin (5_):_$ PLIL+2_ Z W ’I‘7

=1

() exp j2m5 (2x;)
)
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where F(x;) = 2P?“t — P™_ assuming an ideal 3dB split-
ting in a lossless MMI coupler. IV represents the number of
interferometer arms, @ = o — oy represents the wavenumber
o shifted from a minimum wavenumber o,,;, at the Littrow
condition [7] when phase delays in all the interferometer arms
are integral multiples of 27r. A function W (z;), an apodization
function included to reduce ripples caused by the truncation of
the spatial interferograms in the DFT, is given by [7]:

272 AL \2 2
T i
W (z;) = |1— =|1- 9
=) ] =P ()] o
The maximum geometric path delay [25] of the arrayed LT-
MZI with waveguide mode group index ng, ALy, is given by:

1

dong

A Lyax = (10)
The number of unbalanced LT-MZIs and hence the required
number of discrete points N in the interferogram is determined
by the Fourier sampling theorem from which we obtain

A Ax

Nain = 2 —= = 22

oo oA
where A2 is the wavelength spectral range and A is the wave-
length resolution of the spectrometer. It can be seen from (11)
that, since the effective maximum path length difference of
the LT-MZI is twice that of the MZI, hence ¢ orr_arzr =

0.5(50'JWZI).

(1)

III. DEVICE DESIGN AND SIMULATION

Eigenmode simulations were done for the straight and bent
waveguides forming interferometer arms, loop mirror wave-
guide, and 2 x 2 MMI 50:50 splitters. GCs and 1 x 2 50:50
splitters were incorporated from the foundry process develop-
ment kit (PDK). Our design achieves a wavelength resolution JA
= (0.48nm, with an incremental path length AL = 40 pm over
16 interferometer arms.

The device was simulated in Ansys Lumerical Interconnect
for each AL; in both LT-MZI and MZI configurations. Fig. 2(a)
and (b) plot the interference spectra in the 16 arms showing
the Littrow wavelengths at which all interferometer arms are in
phase. As expected, the Littrow condition repeats with twice the
wavelength range in the MZI configuration versus the LT-MZI
configuration for the same geometric interferometer arm lengths.
The deconvoluted spectra, considering the Nyquist-Shannon
sampling theorem, for a monochromatic wavelength in Fig. 3(a)
shows the higher resolution achieved in the LT-MZI compared
to the equivalent MZI with the same geometric path length
difference. The LT-MZI has a smaller ~13cm ™' free spectral
range (FSR) defined as half the period of the least unbalanced
LT-MZI, due to the symmetry of the interferograms. Over the
narrow FSR bandwidth A = 13 em™!, the effective index and
group index of the fundamental TE mode vary by An.4<0.004
and An,<0.0004 respectively. The variation leads to an error
in 0A ~0.08 pm (01 = Ao*/(ALmaxng)), significantly smaller
than the FTS resolution here [7] within the FSR. Fig. 3(b)
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Fig. 2. Simulated interference spectra of 16 arms of the (a) LT-MZI and
(b) MZI spectrometer showing Littrow wavelengths (red arrows).
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Fig. 3. Reconstructed spectra from simulated circuit showing (a) enhanced

resolution of the LT-MZI FTS vs MZI FTS with same geometric path lengths
of interferometer arms and (b) ability of LT-MZI FTS to resolve two spectral
lineshapes Ao = 3.4 cm™! (54 = 0.96 nm) apart at FWHM in blue dots but
inability to resolve two lineshapes Ac = 1.7 em™! (51 = 0.48 nm) apart at
FWHM in red dots. Ao = 0 represents the Littrow wavelength (o0 = omin)-
Spectra are offset for clarity.

shows that at the full-width half maximum (FWHM), with a
wavelength resolution do = 1.7 cm™!, the designed LT-MZI
FTS can identify two input sources that are separated by Ao =
3.4 cm~'. However, when two sources are separated by Ao =
1.7 cm™!, while wavelengths are resolved and a broad peak is
observed, the designed LT-MZI FTS cannot uniquely identify
them at their FWHM. In such circumstances, typically peak

fitting is employed in software. In order to clearly identify the
two sources at the FWHM, an additional sampling point is
necessary which can be achieved by doubling the number of
LT-MZI arms or increasing the number of sampling points in
the pseudoinverse matrix method [14].

The reduction in the lateral dimension of the LT-MZI inter-
ferometer FTS versus the MZI interferometer FTS is n x 2r
where n is the number of U-turns and r is the bend radius. In our
proof-of-concept devices n = 8 and r = 6 ym making the lateral
length reduction 96 pm. The target resolution in biosensing
is typically d» = 1-10 pm. [16], [17], [18], [19], [20], [21],
[22], [23], [24], [25] Assuming that vertical dimensions remain
unchanged, with an incremental path length AL = 40 pm over
16 interferometer arms, the number of U-bends would increase
to 600 leading to a lateral length reduction ~7.2 mm. Increasing
the number of interferometer arms to 64 would reduce the lateral
length to ~1.8 mm while increasing vertical dimension from
1.77 mm to 7.1 mm in the present design. It may be noted that
oA = 1 pm (= 0.001 nm) and smaller is desired to reach the
lowest limits of detection (LOD) [12] at I x 10~ 7 RTU (refractive
index unit) in chip-integrated chem-bio sensing. A significant
compactness can thus be achieved in the loop-terminated Mach-
Zehnder FTS configuration versus the commonly used MZI FTS
configuration.

Fig. 4(a) plots the spacing of the interference fringes in the 16
LT-MZIFTS arms. Fig. 4(b) shows simulated fringe shift in two
interferometer arms with AL =40 pm and AL = 80 pm, with a
25 nm thick SbySes on top of the 500 nm wide silicon waveguide
and refractive indices n = 3.25 and n = 4.025 obtained from
in-house ellipsometry (and further corroborated by the litera-
ture) [26], in the amorphous and crystalline material phases.
Fig. 4(c) plots the achievable interference fringe shifts for dif-
ferent lengths of the 500 nm wide SbaSe; PCMs at different
heights above the waveguide. Fig. 4(d) plots the representative
interference fringe shift for the two least unbalanced arms of the
interferometer and the most unbalanced arm (physical AL = 600
pm) as a fraction of the fringe period. It is observed thata 6 yum
long PCM located right on top of the silicon waveguide achieves
50% fringe offset correction for all the interferometer arms. The
change in FSR as a result of the phase change at different heights
away from the waveguides is indicated in Fig. 4(e). The PCM
is to be patterned on both arms, with the same length, as shown
schematically in Fig. 1, to ensure propagation loss uniformity
in the two interferometer arms. Since fabricated waveguide
dimensions and geometry deviate from the ideal rectangular
profile, taking potential dimensional guidance from the foundry
PDK, we simulated the fringe period in Fig. 4(f) for various
geometries of the ridge waveguide to determine the potential
waveguide cross-section from the measured interference fringe
spacing on the individual arms of the FTS.

Sb,ySes integrated silicon waveguides have demonstrated
propagation loss <0.006 dB/ ;zm [20], in crystalline and amor-
phous phases. The PCM length (L¢) is kept short to achieve
the required fabrication imperfection induced phase correction
in the interferometer with smallest AL which has the smallest
fringe spectral sensitivity (fringe shift/free spectral range). AtLc
=4 pum, the crystalline phase loss in SbySes is ~0.05 dB which
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Fig. 4. (a) Fringe spacing and the maximum required adjustment to meet

a Littrow condition via PCM tuning. (b) Shift in interference fringes on two
adjacent arms with AL = 40 pm (blue) and AL = 80 pm (red) with PCM in
amorphous (solid) and crystalline (dashed) material phase. (c) Fringe shift from
the amorphous to crystalline (Am-Cry) phase transition for the two smallest
unbalanced interferometer arms at different PCM offsets from the top of the
waveguide. (d) Fringe shifts from the amorphous to crystalline (Am-Cry) of
the least two and the most unbalanced interferometers as a fraction of the fringe
period versus length of PCM. (e) Change in FSR on the least unbalanced arm due
to amorphous to crystalline (Am-Cry) PCM phase transition vs PCM length at
different silicon dioxide (SiO2) separation of PCM above silicon waveguide. (f)
Variation of fringe period versus wavelength for different waveguide geometries
(bottom width and height) with 85-degree sidewall angle of the least unbalanced
arm. The dotted line shows a representative bandwidth of the designed FTS.

translates to ~1% loss induced imbalance that has practically
no impact on the spectral reconstruction. We assume, based on
multi-level refractive index tuning of SbySes demonstrated in
refs. [20], [21], that the index of SbySes can be continuously
tuned to stable intermediate states as shown in Fig. 4(b). For a
fixed PCM dimension, if the phase error by PCM index change
can be corrected in the interferometer with smallest AL, then
phase error correction can be easily achieved for the PCM phase
shifter of the same length in other arms with longer AL.

IV. EXPERIMENTAL RESULTS

Devices were fabricated in 220 nm thick device silicon in
SOI wafers with a 2 pm thick bottom SiO2. The initial designed
single mode waveguide effective refractive index neg is 2.44 at A
= 1550 nm. The waveguide bend radius is r = 6 ym. The 2 x 2
MMl measures 39 pm x 3.3 pm. The FT'S with all interferometer
arms measures 1.8 mm x 0.5 mm. Devices are covered with ~5
pm thick SiO2.
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i Fixed Arm -

Fig. 5. Microscope view of one of the 16 arms of the LT-MZI FTS.

Fig. 5 shows a zoomed-in image of one unbalanced inter-
ferometer in the array, with components shown schematically
in Fig. 1. The reconstruction of the input source spectra from
experimental measurements presents several challenges that are
overcome systematically. Fig. 6(a)—(f) show the raw measured
interference fringes observed from the a few selected interfer-
ometer arms of the FTS. Additional fringes with higher spatial
frequencies are seen superimposed on each fringe spectrum. The
higher order fringes, as demarcated in the green dotted regions
in Fig. 6(g)—(1), arising from fiber-to-fiber Fabry-Perot effects
(as determined from the fringe periodicity) and other sources of
noise from the detectors are eliminated by importing the data into
Matlab, performing a discrete Fourier transform (DFT) and then
taking the inverse transform with a low pass filter. The frequency
corrected DFT are shown plotted in red in the insets of Fig. 6(g)—
(1) respectively and done for all interferometer arms. For all
interferometer arms, in addition to the high fringe periodicity
frequencies, a slowly varying envelope is also observed on top
of the envelope of the grating coupler input spectra and is plotted
inblue in Fig. 6(m)—(r). The slowly varying envelope is identified
specifically in the Fourier spectrum of the balanced arm #1 in
Fig. 6(g) and (m) and arises from a cavity formed between the
2 MMIs as the light is reflected back by the loop mirror. The
corresponding frequency of the slow varying envelope is shown
in blue in the insets of Fig. 6(g)—(1). Finally, the DFT corrected
interference spectra are shown in Fig. 6(m)—(r). The DFT cor-
rected interference spectra in Fig. 6(m)—(r) are normalized to the
slowly varying envelope in each arm in Fig. 6(m) and plotted
in Fig. 7(a)—(f), thereby correcting for the Fabry-Perot effects,
the cavity formed between the MMIs, detector noise and the
coupling efficiency differences of GCs in the 16 arms arising
from fabrication offsets across the wafer.

Fig. 7(a)-(f) show representative normalized raw interfer-
ence fringe spectrum from six arms, measured with a tunable
laser. The DFT corrected interference spectra are superimposed
in dashed red in Fig. 7(a)—(f). In balanced arm #1 with AL
= 0, DFT correction and envelope normalization results in a
unity corrected value across all wavelengths, as expected for a
balanced arm. An investigation of the fringe spacing observed
experimentally in the unbalanced arms revealed a deviation of
the FSR from the designed FSR that considered an ideal steep
90-degree vertical waveguide sidewall and a waveguide cross
section 500 nm x 220 nm. The foundry PDK indicates a sidewall
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spatial fringe periodicity DFT of the measured fringes. Corrected DFT filtering
higher order frequencies (in green dashes) are shown in the insets (in red) and
the slowly varying envelope (in blue dots). The zero-fringe frequency represents
the grating coupler envelope. (m)—(r) DFT corrected experimentally measured
interference fringes (in red), superimposed on the raw fringes (in black) and
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etch angle of approximately 85-degree. A bottom trapezoidal
shaped waveguide width between 485—-495 nm, and a waveguide
thickness between 225-235 nm matched the FSR best for all the
interferometer arms. For this range of dimensions, the maximum
FSR variation as noted in Fig. 4(f) is 0.04 nm, an order of mag-
nitude less than the wavelength resolution of our demonstrated
FTS. For modeling, the simulated results presented in Figs. 2—4
considered the waveguide geometries with an average width
490 nm and thickness 230 nm. There is always the possibility
of waveguide thickness and height variation within the spatial
extent of the FTS, as indicated from the representative spectra
in Fig. 6 which is another potential benefit in transitioning to a
smaller spatial extent in the LT-MZI FTS versus a MZI FTS.
Fig. 7(g) shows the experimental raw measured transmission
spectra measured in all 16 arms of the fabricated LT-MZI FTS.
Due to phase errors caused by fabrication imperfections, a
Littrow wavelength cannot be identified in Fig. 7(g). For a given
waveguide cross-section, the Littrow wavenumbers all align in
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Fig. 7. (a)—~(f) Simulated (blue) and measured experimental (black) fringe

spectra considering trapezoidal shaped waveguides with bottom width 490 nm,
height 230 nm and sidewall angle 85 degree. Arm 9 simulation fringes matched
exactly with the measured spectrum. The DFT corrected experimental plots are
in red dashes. No phase shifting required in (d) as experiment overlaps with
simulation. (g) Normalized power measured versus wavelength at 16 sampling
points from the raw unprocessed experimental spectra. (h) Normalized DFT
corrected power at the 16 sampling points after offsetting the fringes by phase
errors simulated to match experiments in Fig. 4(d).

simulation. The phase error between the measured experiment
and simulated interference spectra for each arm at the Littrow
wavenumber is determined in Ansys interconnect by incorporat-
ing an optical phase shifter element in one of the interferometer
arms and plotted in Fig. 8 for all the interferometers. Due to
the small FSR of our FTS (~13 cm™!), waveguide dispersion
can be ignored, as will also be noted later from measurements.
The absolute phase errors between a designed waveguide and
its fabricated counterpart can be larger than 27 due to varia-
tion in waveguide dimensions. Since the Fourier transform is
27-periodic, by ignoring dispersion within the small FSR of
our narrow-band FTS, the phase errors can be corrected within
27. The corrected interference fringes can be determined by
phase shifting the DFT corrected measured fringes by the results
from Fig. 8, and enables identification of Littrow wavelengths,
as shown in Fig. 7(h). The modeled shift of the fringes can be
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implemented in hardware based on achievable AA simulated in
Fig. 4, from the amorphous-crystalline phase transformations in
Snge3.

Once the Littrow condition is established, the input spectrum
can be retrieved using the discrete Fourier transform method
described in Section II, as shown in Fig. 9. Fig. 9(a) shows
the raw measured power at A = 1557nm from the 16 LT-MZI
arms. The corresponding retrieved spectrum is shown in Fig. 9(b)
which shows deviation from the expected spectral reconstruction
from simulations. However, if we correct fringe amplitudes by
DFT correction, and correct for phase errors from the estimated
values in Fig. 8, the power would be measured correctly on the
interferogram outputs and are seen to match with simulation
results in Fig. 9(c). Fig. 9(d) can then accurately reconstruct the
input spectrum from the corrected power which matches well
with the known input. For sensors where a single resonance
wavelength [15] or fringe minimum [16] needs to be identified,
with change in refractive index of the analyte interacting with
the sensor in biosensing or chemical sensing, the resonance
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Fig. 10. Simulated (a) dual and (d) broadband input into the designed FTS.

Power outputs that would result from the hypothetical inputs in (a) and (d), on
the 16 interferometer arms are shown in (b) and (e) for simulated interference
fringes, raw experimental measured fringes, and for the measured experimental
fringes that are subsequently DFT corrected and phase shifted. (c) And (f) shows
the normalized reconstructed spectra for corresponding cases in (b) and (e).

wavelength and/or fringe minimum shifts can be determined
effectively by our designed device.

An analysis for broadband spectroscopy is however challeng-
ing experimentally in our present devices where PCMs have still
not been integrated. Due to uncertainties in mode effective index
associated with variation in waveguide geometry across a wafer
in foundry fabricated devices, we need to apply software-based
phase error correction. While the effect of GCs, MMI cavity
effects, Fabry-Perot effects and detector noise are removed via
DFT data processing here, ensuring tight control on fabrication
is necessary to ensure that the FSR in Fig. 4(f) can be reliably
estimated and phase correction applied to all interferometer
arms.

Once fringes are offset experimentally by PCM integration
to align to a Littrow condition and DFT correction applied
to amplitude-correct the fringes, the input spectrum can be
reconstructed within the narrow band FSR of our designed
FTS. To establish our hypothesis, we consider two hypothetical
input sources comprising (1) two isolated wavelengths and (2)
a broadband input as shown in Fig. 10(a) and (d) respectively.
Fig. 10(b) and (e) show the expected as-measured output power
and the corresponding output powers that would be measured on
the interferometer arms once DFT correction of the interference
fringe transfer functions is done, and phase correction is applied
with PCMs. Fig. 10(c) and (f) show that once DFT correction and
phase correction are applied, the corresponding input spectral
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frequencies can be reliably discerned within the narrowband
FSR of our demonstrated FTS, which is sufficient for appli-
cations tracking changes in a single resonance wavelength or
interference fringe minimum. The small deviation observed
between simulations and expected experimental results with the
hypothetical sources in Fig. 10 once PCMs are integrated and
corrections applied, is due to the fact that waveguide dispersion
was ignored, and an average waveguide dimension was assumed.
While these are sufficiently valid assumptions within the narrow
band FSR of our FTS, for wider wavelength ranges, waveguide
dispersion must be incorporated into the calculations, to accu-
rately reconstruct the input spectra [27], [28], similar to the prin-
ciple demonstrated in [13] with centimeter long interferometers
with off-chip fringe detection.

To compensate for temperature effects, phase errors can be
estimated similar to Fig. 8 for temperatures over the expected
temperature range of interest in a field environment and stored
in a database. The appropriate phase error table can be looked
up from a database based on on-chip temperature feedback [29].
The alignment will incorporate the thermo-optic coefficients of
silicon, silicon dioxide and integrated phase change materials
from the measured LT-MZI transmission. The incorporation of
PCMs thus pre-calibrates the Littrow wavelengths at a fixed tem-
perature thus reducing one element of uncertainty during field
measurements with no active power consumption. With respect
to loss, silicon waveguide propagation loss at <2 dB/cm results
in a maximum propagation loss difference between the shortest
and longest interferometer at <0.24 dB. Effects of loss in longer
unbalanced arms for higher FTS resolution can be mitigated
in low-loss silicon nitride waveguides that have demonstrated
losses ~0.06 dB/cm. However, as we noted, effects of loss can be
compensated by DFT processing the fringe interference transfer
functions on the individual arms to the respective grating coupler
envelopes.

Integration of PCMs with silicon photonic waveguides has
been extensively demonstrated in the literature [19], [20]. While
PCMs have not been integrated yet into our silicon photonic
devices here, a standard process flow would involve the PCMs
being deposited by reactive ion sputtering and the phase change
enabled either optically or by electro-thermal heating from cur-
rent flowing in an annealed transparent conducting film such
as indium tin oxide (ITO) or titanium doped indium oxide
(ITiO). The PCM would be encapsulated within a thin aluminum
oxide film above the fabricated silicon photonic waveguides, that
would provide good thermal conductivity while also preventing
material loss during the melt-quench processes in the amorphous
to crystalline phase transformations and vice-versa.

V. CONCLUSION

In summary, we experimentally demonstrated a narrow-
band on-chip FTS based on spatial heterodyning using planar
waveguide loop-terminated Mach-Zehnder interferometers. Our
proof-of-concept studies show that LT-MZI FTSs can achieve
2x better wavelength resolution than MZI based planar wave-
guide FTSs MZIs with the same geometric path length difference
of the interferometer arms when resolving single frequency

lineshapes and enables more compact on-chip FT'Ss. Our pro-
posed method can enhance resolution and compactness in optical
switch based FTSs demonstrated in MZI configuration [30].
Our non-volatile, in-situ non-thermal phase correction method
can be applied in diverse applications such as optical delay
lines [31] in diverse communication applications and resonance
trimming in computing [32] and sensing applications [15],
[16]. We showed that foundry fabricated waveguide geometry
variations challenge the spectral reconstruction and proposed a
method for post-fabrication narrowband correction in foundry
fabricated FTSs with PCMs that accurately reconstructs the
frequency spectra of single wavelength, dual wavelength and
broadband input sources within the narrow band FSR. The PCM
integration concept can be extended to correct phase errors in
AWG spectrometers. The LT-MZI FTS concept can be extended
to Sagnac Interferometer (SI) FTSs to reduce component phase
errors by eliminating the second MMI (MMIp) with additional
compactness. While the wavelength resolution of our proof-of-
concept devices demonstrated here is 0.48 nm, future devices
will integrate fine resolution compact LT-MZI and SI FTS in
chip-based narrowband single wavelength/frequency biosensing
and gas sensing with electrically set PCM tuned interference
fringes.
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