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On-chip spectrometers hold significant promise in the devel-
opment of laboratory-on-a-chip applications. However,
the spectrometers usually require extra on-chip or off-chip
photodetectors (PDs) to sense optical signals, resulting in
increased footprints and costs. In this paper, we address this
issue by proposing a fully on-chip spectrometer based on two-
photon absorption (TPA) in a simple micro-ring resonator
(MRR) configuration. While TPA is a commonly undesired
phenomenon in conventional silicon devices due to its attached
absorption losses and nonlinearity, we exploit it as a pow-
erful and efficient tool for encoding spectral information,
instead of using additional PDs. The input spectrum can be
reconstructed from the sensed TPA current. Our proposed
spectrometer achieves a bandwidth of 10 nm with a reso-
lution of 0.4 nm while occupying a small footprint of only
16 x 16 um?, and the bandwidth can be further improved
through several cascaded MRRs. This advancement could
enable forward fully integrated and miniaturized spectrom-
eters with low cost, which holds far-reaching applications in
in situ biochemical analysis, remote sensing, and intelligent
healthcare. © 2024 Optica Publishing Group under the terms of the
Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.511658

Spectrometers have wide applications in sensing and monitoring
[1-3]. Integrated spectrometers are especially attractive because
they can be manufactured with low cost and small footprint, which
may boost the development of laboratory-on-a-chip applications
[4-6]. Among various approaches to miniaturized spectrometers,
silicon photonics is the most promising due to its compatibility
with large-scale CMOS manufacturing technology with various
available functional components.

Numerous approaches have been carried out to realize high-
performance silicon spectrometers, which fall broadly into four
categories [7]. First, some spectrometers employ dispersive optics,
such as planar photonic crystals [8,9], planar echelle gratings [10],

2334-2536/24/030399-04 Journal © 2024 Optica Publishing Group

arrayed waveguide gratings [11,12], etc., to split light toward
spatially separated photodetectors (PDs). Although this approach
theoretically operates with a broad spectral bandwidth and a high
resolution, the miniaturization usually necessitates a compromise
in performance, as the resolution is inherently tied to the optical
path length afforded by the footprint. Second, some spectrometers
use narrowband filters like micro-ring resonators (MRRs) [13—15]
and nanobeams [16] to route different spectral components to
different PDs. While these narrowband filters offer smaller foot-
prints than those based on dispersive systems, they still require a
large number of filters and PDs. Thirdly, Fourier transform micro-
spectrometers based on a Mach—Zehnder-interferometer (MZI)
structure have also been realized on a silicon photonics platform
[17-19]. Heaters are integrated between the two MZI arms to
change the phase delay. This kind of spectrometer can benefit
from an improved signal-to-noise ratio (SNR). However, there are
some challenges such as high power consumption, a large driving
voltage, long measurement times, and a large footprint.

Recently, a fourth paradigm in spectrometry has emerged,
known as the “reconstructive” or “computational” spectrometer.
These spectrometers feature a set of PDs encoded with distinctive
spectral response characteristics. By measuring the PDs in parallel
and leveraging some advanced algorithms, the sensed signals can
reconstruct the incident light spectrum. The reconstructive spec-
trometers are implemented in either a static or dynamic scenario.
In the static approach, the optical power is divided into different
channels, and each channel routes the power to different PDs.
Several structures have been developed in this scenario, includ-
ing stratified waveguide filters [20], random photonic crystals
[21-23], multimode spiral waveguides [24,25], etc. This method
provides a robust and fast multi-channel detection but suffers from
larger device footprints and compromise in the received power
at each channel. On the other hand, the dynamic approach has
a more compact footprint by employing a tunable device such as
tunable nanobeams [26], MRRs [27], micro-disks [28], MZIs
[29], metasurfaces [30], etc. The detected power is considered
as different channels when the device works at different tem-
peratures. This method can greatly reduce the device footprint
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without largely compromising performance. However, it may pose
a challenge to ensure stable and repeatable working conditions,
which are crucial for accurate spectral characterization. Overall,
various high-performance spectrometers have been successfully
integrated on a silicon platform; however, all the aforementioned
devices require extra on-chip or off-chip PDs, which require larger
footprints and costs. The miniaturization of spectrometers with
low cost still holds considerable potential, and the fully integrated
ultra-compact spectrometer is still highly desired for high-density
photonic integrated circuits.

Here, we propose a novel approach utilizing a single MRR
assisted with two-photon absorption (TPA) effects to fully perform
the functions of a spectrometer without external photodetectors.
Although TPA is usually unwanted in conventional MRR due to
the attached absorption losses and its nonlinearity, this drawback
can become a treasure by encoding the spectral information in it.
By measuring the TPA current at different temperatures through a
micro-heater, the incident spectrum can be reconstructed in a com-
putational approach. The proposed device achieves a bandwidth
of 10 nm and a resolution of 0.4 nm, all within an ultracompact
footprintof 16 x 16 um?. The proposed approach may contribute
to the advancement of fully integrated, high-performance spec-
trometers on a silicon photonics platform, offering a powerful tool
for photonic integrated circuit applications.

The principle of the proposed computational spectrometer
is illustrated in Fig. 1. During the TPA process, two photons can
be simultaneously absorbed to generate free carriers. To sense the
TPA signals, we make the TPA processes happen in the depletion
region of a reverse biased PN junction, and then the generated free
carriers are sensed from the current signals. The cross-section view
of the MRR is shown in Fig. 1(b). The MRR is designed to operate
in an all-pass configuration and is doped to create a PN junction.
Two electrodes are contacted to the doping area and provide a
reverse voltage bias to sense the TPA current. A micro-heater is also
included on the top of the ring to tune the working temperature.
Two other electrodes are contacted to the heater on another metal
layer. When the light resonates in the MRR, more free carriers
are generated from the TPA effect, and the current responses in
the reverse PN junction can be measured by a source meter. The
nonlinear micro-ring model allows us to determine the relation-
ship between the optical power spectrum and the photocurrent
generated by TPA (see details in Section 1 of Supplement 1).

Figure 1(c) shows the computational processes to reconstruct
the input spectrum. The detected current 7, of an unknown sig-
nal with spectrum power S(1) can be mathematically written as
Eq. (1) [31]:

Ip;,=/y<x) §*() dr. Q)

The MRRs working at different temperatures serve as different
sensing channels. This formulation provides NV linear algebraic

equations to determine A/ unknown values of the input signal,
§%(1), which can be discretized as Eq. (2):

[ph,le =VYNxM szwxl- (2)

The sampling matrix yy  is obtained through a calibration,
and the TPA current 7, nx1 is obtained by direct measurement.
Then the target spectrum S3,, , is calculated by solving the matrix.
A linear regression algorithm is utilized to help to solve the matrix
by minimizing /, normas Eq. (3):
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Flg 1. (a) Schematic of the spectrometer based on micro-ring res-

onator (MRR); the two-photon absorption (TPA) current is employed
to reconstruct the unknown input spectrum. (b) Cross-section of the PN
junction rib waveguide on a silicon-on-insulator (SOI) substrate, which
is used to sense the TPA current. (c) Principles behind computational
spectrometers based on TPA responses that encode spectral response
characteristics. (d) Conventional spectrometers based on photodetectors

(PDs).

minimize| |7 — y S||*. (3)

For the case with stronger measurement noise, regularization
of the /, norm of § can be added to the regression with a cer-
tain weight coefficient & for smooth spectrum reconstruction as
Eq. (4) [20]:

minimize || 7 — y S?||* + || S?| 2. 4)

TPA spectrometer characterization. The proposed MRR is
fabricated in a commercial 8-inch 130 nm CMOS foundry. The
MRR is based on a 220 nm silicon-on-insulator (SOI) platform.
The radius of the MRR is 8 um. The waveguide width is 420 nm,
and the slab thickness is 70 nm. To maintain the MRR working
near the critical coupling region, the racetrack is 5 um with a gap
width of 280 nm. The doping concentration is 3 x 108 cm™ for
both P- and N-type doping. A lateral PN junction working with
depletion mode is placed in the MRR with the widths for P-type
doping of 230 nm and N-type doping of 190 nm. Figure 2(a) is
the microscope picture of the fabricated MRR. The metal pads
are designed with a pitch of 150 pwm, which is further packaged
through wire bonding.

Figure 2(b) shows the experimental setup to measure the optical
properties and TPA current responses of the fabricated MRR. The
light is generated from a tunable semiconductor laser (TSL, Santec
TSL-770), then the polarization is tuned through a fiber polariza-
tion controller (PC). The light is coupled into the MRR through
grating couplers. An off-chip photodetector (Santec MPM-210)
is employed for optical alignment and receiving the transmitted
power. Here, one source meter (SM1, Keithley 2400) is employed
to control the heater voltage bias, and another source meter (SM2,
Keithley 2400) is used to measure the TPA current.

To address the superior performance of the TPA spectrometer,
we use the PD as the monitor and reference. Figure 2(c) shows the
PD received optical power and TPA current responses. Specifically,
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Fig. 2. (a) Optical microscope photos of the fabricated micro-ring

resonator (MRR). (b) Experimental setup to measure the MRR’s prosper-
ities. (c) PD received power and two-photon absorption (TPA) current
responses at different wavelengths and heater powers. (d) Measured TPA
current with different input optical powers.

Fig. 2(c-i) shows the PD received power and the sensed TPA cur-
rent when the input wavelength changes. The Q factor of the
MRR is around 5000 with a full width at half maximum (FWHM)
around 0.3 nm. Besides, when the light resonates in the MRR, it
generates more free carries, leading to a larger TPA current. The
FWHM of the TPA current response is around 0.2 nm. Compared
to the PD-measured result, the TPA current has a smaller FWHM
because the TPA current evolves with the square of the optical
power. The narrower FWHM can benefit a higher resolution of
the spectrometer. Figure 2(c-ii) shows the thermo-optic properties
of the proposed MRR. The resonant wavelength moves towards
the input wavelength of 1550 nm, causing the dip of the curve.
The change of resonant wavelength will also cause a rise in the TPA
current response as shown by the yellow line. To verify the relation-
ship between the optical power and TPA current, Fig. 2(d) shows
the measured TPA current responses with different input optical
powers. In Fig. 2(d-i), the scatter points show the TPA current
responses at different wavelengths, and the solid lines show the
fitted results. The measured TPA current is not exactly the square
of the input power, which may be attributed to the avalanche
amplification and saturation of the free carriers in the PN junction.
Figure 2(d-ii) plots the TPA current responses with different input
optical power and wavelength simultaneously, which indicates this
relationship is suitable for all conditions. The detailed information
of the TPA sensor is shown in Supplement 1.

For the pre-equalization of the nonlinearity, since the TPA proc-
ess is a third-order nonlinear effect, the relationship between the
photocurrent (/,;) and optical power at wavelength A is expressed
as I, =y P*(A) [13], where u ~ 2 indicates the power-law
nature; the coefficient y is linked to TPA coefficients Brpa()),
losses from the MRR, grating, and other components. Notably,
y (A) is obtained through a calibration process, leveraging a known
spectrum as the input with a tunable laser source [see details in
Section 6 of Supplement 1].

To characterize the performance of the TPA spectrometer,
various types of optical signals are demonstrated as the input and
reconstructed by the approach mentioned above. The actual reso-
lution of the proposed spectrometer system is determined by the
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Fig. 3. (a) Experimental setup to estimate the spectrometer’s per-

formance. (b) Reconstructed spectra with different wavelength spacings.
(c) Reconstructed broadband spectra with the narrow peak signals at
different locations.

ability to distinguish two closely spaced spectral lines. Figure 3(a)
shows the experimental setup to estimate the resolution. The two
TSLs are used to generate a target spectrum S that has two closely
spaced spectral lines. More information of the sampling matrix
y is shown in Section 2 of Supplement 1. In the measurement
process, the TPA current matrix /) is obtained from SM2 when we
sweep the SM1 voltages. The spectrum S is reconstructed from the
TPA current matrix via nonlinear minimization as Eq. (4) with a
MATLAB toolbox named CVX [32]. The reconstructed spectrum
is shown in Fig. 3(b). The dashed lines show the input spectrum
with two known separate spectral lines, while the solid lines show
the reconstructed spectrum. The two separate reconstructed spec-
tral lines are gradually unable to be distinguished as the decrease
of wavelength space, which indicates the actual resolution of the
proposed spectrometer system is about 0.4 nm approximately.
Figure 3 also shows the broadband signal response of the fab-
ricated MRR spectrometer. A broadband spectrum is generated
from an amplified spontaneous emission (ASE) source. An optical
spectrum analyzer (OSA) is employed to measure the output spec-
trum as a reference. As discussed, the sensed TPA current signal
from SM2 can reconstruct the input spectrum. The reconstructed
spectra with different TSL wavelengths are shown as solid lines
in Fig. 3(c). The dashed line shows the measured result from the
OSA as a reference. The proposed spectrometer system has shown
a bandwidth of 10 nm. The measured result largely agrees with
the OSA measured result. The slight misalignment between the
reconstructed spectral lines and input spectral lines is attributed to
the environmental variation in the calibration and measurement
processes, resulting from temperature changes and mechanical
vibrations of the fiber. The results can be further improved by the
temperature controller and optical package. To evaluate the accu-

racy of the reconstruction, we introduce the parameter €, defined as

[1So=Sl112
[1So112

reference spectrum [29].

Leveraging the TPA features of the silicon, the proposed com-
putational TPA spectrometer can realize a complete on-chip
spectrum analysis. Figure 4 shows a comparison of the reported
integrated reconstructive micro-spectrometers in the past few

e= , where § is the reconstructed spectrum, and Sy is the
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Fig.4. Comparison of the state-of-the-art silicon spectrometer.

years. Here, the footprint only takes into account the passive
components without PDs. Compared to the reconstructive spec-
trometers that use PDs as the photoelectric converter for spectrum
detection, our proposed TPA-based spectrometer not only gets
rid of extra PDs, but also has a record compact size. A detailed
comparison table is also provided in Section 4 of Supplement 1.
Besides, the current response of TPA could be shaper than that
from PDs, as it evolves as the square of the optical power. A sharper
current response will lead to a better resolution for the same design.
However, this work also has some limitations and needs further
improvements. The TPA current is much smaller than the PD cur-
rent, which may lead to a worse responsiveness. The input power
should exceed —10dBm in current design. Besides, the MRR
was previously in order to construct a modulator [33]; thus, its
structure is not fully optimal for a spectrometer design that requires
a narrow FWHM, which causes a limited resolution. The limited
FSR of MRR is also responsible for the limited bandwidth of the
spectrometer, which can be improved to 30 nm by cascaded MRRs
or other designs as shown in Section 5 of Supplement 1.

In this study, we report a fully on-chip spectrometer with a
record compact footprint of 16 x 16 pum?. The target spectrum is
reconstructed from the TPA current responses that encode the light
spectrum. The proposed tunable MRR can reconstruct the input
spectra with a resolution of 0.4 nm and a bandwidth of 10 nm and
can be further improved to 30 nm through several cascaded MRRs.
The proposed approach can realize an ultra-compact spectrometer
and get rid of external PDs. The bandwidth and resolution of the
spectrometer still have considerable potential improvements by
cascading MRR with a higher quality factor. A viable route for
enhancing the proposed method is also proposed in Section 9
of Supplement 1. Such an ultra-compact and fully integrated
spectrometer is highly desired for on-chip optical sensing, which
is expected to boost the development of lab-on-a-chip systems
significantly.
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