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Ultra-broadband spectrometer on a chip of
picometer scale resolution
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Abstract
A reconfigurable photonic integrated circuit was developed to operate as an ultra-broadband spectrometer on SiN
chip resolving spectral lines with picometer precision and thermal stability of ±2 °C.

Optical spectroscopy has played a crucial role in various
historical discoveries, such as identifying ancient artifacts
with carvings resembling friction ridge skin found in
numerous locations worldwide. Additionally, prehistoric
picture writing featuring handprints with ridge patterns was
discovered on a cliff in Nova Scotia and other regions, thanks
to the insights provided by optical spectroscopy. Even in
ancient Babylon, fingerprints were utilized on clay tablets for
business transactions, showcasing the long-standing sig-
nificance of this spectroscopic technique in uncovering and
understanding ancient practices and artifacts.
The optical spectroscope was invented in 1859 by

Robert Bunsen and Gustav Kirchhoff1. Their pioneering
work in 1860 attributed fingerprints as chemical elements.
Kirchhoff, in particular, suggested that by observing the
emission spectra of flames through a dispersive element
like a prism, it might be possible to differentiate flames
with similar colors. When he passed bright light through
these flames, the dark lines in the absorption spectrum of
the light corresponded to the wavelengths of the bright,
sharp lines characteristic of the emission spectra of the
same test materials. Despite facing an unknown disability
that confined him to a wheelchair or crutches for most of
his life, Kirchhoff conducted groundbreaking research
that significantly contributed to the fundamental under-
standing of electrical circuits and the development of
optical spectroscopy. The last stands as one of the most
powerful and widely used characterization tools2–6.

Since the inception of the spectroscope, its size reduction
has led to trade-offs between resolution, bandwidth, and
signal-to-noise ratio. Up to now, scaled-down demonstra-
tions have not been able to overcome the technical chal-
lenges of achieving both ultra-high resolution (down to
picometer-scale) and broad bandwidth (>100 nm) simul-
taneously6,7. Nevertheless, these capabilities are essential
requirements for analytical spectroscopy tools in various
biomedical sensing8 and industrial chemical monitoring
applications9, as well as for miniaturized optical imaging
systems like spectral-domain optical coherence tomo-
graphy (SD-OCT) that necessitate large imaging depth and
high spatial resolution10. Efforts have been made to develop
miniaturized resonant spectrometers (RSs) based on pas-
sive spectrum filters, utilizing disordered scattering media,
metasurfaces, photonic crystals, or quantum dot-based
filter arrays11–13, metasurface-, photonic crystal-, or quan-
tum dot-based filter arrays14. While these represent a
compact form of RS, the number of channels can be limited
due to passive splitting loss. Recently, active RSs with
tunable spectral responses have been explored, including
detector-only RSs with tunable absorption spectra and
filter-based RSs using MEMS or thermally tunable reso-
nators15,16. However, the methods of generating sampling
channels using lumped structures have demonstrated
limited decorrelation, posing challenges to achieve an ultra-
high bandwidth-to-resolution ratio as per the principles of
compressive sensing17.
In their paper, Qixiang Cheng, Richard Penty18, and co-

authors present a noteworthy advancement towards
achieving an ultra-broadband picometer-scale resolution
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spectrometer on a photonic integrated chip. They intro-
duced a novel method that utilizes distributed filters to
generate ultra-broadband pseudo-random spectral respon-
ses. To ensure thermal robustness, the photonic integrated
chip is fabricated using a CMOS-compatible silicon nitride
(SiN) platform, as temperature variations can limit the
reconstruction accuracy when aiming for picometer-scale
resolution. This work represents a significant step forward in
developing highly capable and compact spectrometers for a
wide range of applications (Fig. 1).
As a result of the introduced distributed filters in a

reconfigurable photonic network on a chip, the sampling
channels become highly uncorrelated, facilitating com-
putational reconstruction. The utilization of distributed
filters in the photonic network offers excellent scalability
in the number of sampling channels without compro-
mising their decorrelation. By carefully engineering the
spectral properties of each distributed filter, the overlaid
transmission spectra can form a sampling matrix with
minimal self- and cross-correlation. This design enables
effective information acquisition across the entire spec-
trum. Moreover, embedding filters in the reconfigurable
photonic network allows for spectrum shaping, enhancing
the versatility and performance of the spectrometer.
Reconfigurable photonics allows for user-defined per-

formance, providing an additional level of program-
mability that depends on the trade-offs between
resolution, computation complexity, and relative error.
This enhanced programmability broadens the applica-
tions of the technology, catering to various use cases. It
can be employed for identifying signature spectral peaks

with acceptable levels of performance, as well as for
relative metrology demanding ultra-high resolution and
minimal errors19. This flexibility in performance custo-
mization makes reconfigurable photonics a versatile
solution with widespread potential in different fields and
applications.

Acknowledgements
The support of the United States–Israel Binational Science Foundation (BSF
#2022014) and the European Union’s Horizon 2020 research and innovation
program under the Marie Skłodowska-Curie grant agreement No. 872662 are
highly appreciated.

References
1. Kirchhoff, P. & Bunsen, P. IX. Chemical analysis by spectrum—observations.

Lond. Edinb. Dublin Philos. Mag. J. Sci. 20, 88–109 (1860).
2. Katiyi, A. & Karabchevsky, A. Figure of merit of all-dielectric waveguide struc-

tures for absorption overtone spectroscopy. J. Lightwave Technol. 35,
2902–2908 (2017).

3. Katiyi, A. & Karabchevsky, A. Si nanostrip optical waveguide for on-chip
broadband molecular overtone spectroscopy in near-infrared. ACS Sens. 3,
618–623 (2018).

4. Karabchevsky, A., Sheintop, U. & Katiyi, A. Overtone spectroscopy for sensing—
recent advances and perspectives. ACS Sens. 7, 2797–2803 (2022).

5. Karabchevsky, A. et al. On-chip nanophotonics and future challenges. Nano-
photonics 9, 3733–3753 (2020).

6. Yang, Z. Y. et al. Miniaturization of optical spectrometers. Science 371,
eabe0722 (2021).

7. Zhang, L. et al. Ultrahigh-resolution on-chip spectrometer with silicon pho-
tonic resonators. Opto-Electron. Adv. 5, 210100 (2022).

8. Yadav, J. et al. Prospects and limitations of non-invasive blood glucose
monitoring using near-infrared spectroscopy. Biomed. Signal Process. Control
18, 214–227 (2015).

9. Cossel, K. C. et al. Open-path dual-comb spectroscopy to an airborne retro-
reflector. Optica 4, 724–728 (2017).

10. Wojtkowski, M. et al. In vivo human retinal imaging by Fourier domain optical
coherence tomography. J. Biomed. Opt. 7, 457–463 (2002).

11. Hartmann, W. et al. Waveguide‐integrated broadband spectrometer based on
tailored disorder. Adv. Opt. Mater. 8, 1901602 (2020).

12. Redding, B. et al. Compact spectrometer based on a disordered photonic
chip. Nat. Photonics 7, 746–751 (2013).

13. Hadibrata, W. et al. Compact, high‐resolution inverse‐designed on‐chip
spectrometer based on tailored disorder modes. Laser Photonics Rev. 15,
2000556 (2021).

14. Bao, J. & Bawendi, M. G. A colloidal quantum dot spectrometer. Nature 523,
67–70 (2015).

15. Yoon, H. H. et al. Miniaturized spectrometers with a tunable van der Waals
junction. Science 378, 296–299 (2022).

16. Yuan, S. F. et al. A wavelength-scale black phosphorus spectrometer. Nat.
Photonics 15, 601–607 (2021).

17. Ye, Y. L. et al. Research on a spectral reconstruction method with noise
tolerance. Curr. Opt. Photonics 5, 562–575 (2021).

18. Yao, C. H. et al. Broadband picometer-scale resolution on-chip spectrometer
with reconfigurable photonics. Light Sci. Appl. 12, 156 (2023).

19. Manley, M. Near-infrared spectroscopy and hyperspectral imaging: non-
destructive analysis of biological materials. Chem. Soc. Rev. 43, 8200–8214
(2014).

Fig. 1 The schematic view illustrates an ultra-tiny spectrometer
designed to fit on a microchip. For scale comparison, the device is
shown alongside a thumbtack. The direction of the light is indicated
by the vector k
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