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ABSTRACT

Fluorescence Lifetime Imaging (FLIM) is a powerful technique that measures the decay time of fluorophores present in
tissue samples alluding to their constituent molecules. FLIM has gained popularity in biomedical imaging for applications
such as detecting cancerous tumors, surgical guidance, etc. However, conventional FLIM systems are limited by a reduced
number of spectral bands and long acquisition time. Moreover, the large footprint, complexity, and cost of the
instrumentation make it difficult for clinical applications. In this paper, we demonstrate a reconstruction-based
hyperspectral detector that can resolve decay time and intensities in broad spectral ranges while providing high sensitivity,
high gain, and fast response time. The hyperspectral detector is comprised of an array of efficient, ultrafast avalanche
photodetectors integrated with nanophotonic structures. We utilize different nanostructures in the detectors to modulate
light-matter interactions in spectral channels. This allows us to computationally reconstruct the spectral profile of the
incoming fluorescence spectrum without the need for additional filters or dispersive optics. Also, the nanophotonic
structures enhance efficiency (by a factor of 2 to 10 over different wavelengths) while providing fast response time. An
innovative detector design has been employed to reduce the breakdown of the avalanche photodetectors to -7.8V while
maintaining high gain (~50) across the spectral range. Therefore, enabling low light detection with a high signal-to-noise
ratio for FLIM applications. Added spectral channels would provide valuable information about tissue materials,
morphology, and disease diagnosis. Such innovative hyperspectral sensors can now be integrated on-chip capable of
miniaturizing the FLIM system and making it a commercially viable tool for clinical use. This technology has the potential
to revolutionize the current FLIM system with improved detection capabilities opening doors for new horizons.

Keywords: Hyperspectral Imaging, Reconstruction-based spectroscopy, Photon-trapping nanostructures, Fluorescence
lifetime imaging microscopy, Avalanche Photodiodes, On-chip hyperspectral detectors

1. INTRODUCTION

Fluorescence is a property of certain molecules that can absorb a particular energy of photons and subsequently release
photons at a lower energy for a brief amount of time. Scientists utilize this property to classify cellular tissue by both their
peak emission wavelengths and the lifetime of the emission. This method of imaging is termed Fluorescence Lifetime
Imaging Microscopy (FLIM). FLIM has been a crucial tool for researchers in understanding cell biology on a molecular
level, as well as driving toward clinical applications. The advantage of FLIM is that it can provide quantitative information
about the molecular environment and metabolic state of tissues. The addition of lifetime measurements allows it to
discriminate between multiple fluorophores or tissue components. The ability to complement other imaging modalities
such as confocal microscopy, OCT, etc., makes FLIM a lucrative technology'™.

Although FLIM has been utilized in many promising applications such as cancer margin detection, pH level indicator, cell
morphology, etc., the implementation of FLIM is limited due to the use of sophisticated sensors, expensive equipment, and
long processing time>®. As fluorescence is a fast process (of the order of a few ns), fast sensors are required to record the
fluorescence signal. Furthermore, sensitive detectors are necessary to capture the weak fluorescence signal emitting from
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Figure 1: (a) The Schematic of Multi-Chanel Plate (MCP) system setup used in a conventional Fluorescence Lifetime Imaging
Microscopy (FLIM) measurement33. Fluorescent input is generated using a 355 nm ultraviolet (UV) excitation pulse and then
collected through the same fiber. The fluorescent spectrum is then split into 4 different channels (390/40 nm, 470/28 nm, 542/28
nm, and 629/53 nm) using delay fibers and is fed into a Photomultiplier Tube (PMT) array for detection. (b) Schematic of 1 pixel
spectrometer array setup where 16 avalanche photodiodes. In the proposed setup in will replace the PMT and the delay fibers to
detect and stratify different wavelength channels at the same time. (c) Time sampled fluorescence input spectrum released by the
tissue after the excitation pulse. (d) The original (blue triangle) and reconstructed (red circle) spectra for the fluorescent input at
time = 4 ns. The inset on the right shows the current at different photodiodes (PD). The inset at the bottom shows the color of the
original and reconstructed spectrum. (e) The reconstructed spectral output sampled at different channels. This shows how the
micro-spectrometer array can be utilized to increase the number of fluorescence channels detected and perform hyperspectral
profiling of the fluorescent spectrum.

the tissue. Several efforts have been made to address these challenges. Urayama et al. developed instrumentation for FLIM
with picosecond resolution using intensified CCDs’. Ulku et al. built a gated 512x512 single-photon SPAD imager for
phasor-based widefield FLIM achieving a readout rate of up to 98 kfps'®. Ma et al. developed high-speed compressed
sensing to record a widefield lifetime image, eliminating motion artifacts'’.

With the advancement of sensors and imaging technology, new research areas are explored. One of the major research
interests for FLIM is capturing endogenous fluorophores, and depending on the tissue composition, the fluorescence can
have multiple peak emission wavelengths. Therefore, multispectral FLIM has been investigated by several researchers.
Although there is adequate sensor technology available to observe fluorescence in a particular wavelength emission, sensor
technology lacks in monitoring multi or hyper-spectral FLIM in real-time. De Beule et al. and others developed a
hyperspectral FLIM probe setup using dispersive optics*?™*, Multi-channel plate photo-multiplier tubes (MCP-PMT),
Avalanche Photodiodes (APDs), Single Photon Avalanche Diodes (SPADs), etc. are explored with filters or delay fibers
that can observe up to only four spectral channels simultaneously in real-time'72°. However, a convenient miniaturized
solution is needed for emerging handheld applications such as real-time surgical guidance, in-vivo drug uptake monitoring,
etc.

In this paper, we propose an on-chip detector technology that can provide hyperspectral FLIM with high accuracy and

speed. APDs are commonly used in FLIM instrumentations due to their high signal-to-noise ratio and high quantum
efficiency'®!%21-22, Photon-trapping nanostructures have been demonstrated to improve the quantum efficiency, speed, and
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gain of the detectors**2%. These photon-trapping nanoholes can modulate the light-matter interaction in the photodiode
resulting in enhanced and unique responsivity of the detectors. This property is exploited with the advancement of
computational power, to perform reconstruction-based spectroscopy utilizing multiple APDs?*?’. This on-chip sensor can
be utilized as a replacement for detectors in conventional multi-spectral FLIM setups as shown in Figure 1 making it a
compact, cheaper, and mobile solution. This method allows us to observe more than 100 spectral channels simultaneously
giving us better insight into the tissue components and endogenous fluorophores. Complementing this technology with
conventional FLIM techniques, such as pulse sampling, time-correlated single photon counting, etc., a complete FLIM
instrumentation with hyperspectral imaging capabilities is possible. Furthermore, the utilization of photon-trapping
nanostructures enhances external quantum efficiency by 2-10 folds?® and improves the detector sensitivity to low light by
providing high gain (~50) at only 7.8V reverse bias voltage. Also, these devices have been demonstrated to perform up to
20 GHz bandwidth with less than 30 ps full width at half maximum (FWHM)?*. Such detector technology can open up
new advent of research in FLIM by providing multi-dimensional information about tissue components and their
environments.

2. METHODS AND PROCEDURE
2.1 Fabrication of APDs with photon-trapping structures

The APDs are fabricated on a silicon-on-insulator (SOI) wafer substrate. The doping layers were designed and epitaxially
grown by a commercial vendor. Then photon-trapping nanostructures were etched on silicon by Deep Reactive Ion Etching
(DRIE) and passivation. Afterward, the top and bottom mesa were etched, and contacts were formed. Silicon-di-oxide was
deposited using Plasma Enhanced Chemical Vapor Deposition (PECVD) to passivate the sidewalls, and then metal contact
pads were deposited using a combination of sputtering and electron beam evaporator. Details on the fabrication are
discussed in reference®.

2.2 External Quantum Efficiency and Gain Measurement

We first obtained the external quantum efficiency of the APDs from 640 nm to 1100 nm wavelength range. We used a
supercontinuum laser with an acousto-optic filter to modulate a single wavelength peak with ~2 nm FWHM to illuminate
the detector. The setup was calibrated to provide a fixed power of 10 uW over all wavelengths.

We note the photocurrents for each detector and calculate the EQE using the formula (1).

hc  Photocurrent
EQE = — X —/——
A optical power

(1

Here, h is Planck’s constant, c is the speed of light in vacuum, and A is the wavelength of light in vacuum.

Thereafter, the APDs were biased near breakdown, and the multiplication gain at bias voltage, V was measured using the
formula (2).

Photocurrent(V) — Dark Current(V)

Photocurrent(Vunity) — Dark current(Vunity)

Gain(V) = (2)

Here, Vynity is the voltage at which there is no impact ionization, thereby gain is unity. We consider reverse bias voltage,
V = -1V to be unity gain voltage as there is no significant change in the dark or photo current in its vicinity>’.

Due to the limitations of the filter range, we could not characterize the detectors in the visible wavelength range (400 nm
to 650 nm) which is more suitable for FLIM applications.

Proc. of SPIE Vol. 12853 1285304-3



50 v : . . . : : : ; 10° : = ,
Diameter - Period
— o0- 0 600- 900
—1300-1600 800-1050
——1200-3000 — 1000-1600
——1000-2000 ——1000-1300
£ —— 600-900 ——1150-2250
c 700-1700 — 700-1700
2> 5 1300-2500 — 1500-2500
tlcli : 10 1200-1800 — 800-1800 [
< o
Gk
= =
.5 g
o o
£'s
20
S$& ]
S 5 10
=
-
=
0™ ! . . . ! ! ’ 10° : ;
650 700 750 800 850 900 950 1000 1050 1100 -8 -7 -6 -5 -4 -3 -2 -1 0
Wavelength (nm) Voltage (V)

Figure 2: (a) Comparison of the External Quantum Efficiency (EQE) of several avalanche photodiodes with photon-trapping
nanoholes. The different diameter and periodicity of the nanoholes modulate the light-matter interaction enabling distinct optical
responsivity in the detectors and 2-10 fold increased absorption compared to a flat photodiode (black solid line). (inset) Micrograph
of the detectors with photon-trapping nanoholes under ambient illumination, the reflected colors from the detectors further bolster
the distinct optical properties due to the effect of nanostructures. (b) The multiplication gains of the avalanche photodiodes over
reverse bias voltage measured at 650 nm laser illumination. All of them show high gain of around 50 near breakdown voltage (7.8V).
Unity gain is considered as the voltage at which there is no impact ionization. (inset) A Scanning Electron Microscopy (SEM) image
of a detector with nanoholes. The diameter, d and periodicity, p is indicated in the image.

2.3 Reconstruction-based spectroscopy

We use a set of 16 EQE data obtained from the measurements as a baseline for detector responsivity. Then, we use
synthetically generated spectra and calculated photocurrent using the EQE data to train our computational model to learn
the behavior of the detectors. For the training sample, the peak wavelength of the spectra varied from 640 nm to 1100 nm
with FWHM varying from 40 nm to 100 nm. After the training, a linear approximation algorithm is used to determine the
unknown spectrum from its respective set of photocurrents. Details of the reconstruction algorithm are explained in
reference®.

3. RESULTS AND DISCUSSION

3.1 External Quantum Efficiencies and Multiplication Gain

The EQE of the APDs over the wavelength is shown in Figure 3(a). We observe >40% EQE at 640 nm wavelength, and
>30% EQE up to 850 nm wavelength in only 1 pum thick absorbing layer APD. Compared with the detector without
nanoholes depicted as black solid lines in Figure 2(a), we achieved an EQE enhancement of 2-6-fold in these wavelengths.
At longer wavelengths beyond 950 nm, the enhancement is greater than 10 folds. The oscillation in the responsivity curves
for detectors with holes is due to the distinctive light-guided mode formation in the silicon caused by the nanoholes. The
oscillation is more prominent in detectors with densely packed holes. The oscillations observed in the APD without
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Figure 3: (a-d) Simulated hyperspectral imaging using reconstruction-based spectrometers. The blue dashed line indicates the
original spectrum and the red solid line indicate the reconstructed spectrum. Reconstruction is performed for 40 nm full-width at
half-maximum (FWHM) in (a-b) with 100 nm and 350 nm separations respectively. It shows a decent reconstruction that can
differentiate between the two peaks present in the spectrum. Reconstruction for 80 nm FWHM in (c-d) shows almost accurate
reconstruction with less than 1% root mean squared error (RMSE) in both cases of separations.

nanohole are attributed to the vertical resonance of the light between the SOI substrate and the air. However, this resonance
phenomenon is not significant in detectors with holes. This distinct responsivity is crucial for making reconstruction-based
spectroscopy successful. The optical micrograph of the detectors further bolsters the unique nature of the responsivity with
its colorful reflections.

The multiplication gain of the APDs is plotted in Figure 2(b). We observe that most of the APD shows high gain >50 at
~7.8V reverse bias which is the breakdown voltage of the APDs. As the multiplication gain is governed by the electric
field profile of the APD, we observe no significant variation in the gain of a flat APD compared to that of an APD with
nanoholes. This posits that the electric field profile is not impacted by the etched nanoholes, provided good passivation is
done. We observe similar results in our case. Studies suggest that for longer wavelengths, nanostructures improve the
penetration depth of photon absorption, thereby improving multiplication gain in APDs**3!, But for 650 nm wavelength,
this effect is negligible as it is expected to be efficiently absorbed near the multiplication region. Furthermore, more
investigations are necessary to understand the impact of nanoholes in gain manipulation.

3.2 Reconstructed output for hyper-spectral channels

We synthetically generate test fluorescence spectra with two emission wavelength peaks. These peaks are separated by 100
nm and 350 nm and have 40 nm and 80 nm FWHM. These spectra are then fed into the trained reconstruction algorithm,
which computationally generates the reconstructed spectra with 461 spectral data points from the set of photocurrents of
the APDs as input. The generated reconstructed spectra (solid red line) are shown in Figure 3, compared with the original
test spectra (dashed blue line).
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Figure 4: (a) High-speed measurement of an APD with photon-trapping nanoholes with increasing optical power of pulsed laser at
850 nm wavelength. The corresponding (b) rise time, (c) fall time, and (d) full width half maximum (FWHM) is also plotted against
the increasing optical power. The rise time increases with increasing power, but the fall time and FWHM drops. We achieve a
corresponding 3dB bandwidth of 1 GHz in the detectors that can be used for detecting fluorescence lifetimes.

We observe that in Figure 3(a-b), the reconstruction accuracy is ~90% for FWHM of 40 nm. However, the model could
reasonably predict the two wavelength peaks (both amplitude and spectral position). For the broader spectra with FWHM
of 80 nm in Figure 3(c-d), the reconstruction accuracy was >99%. The model was able to perfectly predict the wavelength
peaks. These results suggest that for broader fluorescent signals, this model will perform perfectly, however, it may find
difficulty in reconstructing narrower fluorescent signals (FWHM <40 nm). This is expected as the model is predicting 461
spectral points from only 16 input data. One way to resolve this is by reducing the number of spectral channels or increasing
the number of unique APDs. Another way this can be resolved is by designing a set of detectors with more uniqueness in
their responsivity. Also, machine learning algorithms may be employed to achieve better results. Overall, this detector set
can provide hyperspectral information of the fluorescent signal in more than 100 spectral channels simultaneously.

To be noted, we performed this reconstruction from 640 nm to 1100 nm wavelength range as the EQE was measured in
this range. However, we expect that the EQE at shorter wavelengths such as 400 nm to 650 nm range would have more
uniqueness in the EQE spectra and would provide even better hyperspectral reconstruction.

3.3 High-speed measurement

We performed high-speed measurements on the APDs using a pulsed laser source at 850 nm wavelength as an input. The
detector response over time is shown in Figure 4. We can see in Figure 4(a) that the detector shows a sharp rise with a long
tail. Figure 4(b-d) shows the comparison of rise time, fall time, and FWHM of the impulse response with increasing optical
power. Rise time increases with the increasing optical power, this is expected as the number of photons increases, the
detector requires more time to capture them effectively. However, the fall time trend does not follow conventional trends,
which suggests there may be significant instrument-induced noise in the impulse response. The FWHM decreases with
increasing optical power, which further supports the idea of instrument-induced noise. With higher optical power, the
impact of noise is reduced. Even then, the detector exhibits a 3dB bandwidth of ~1 GHz calculated using formula (3)3?

BW,yp = (3)

rise
Where, BW;;51s the 3dB bandwidth of the photodiode, and ¢, is the rise time of the impulse response.

Note that, the bandwidth of the detector is limited by the oscilloscope used. We expect higher bandwidth as reported in
previous findings?*. Therefore, the APD is capable of high-speed acquisition of fluorescence lifetime measurements.
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4. CONCLUSION

This on-chip hyperspectral sensor has the potential to revolutionize FLIM instrumentation by miniaturizing the setup
circumventing the need for bulky optical parts, narrowband filters, or any additional elements. Furthermore, this can be
easily integrated into mobile tools allowing in-situ surgical guidance and real-time monitoring possible. The enhanced
efficiency due to photon-trapping structures improves the sensitivity of the detectors, and the gain improves the signal-to-
noise ratio enabling better performance of FLIM. Also, reconstruction-based spectroscopy allows these sensors to provide
comprehensive spectral information of the fluorescence lifetime, thus providing more accurate information about the tissue
compositions and its metabolic activity. This will open up new opportunities in research and clinical applications for FLIM
as well as help us get a deep understanding of cellular activity. We believe these sensor arrays will find their application in
disease diagnosis, tumor boundary detection, breast cancer surgery, heart pathology, etc.
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