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Abstract: We implement the first fiber-based orbital angular momentum (OAM) state highdimensional quantum key distribution protocol using four OAM modes, and demonstrate the
highest secret key rate and longest transmission distance for OAM presented to date.
OCIS codes: (060.5565) Quantum Communication; (270.5568) Quantum Cryptography; (060.0060) Fiber optics and
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1. Introduction
Quantum key distribution (QKD), a branch of Quantum Communications (QCs), provides ultimate security based on
quantum mechanics [1]. Essential challenges of most suggested QKD systems are the relatively short propagation
distances and the low transmittable bit rates. However, high-dimensional (Hi-D) quantum states, which allow
increased information capacity and higher robustness against channel noise, resulting in an increased error threshold,
can overcome these issues. The generation and control of high-dimensional quantum states is very challenging and
only a few experimental realizations have been achieved for Hi-D QKD protocols [2,3]. Using the orbital angular
momentum (OAM) of light is promising, as it provides a natural discrete Hi-D basis for quantum states [4].
However, OAM fiber transmission with more than two modes has only been used for classical communication so far
[5]. We experimentally demonstrate the first transmission of Hi-D quantum states, encoded in four OAM modes and
their superposition, over a 1.2 km long OAM fiber, by implementing a real-time decoy-state Hi-D QKD protocol,
demonstrating the highest secret key rate and the longest transmission distance presented to date.

Fig. 1. a) Setup of the experiment. Fast Mach-Zehnder Interferometer (MZI) switches, controlled by a field programmable gate array (FPGA),
allow the real-time preparation of the MUBs M0 and M1. Only a single MZI is required to separately generate the two bases (dashed edges MZI).
Note that, within each basis, the states are prepared in real-time mode. At the input of the MZI, we inject attenuated pulses, carved out of a
continuous wave (CW) laser beam at 1550 nm by an intensity modulator (IM) driven by the same FPGA. A second IM is used to implement a
three-intensity decoy-state technique for the QKD protocols. A variable optical attenuator (VOA) allows for reaching the quantum regime. The
polarization of the quantum states is prepared by a phase modulator (PM). Two different voltages are chosen to yield diagonal and anti-diagonal
polarizations at the output of the PM. Vortex plates with topological charge L=+6 and L=+7 (Q1, Q2) assign different OAM orders to the
quantum states. The quantum states are then coupled into the air-core fiber. After the fiber transmission, an OAM mode sorter is implemented to
separate even from odd modes (L=|6| and L=|7|). Two other vortex plates are used to convert from OAM to Gaussian modes. After the OAM
sorter, the quantum states are separated using their polarization. Four single photon detectors collect the events, which are registered by a timetagger unit. b) Mutually unbiased bases description. The two MUBs used for the Hi-D QKD protocol are shown. The quantum states in M0 are
called |ψi>, whereas those in M1 are called |ϕj>.
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2. Experimental results
We implement a real-time decoy state Hi-D QKD protocol. The two MUBs chosen to perform the experiment are
shown in Fig.1 b). Alice randomly switches between the two MUBs and prepares the attenuated pulses in the
different quantum states (modes). Usually, one of the two bases provides the key and the other monitors the
presence of an eavesdropper. After transmission through the OAM-fiber, Bob decides which of the two bases to
project the quantum states onto.

Fig. 2. a) Tomography measurement. The average fidelity measured over 5 minutes is 0.954 ± 0.004. The measurements were acquired with a
mean photon number value of µ= (9.9 ± 0.2) × 10-3. b) Secret key rate and QBER as a function of the channel losses. The first blue circle
represents the rate measured (left y-axis) after transmission through the 1.2 km fiber (37.43 kHz), while the others are obtained by adding further
channel losses with a VOA. The red crosses are the average QBERs measured (right y-axis) with the same procedure. The average QBER after
transmission through the 1.2 km fiber is 16.1%. All the average QBERs are below the thresholds for individual (24%) and collective (18.9%)
attacks, and this QKD system is thus valid.

Photons measured in the wrong basis will be discarded during the sifting procedure. The protocol implemented can
be considered as a BB84 with a three-intensity decoy-state method with dimensions D=4. After the transmission of
the quantum states, the error correction and the privacy amplification procedures are implemented. The experimental
setup used to perform the experiment and its description are reported in Fig.1 a). To prove the correct preparation
and detection of the quantum states we measured the quantum state tomography, obtaining a very high fidelity of
0.954 ± 0.004 (Fig.2 a). The final secret key rate is established using the methods reported in [6-7]. We measured an
average quantum bit error rate (QBER) of 14.1% in the M0 basis and 18.1% in M1. The average QBERs are below
the individual and collective attack thresholds (24% and 18.9%). The secret key rate obtained is 37.43 kbit/s
resulting in the highest key rate of OAM-QKD to date. This experiment shows, for the first time, the feasibility of
QC with twisted photons propagating through a fiber and is also the longest OAM-QKD transmission demonstrated.
a
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Abstract: A VGG-type classifier and a U-net deep neural network were used to classify and
restore the input image on a multimode fiber from the intensity only image of the speckle
pattern at the output.
OCIS codes: (200.4260) Neural networks; (060.2350) Fiber optics imaging; (100.4996)
Pattern recognition, neural networks;
1. Introduction
Deep neural networks (DNNs) have received great interest the past few years for their advances in many fields
of optics, among which in optical microscopy [1,2]. Apart from the conventional microscopes, fiber endoscopes
also offer great advantages when access confined places is needed in the current medical diagnosis and they are
less invasive than biopsy processes. Multimode fibers (MMFs) though cannot simply relay images because the
light field coupled in the fiber is distributed among the spatial modes supported by the fiber. Each fiber mode
propagates along the fiber with a different propagation constant. As a result the local phase differences that
construct the input image quickly decorrelate resulting in the formation of a speckle pattern at the output. In the
present work we show that using DNNs we can reconstruct and /or classify the fiber input from the intensityonly images of the speckle patterns [3,4]. We present the results obtained for different fiber lengths up to 1km
long MMF when the DNNs are trained in a database of handwritten digits (MNIST).
2. Methods
The laser beam of 560nm laser diode was directed on a spatial light modulator (SLM) were it was shaped on the
desired handwritten digit during the measurement. Two 4f systems were built, the first to image the SLM plane
onto the proximal fiber facet and the second to record the speckle at the distal side on the camera CCD1. A
halfwave plate and a polarizer were placed before and after the SLM respectively to change the inputs in the
fiber between phase-only modulated images and amplitude modulated images. In addition, a 2f imaging system
was placed at the proximal side to monitor the light field reflected from the SLM (CCD2). In the experiments
described in the following sections, we used a graded-index (GRIN) fiber (62.5 μm core size, 0.275 NA) that
supports approximately 4500 modes. We tested the performance of the system for fiber lengths of 10 cm, 10 m,
1 km.

Fig. 1. a) Optical setup for data acquisition, b)VGG type CNN and c) U-net type network architectures

For the data processing two types of DNNs were implemented. A VGG-type convolutional neural network
(CNN) consisting of convolutional layers in the frontend followed by fully-connected in the backend was used
for classification of the intensity speckle patterns or the reconstructed images (Fig. 1b). For the reconstruction of
the SLM input images from the recorded speckle patterns a U-net type CNN was employed. The U-net CNN
consists of convolutional layers with downsampling at the frontend and upsampling deconvolutional layer at the
backend. Additionally, skip connections that copy features from the front end to the backend were included for
inproving localization (Fig. 1c). We recorded intensity only speckle patterns of 20000 digits from which, 16000
were used for the training step of the two types of DNNs, 2000 for validation and 2000 as a test set for obtaining
the accuracy of the system.
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3. Results and Discussion
In Fig. 2, a representative example of the measurements and reconstructed outputs is presented for the digits
nine. Measurements of intensity speckles (Fig. 2a) at the distal side of the fiber were obtained for amplitude and
phase modulated input images (Fig. 2b and 2c) and for fiber lengths of 10cm, 10m and 1km. The accuracy of the
reconstruction of the input images is remarkable for all cases reaching 90% even after 1km propagation (Fig.
2d).
Table 1. Classification accuracy carried out on the
reconstructed images and the speckle pattern images
Fiber
length

0.02
0.1
10

Fig. 2. a) Amplitude and b) phase modulated inputs, c) the
speckle pattern result of input a) and d the reconstruction results.

1000

Proximal
input

Classification accuracy %
Distal speckle
Reconstructed
intensity
input

Amplitude

92.7 ± 0.5

98.1 ± 0.4

Phase

95.1 ± 0.6

98.1 ± 0.3

Amplitude

90.7 ± 0.8

97.5 ± 0.5

Phase

92.2 ± 0.7

97.5 ± 0.3

Amplitude

81.9 ± 1.6

96.5 ± 0.4

Phase

87.2 ± 0.9

96.8 ± 0.5

Amplitude

29.3 ± 5.5

69.9 ± 0.9

Phase

22.4 ± 2.2

57.0 ± 1.0

The results of the classification of the distal speckle patterns (Table 1), show that the length of the fiber affects
the ability of the DNN to differentiate the inputs. When the length increases above 10m the system becomes
more and more sensitive to temperature of mechanical fluctuations that lead in speckle drift (Fig. 3). The
intensity image of the speckle pattern for a certain SLM input changes within 2 s significantly. In the case of
1km long fiber the accuracy is ~30% which is possibly a result of random mapping between the inputs and the
speckle patterns. Better results in terms of classification were achieved when the VGG network was trained on
the reconstructed images obtained by the U-net reaching an accuracy of ~70% for the fiber length of 1km.

Fig. 3. Camera images of the speckle pattern at time point a) 0 s, b)2 s and c) the difference between a) and b), for 1km long MMF

4. Conclusions
It has been shown that image recovery and classification is successfully achieved by the DNNs from the
intensity only images of the speckle patterns at the distal fiber end. The system shows great robustness against
environmental instabilities and tolerance to deviationsof the input pattern from the patterns with which the DNN
was originally trained. The ability to obtain such results for 1km long fiber open the path for many possible
applications in fields were nonlinear propagation can not be controlled by the linear transmission models.
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Abstract: We show how reconfigurable, self-organizing grating structures can be written in siliconnitride nanophotonic waveguides, using femtosecond pulses. These gratings provide simultaneous
phase- and group-velocity matching for efficient broadband second-harmonic generation.
Overview: Nonlinear optics with ultrafast pulses is fundamentally challenging, because, in addition to phasevelocity matching, group-velocity matching is required for optimal conversion efficiency over a broad bandwidth.
Achieving both phase- and group-velocity matching is notoriously difficult, and the group-velocity mismatch is
frequently the limiting factor for nonlinear frequency conversion of femtosecond pulses. Here we show that selforganizing, reconfigurable, gratings can be formed in nanophotonic waveguides made from silicon nitride (SiN)
to provide simultaneous quasi-phase-matching (QPM) and group-velocity matching, enabling strong second
harmonic generation (SHG, see Fig. 1a).
This is a surprising result, because amorphous materials, such as silicon nitride, do not possess a bulk quadratic
susceptibility χ(2), which, according to the conventional wisdom, prevents their use for nonlinear optical processes
like SHG. However, in the 1980s [1], it was discovered that picosecond pulsed lasers could induce semipermanent, self-organized electric fields in SiO2, creating an effective χ(2) through the interaction of the electric
field with χ(3). Moreover, the direction of the electric field automatically switches with the correct periodicity for
QPM of SHG. While this technique provides a simplified method for fabricating QPM materials, the low effective
χ(2) of SiO2 limits the conversion efficiency. Recently, the concept of self-organized χ(2) has been reinvigorated
through the observation of photo-induced SHG in SiN waveguides [2,3]. These devices offer strong spatial
confinement of the light, scalable fabrication, and a higher effective χ(2). However, all previous implementations
of photo-induced SHG in both SiO2 and SiN were realized under conditions of strong group-velocity mismatch,
which limited the phase matching to a narrow bandwidth and precluded the use of femtosecond pulses.
SHG with femtosecond pulses: We generate ~200-fs, ~1560-nm pulses using a compact Er:fiber laser frequency
comb and couple approximately 40 mW (400 pJ) into 12-mm-length, 640-nm-thickness SiN waveguides that have
an SiO2 bottom-cladding but air-cladding on the top and sides. After a build-up time of a few tens of seconds, we
observe broadband SHG with ~1% total efficiency (Fig. 1c). Unlike previous studies with SiN that observed SHG
to higher order waveguide modes[2,3], we do not observe SHG from all waveguide widths that we investigate.

Figure 1. a) Interference between the fundamental and second harmonic fields of an ultrashort laser pulse in a siliconnitride (SiN) waveguide forces positive and negative charges in opposite directions. This induces a static electric field
that can persist indefinitely, creating an effective χ(2) grating for quasi-phase-matching SHG. b) SHG microscopy is used
to directly image and confirm the periodically modulated self-organized grating. c) Efficient broadband SHG is generated
in the fundamental waveguide mode due to simultaneous quasi-phase-matching and group-velocity matching. d) A
640×2000-nm waveguide cross-section modifies the effective refractive index compared to bulk SiN and allows group
velocity matching between 1560 nm and the SHG wavelength of 780 nm.
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Figure 2. a) The conversion efficiency of SHG for ultrafast laser pulses in group-velocity-matched SiN waveguides
compared to standard periodically poled lithium niobate (PPLN) waveguides. b) Experimental waveguide output
spectrum vs. input power. SHG builds up at low powers but becomes quenched when strong supercontinuum generation
is present. c) At certain waveguide input powers, simultaneous SHG and supercontinuum are generated and can provide
a simplified way to detect the offset frequency of a comb. d) The comb offset frequency is detected with high signal-tonoise ratio and can be stabilized without phase slips.

Instead, SHG is only seen from waveguides with a width near 2000 nm, where the group-velocity matching
condition for SHG to the fundamental waveguide mode is fulfilled (Fig. 1d). The SHG output spans a broad
bandwidth (~60 nm), indicating that group-velocity matching has indeed been achieved.
Observation of nonlinear gratings via SHG microscopy: To directly confirm the presence of a periodic χ(2) in
our waveguides, we employ an SHG microscope to record the first direct images of self-organized nonlinear
gratings. The microscope uses 870-nm pulses obtained from a Ti:sapphire oscillator to generate second harmonic
light, which is collected in a back-scattering geometry and directed to a photomultiplier tube with a dichroic mirror.
An automated galvo-mirror system scans the beam across the chip, orthogonal to the waveguide, to form the image
shown in Fig. 1b. While most of the SiN waveguides appear dark, the ones that exhibit strong SHG appear bright,
a result of the strong effective χ(2) induced by the semi-permanent electric field. We establish that the observed
periodicity of the self-organized χ(2) grating matches the period expected for QPM of 1560-nm SHG. Moreover,
we observe that the gratings extend for a total length of 2–6 mm (depending on the waveguide width), and that
none of the gratings exhibit any significant change in period along the length, confirming that group-velocitymatching, and not chirped QPM, is responsible for the broad-bandwidth SHG.
Conversion efficiency: Using an independent CW laser to measure the SHG conversion efficiency across the
usable bandwidth, we calculate an effective χ(2) of 0.5 pm/V, in close agreement with [2]. Compared to standard
PPLN waveguides with χ(2) = 25 pm/V and 100 µm2 mode area, our SiN waveguides should achieve better
broadband efficiency for pulse durations longer than ~30 fs, given the optimal length for each device, due to groupvelocity matching (Fig. 2a). In the future, longer SiN waveguides with a more optimized χ(2), may support nonlinear
frequency conversion of low-pulse-energy ultrafast sources, such as microresonator and electro-optic combs.
Frequency comb stabilization: Due to the favorable dispersion engineering enabled by the waveguide geometry,
it is possible to simultaneously accomplish χ(2) and χ(3) nonlinear processes in the same waveguide, enabling new
applications. For example, an anomalous dispersion profile in the waveguides at the input pulse wavelength allows
for soliton compression and spectral broadening through χ(3) interactions. If the incident power is increased to
~60 mW, broadband supercontinuum generation occurs that spectrally overlaps the second-harmonic light
(Fig. 2b). This overlap allows for detection of the laser’s carrier-envelope-offset frequency (fCEO) by directly
detecting the 780-nm light with a photodiode (Fig. 2c). We observe fCEO with a signal-to-noise ratio of ~30 dB
(Fig. 2d) and stabilize our frequency comb to the same level achievable with a conventional f–2f interferometer.
Conclusion: We have demonstrated silicon-nitride nanophotonic waveguides as a system for χ(2) nonlinear optics
with femtosecond pulses that preserves the bandwidth and pulse duration of the fundamental source due to groupvelocity matching. This ability is enabled by self-organizing nonlinear gratings that can persist indefinitely but
also can be rewritten on-demand by changing the incident optical field. As a result, this platform is poised to enable
advanced ultrafast applications, where a single chip may contain thousands of reconfigurable nonlinear optical
waveguides.
We acknowledge support from AFOSR, DARPA, NASA, NIST, and NRC. This work is a contribution of the US
government and is not subject to copyright in the USA.
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Abstract
We introduce a method for reversible engineering of
signal to noise ratio of optical waveforms and discuss its
potential for optical encryption and context-aware detection
of weak signals in noisy environments.

I. INTRODUCTION
Photonic hardware accelerators (PHAs) comprise a new
category of data processing engines, in which analog
optical pre-processing is performed preceding optical-toelectrical conversion to alleviate the burden on the
subsequent analog-to-digital conversion and digital
processing, enabling the single-shot capture of the spectra
of ultrafast signals in real time [1-3]. One implementation
of PHA, the Photonic Time Stretch, has led to the
discovery of optical rogue waves [4], the first real-time
observation of fiber soliton explosions [5] and relativistic
electron bunching in synchrotron radiation [6]. It has made
it possible to see the birth of laser modelocking [7] and
internal motion of soliton molecules [8]. Its combination
with artificial intelligence has led to label-free detection of
cancer cells in blood with record specificity [9].

tuning of each basis coefficient is a pathway towards
complex spectrotemporal operations for optical computing
[10]. Here we show that with proper design of the
dispersive element, both signal and noise powers can be
tailored. This provides an alternative and critically
valuable pathway to SNR engineering that is applicable to
wideband optical fiber communication system.
II. MATHEMATICAL ANALYSIS
In dispersive optical systems, the output photocurrent
following photodetection is described as:
1

𝑖out (𝑡) = 𝑐𝜖0 𝑛𝑟𝑑 |𝐸out (𝑡)|2 =
2

𝑐𝜖0 𝑛𝑟𝑑

′ (Ω )
4𝜋𝜏𝑔
𝑠

2
|𝐸̃in (Ω𝑠 )|

Implicit in the equation is the frequency-to-time
mapping; for an input signal with negligible chirp relative
to the added dispersion of the optical system, we have the
mapping of the envelope angular frequency Ω𝑠 = 𝜏𝑔−1 (𝑡)
to a corresponding time 𝑡, given dispersive elements with
a total group delay of 𝜏𝑔 (Ω𝑠 ). There are primarily two
effects of dispersion: a power scaling by a factor of 𝛼(𝑡) =
𝜏𝑔′ (Ω𝑠 ), and the bandwidth scaling by a factor of:
𝜇(𝑡) = Ω(𝑡)⁄max Ω𝑠 (𝑡) = 4𝜏𝑔−1 (Δ𝑇in /2)⁄𝐵PD
𝑡

Fig. 1. Warped time stretching allows for context-aware resampling
of the spectrum both to slow down fast portions of the signal, while also
SNR boosting of the weaker regions. Adapted from [11,12]

The warped time stretch is a specific class of PHAs [10].
In warped time stretch optical systems, dispersive
elements with a non-uniform group delay profile maps the
spectrum into a time in a non uniform fashion. The leads
to foveated sampling of the spectrum with a digitizer with
uniform sampling rate. Foveated time stretch causes the
samples to be concentrated in the information rich portions
of the spectrum with sparse sampling in the more uniform
spectral regions. Real-time optical data compression, via
foveated time stretch imaging, has been demonstrated with
this technique [11].
Our previous theoretical work on the warped stretch
transform provided a systematic approach to analyze the
effect of a tailored group delay dispersion profile on an
optical signal [12]. Moreover, once an appropriate basis
decomposition of group delay dispersion is introduced, the

(1)

(2)

where Ω(𝑡) is the instantaneous frequency of the original
signal prior to stretching at time 𝑡, Δ𝑇in is the input pulse
duration, and 𝐵PD is the matched photodetector bandwidth.
Tuning the dispersion profile thus enables us to modify the
signal SNR.
To capture the time dependent effects of the tailored
dispersion, we define the instantaneous SNR of the output
signal as: SNR i (𝑡) = 𝑃out (𝑡)⁄∑𝑗 𝑁𝑗 (𝑡), where the
2 (𝑡)𝑅
instantaneous input signal power 𝑃out (𝑡) = 𝑖out
and
the noise powers {𝑁𝑗 (𝑡)} are understood to be timeaveraged over a time duration equal to the time resolution
of photodetection / analog-to-digital conversion.
We thus consider the SNR output of an optical system
after warped stretch as:
SNR i (𝑡) =

2 (𝑡)
𝑖out

2 (𝑡)+𝑖 2
2
2
𝑖th
shot (𝑡)+𝑖ASE (𝑡)+𝑖𝑄 (𝑡)

(3)

where 𝑖th = √4𝑘𝐵 𝑇𝐵PD ⁄𝑅 = 4√𝑘𝐵 𝑇𝐶𝐵PD is the thermal
noise photo-current, 𝑖shot (𝑡) = √2𝑞𝑖out (𝑡)𝐵PD is the shot
noise photo-current, 𝑖ASE (𝑡) = 2√𝑟𝑑 𝑆ASE 𝑖out (𝑡)𝐵PD is the
dominant term for the ASE photocurrent, and 𝑖𝑄 (𝑡) =
‖𝑖out (𝑡) − (2𝐸𝑁𝑂𝐵 )−1 ⋅ round[2ENOB 𝑖out (𝑡)]‖ is the
quantization noise photocurrent.
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.Fig. 4. (a) Power scaling and (b) bandwidth scaling of the
instantaneous SNR. The SNR in general has three regimes: the thermal
noise-limited regime (SNR scaling by (𝛼𝜇)2 ), with the shot and ASE
noise-limited regime (SNR scaling by 𝛼𝜇), and the quantization noiselimited regime (SNR constant with input power).

Fig. 3. (a) Electric field spectrum amplitude and (b) temporal amplitude
of input test signal. (c) Group delay of dispersive element.
(d) Amplified output photocurrent in time. Note the occurrence of the
warped frequency-to-time mapping between subplots (b) and (d).

The SNR of a warped stretch optical system was
simulated, taking into thermal noise (T = 300K), shot noise
and ASE noise (amplifier gain = 5) of the photocurrent, as
well as quantization noise from digitization (ENOB = 8).
In the simulation, an optical test signal is passed through a
tailored dispersive element, then photodetected and
digitized. The input optical power was varied to
investigate the effect of the power scaling 𝛼 on the SNR.
For bandwidth scaling 𝜇, both the group delay and the
detection bandwidth of the photodetector were
simultaneously varied, such that the simulated setup
always remains at the optimal detector bandwidth.
III. RESULTS AND DISCUSSION
Fig. 2 shows the effect of scaling the input power on the
SNR of a warped stretch system. While the instantaneous
SNR is limited at high optical powers by the quantization
noise, the instantaneous SNR can be improved for weak
portions of the signal which are below this threshold. This
is achieved by a decrease of dispersion (i.e. increase in 𝛼)
in the corresponding spectral region of the input.
Meanwhile, the increase in dispersion (i.e. increase in 𝜇)
can improve the SNR by creating oversampled regimes of
fast, high power signal portions. Noisy weak signals can
thus be SNR-boosted to as long as prior knowledge exists
of the input spectrum.
The SNR can be considered in three regimes: the
thermal noise-limited regime occurs at low signal powers
and high bandwidths (where the SNR scales by (𝛼𝜇)2 ). At
moderate stretch factors, we encounter the shot and ASE
noise-limited regime (SNR scaling by 𝛼𝜇), and, finally,
the quantization noise-limited regime (where SNR is
constant with input power).
These results also show the potential for optical
encryption via dispersion; a broadband signal can be
buried under noise floor upon transmission by a designed
dispersive element which acts as the encryption key; upon
reception, the inverse dispersion can then be provided to
reproduce the optical data.

IV. CONCLUSIONS
Given a-priori knowledge of the input spectral statistics,
we have demonstrated the influence of the dispersive
element on the instantaneous SNR on a given optical input.
SNR boosting can thus be achieved via proper design of
the warped stretch dispersive element. Such dispersive
elements have applications for weak signal detection and
cybersecurity in optical telecommunications systems.
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Abstract: We propose a highly-efficient, low-loss, and polarization insensitive silicon-indium
tin oxide electro-absorption modulator. High modulation efficiency of ~3.18 dB/m and low
insertion loss of <0.3 dB are achieved in a length of 8 m.
OCIS codes: (130.3120) Integrated optics devices; (250.7360) Waveguide modulators

1. Introduction
Electro-optic (EO) modulators with compact size, large modulation depth, low insertion loss, high modulation
speed, and low energy consumption could be used to significantly boost the performance of on-chip optical
interconnection systems [1]. Recently, advanced multiplexing technologies have been proposed and demonstrated
on a single chip in order to keep up with the exponentially growing trend of link capacity of optical interconnects
[2], but advanced multiplexing will also introduce new challenges for modulators, such as dual-polarization
operation or multi-mode modulation. However, few works have been done to address these problems. Indium tin
oxide (ITO), a well-known transparent conducting oxide, has been demonstrated as an excellent EO material with
unity-order index change owing to its epsilon-near-zero (ENZ) effect which can be tuned from visible to infrared
by applying electrical bias [3]. Based upon this polarization-dependent ENZ effect, light can be strongly confined
in the ultrathin carrier accumulation layer of ITO, leading to enhanced light-matter interaction (LMI). Further
enhancement can be achieved by using plasmonic slot structure [4] by which a modulation efficiency (ME) of
2.71 dB/m was experimentally demonstrated but with relatively large loss (~0.45 dB/m). Efficient coupling
with the commonly employed silicon waveguides on-chip is also a challenge for plasmonic slot structure.
In this paper, we propose a highly-efficient, ultra-low loss, and polarization insensitive electro-absorption
modulator (EAM) with ultracompact size based on a hybrid silicon-ITO structure. By embedding an inverse Ushaped ITO layer in the silicon waveguide center and depositing a second ITO layer as the upper cladding, both
TE and TM modes reveal nearly the same ME of ~3.18 dB/m and their losses are lower than 0.02 dB/m at the
wavelength of 1.55 m, showing a polarization insensitive modulation (PIM). Moreover, this modulator can be
easily and directly connected with other integrated components on-chip and its optical bandwidth, modulation
speed and energy consumption are also calculated and estimated, respectively.
2. Device structure, operating principle, and results

Fig. 1. (a) Schematic of the proposed silicon-ITO based EAM, where the insets at the bottom are the cross section, and enlarged views
illustrating the waveguide central structure including different ITO and hafnia layers (wS=257 nm, hS=160 nm, h1=10 nm, h2=5 nm, h3=5 nm,
h4=50 nm, h5=20 nm, W=500 nm, H=250 nm). (b) Real and (c) imaginary part of the ITO permittivity versus operating wavelength for different
carrier concentrations n, where the dash lines show the required carrier concentration to make Re() approaching zero in the accumulation
layer of ITO at the wavelength of 1.55 m.

Figure 1(a) shows the 3D schematic layout of the silicon-ITO based EAM. The insets show the cross-section and
enlarged views. Compared with the previous reports [5-7], we have embedded an ITO layer in the waveguide
center to enhance LMI and optimize the dimension of this ITO to realize the PIM. In fabrication, we first form a
silicon nanowire with a width of wS=257 nm, a thickness of hS=160 nm, and a slab thickness of 20 nm on both of
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its sides using E-beam lithography and etching processes. Then HfO2/ITO/HfO2 (5 nm/10 nm/5 nm) layers are
successively deposited on the surface of the bottom silicon nanowire through magnetron sputtering or atomic layer
deposition [5]. After that, a second silicon layer is deposited and etched to form the whole silicon waveguide
structure, where its width and thickness are the same with those of the input/output waveguide (W=500 nm, H=250
nm). Finally, HfO2/ITO (5 nm/50 nm) layers are also deposited as the upper cladding to further improve the device
performance and protect the device. In addition, to reduce the metal influence of the contact on the optical mode,
the slab width (x-direction) is chosen as 1.5 m on each side. Figures 1(b) and 1(c) show the real and imaginary
part of ITO permittivity under different carrier concentrations n within the wavelength range from 1.2 to 1.9 m.
With the increase of n, Re() and Im() show opposite behaviors and the ENZ point can be achieved at the
wavelength of 1.55 m, corresponding to n=6.48×1020 cm−3. If we apply this material into our designed hybrid
embedded structure, strong LMI and PIM can be achieved simultaneously, which will be beneficial for the
compact integration, high modulation speed, and low energy consumption. Here, we choose n~1.0×1019 cm-3 and
n~6.48×1020 cm−3 of the accumulation layer of ITO as the “ON” and “OFF” states of the proposed modulator,
respectively.
To realize PIM, we analyze ME as functions of the inner dimensions of the silicon nanowire for both
polarizations as shown in Fig. 2(a). Note that PIM can be achieved under different widths and thicknesses of the
nanowire (marked by the crossing points in Fig. 2(a)) and we choose the one that can generate the highest ME
(~3.18 dB/m) as our designed dimensions. Based upon this quite high ME value, we study the transmission
features of the modulator, where its device length is only 8 m, as shown in Fig. 2(b). We observe that the
transmittance curves show a blue shift and their lowest values (“OFF” state) are reduced with the increase of n,
which are consistent with the ITO properties as shown in Figs. 1(b) and 1(c), that is, ITO ENZ point is shifted to
the shorter wavelength along with its increased imaginary part as n increases. In addition, within the whole
calculated wavelength range (700 nm), the discrepancy of modulation depth between both polarizations is lower
than 3.6 dB and the insertion loss is lower than 0.28 dB for both polarizations. Figure 2(c) shows the field evolution
patterns along the propagation direction of the designed modulator, where the dominant components of TE and
TM modes at “ON” and “OFF” states are plotted at the central plane of the modulator (y=125 nm), respectively.
Moreover, electrical properties such as 3-dB modulation bandwidth (or modulation speed) f3dB=1/(2RC) and
power consumption E=CV2/4 (only the “OFF” state consuming energy herein) of the silicon-ITO modulator are
calculated to be 8.04 GHz and 130.93 fJ/bit based on a typical parallel-plate capacitor model [8].

Fig. 2. (a) The ME of the TE and TM modes as functions of width (wS) and thickness (hS) of the inner silicon nanowire. (b) Transmission
spectra of the designed modulator under ON and OFF states for both polarizations, and (c) the corresponding field evolutions at =1.55 m.

3. Conclusion
Using embedded silicon-ITO hybrid structure, we propose a highly-efficient and low-loss EAM which can operate
at the dual polarization states in an ultracompact size. Based on enhanced light-matter interaction and optimized
waveguide structure, the modulation efficiency is greatly improved to ~3.18 dB/m with quite low loss <0.3 dB
for both polarizations. Furthermore, its optical bandwidth can cover the full communication band.
We acknowledge the support from The Hong Kong Polytechnic University (1-ZVGB), Research Grant Council of Hong Kong
(PolyU152173/17E), and the Shenzhen Science and Technology Innovation Commission (JCYJ20160331141313917).
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Abstract: Here, we report a novel method to fabricate bowtie aperture with sub-15 nm gap.
Utilizing a passive flexure stage for contact control, we present our recent lithography results
with a record 16 nm resolution (FWHM).
OCIS codes: (220.4241) Nanostructure fabrication;

In this work, we report a new fabrication method to fabricate bowtie apertures with sub-15 nm gap. By accurately
controlling the contact condition between the mask and the substrate with compliant mechanism, lithography
resolution has been improved to a record 16 nm (FWHM), which demonstrates apparent advantages over previous
reported works. This nanolithography scheme may further drive down nano-manufacturing resolution to a new
era.
The process for fabricating lithography mask with bowtie apertures is described in Figure 1a. Three islands
(200 μm × 200 μm × 20 μm) are made at the front side of the silicon wafer to help ensure contact between the
mask and the photoresist. At the center of each island, a window (100 μm ×100 μm) is opened from the backside,
in which the silicon layer is etched out and the Si3N4 film is retained to be suspended. An 80nm thick chromium
layer is deposited on the top of islands. Chromium is chosen because of its high film quality and good
compatibility with the lubricant. Then focused ion beam is used to mill bowtie apertures on the Si3N4 membrane
from the back side of the mask. Accurate dose control is critical to mill through both the Si3N4 film and the Cr
film to achieve a small gap for high resolution lithography. As shown in Figure 1b the outline dimension of the
aperture is 120 nm ×130 nm and the lateral gap size can be controlled consistently below 15 nm. For comparison,
a bowtie aperture fabricated from the front side of the mask with a gap size of about 42 nm is shown in Figure 1c.
Both the outline dimension and the lateral gap size are apparently enlarged because of the non-vertical sidewall.

Figure 1 Fabrication process of lithography mask and SEM images of the backside milling bowtie aperture and the front side milling
bowtie aperture. (a) Schematic of the fabrication process. (b,c) Tilted SEM image on the exit plane of a bowtie aperture fabricated using
the new back side milling method and a bowtie aperture milled from the front side (scale bar:100 nm)

The schematic of the near-field lithography system is shown in Figure 2. A diode-pumped solid-state (DPSS) laser
at 355 nm wavelength with linear polarization is used as the exposure source. With a 5×objective, the laser beam
is loosely focused to a 1.5 mm × 1.5 mm spot on the mask. The polarization of the laser is aligned across the gap
of the bowtie aperture. The positive photoresist (Shipley S1805) used in our experiments is spun on a quartz
substrate. The substrate is mounted on a 3-axis piezoelectric stage and the mask is held by a passive flexure stage,
which is designed using compliant mechanism1,2 to maintain intimate contact between mask and substrate. The
surface quality of the mask and the substrate is critical for good contact. By AFM characterization, the roughness
of the photoresist is better than 2 nm and the flatness of the Cr film is better than 3 nm over the 200 μm × 200 μm
island. An electrical switcher is used to accurately control the exposure dose.
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Figure 2 Schematic of the near-field optical lithography system. (a) Schematic drawing of the near-field optical lithography system.
(b) Schematic drawing of the front side of the mask.

Gap size of the bowtie aperture decides its near-field localization. To evaluate the influence of gap size on
lithography performance, we fabricate four bowtie apertures with different gap size by simply changing ion scan
passes while fixing the ion dwell time on a single pixel (Figure 3 left part). As shown in Figure 3b, the lithography
results demonstrate that larger gap size leads to bigger lithography hole. In Figure 3c, we plot the achievable
resolution of bowtie apertures with different gap size as a function of patterning depth using the numerical method
described before. The experimental results are also presented in the figure, which agree well with the analytical
results. As a conclusion, the bowtie aperture with smaller gap size can achieve higher lithography resolution.
Figure 3(e) shows a pattern ‘USTC’ produced using our NSOL system. AFM scanning gives a record 12 nm
lithography resolution (FWHM) at a scan speed of 0.2 μm s−1 , as shown in figures 3(f) and (c). Deconvolution of
the measured trench profile with the geometric model of the AFM tip (Arrow-NCR from Nanosensors with a
nominal tip radius of 10 nm) gives a FWHM value of 16 nm.

Figure 3 Lithography results of two kinds of bowtie apertures. (a) SEM of the two kinds of bowtie apertures with their lateral gap
size indicated for comparison. (b) AFM image of lithography results of the array. (c) Zoomed-in scan of the lower right hole. (d) Cross
section profile of the hole in (c) in x direction. (e)AFM image of a pattern produced by NSOL. f) Zoomed-in image of the line at the
lower part of the character ‘T’. (g) Crosssectional profile of the line.
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Abstract: We demonstrate Bragg soliton dynamics on CMOS-compatible platform for the first time.
We provide complete time-resolved measurements of record high-order soliton compression and show
third-order dispersion induced fission in an ultra-silicon-rich nitride cladding-modulated Bragg grating.
OCIS codes:190.4390 Nonlinear optics, integrated optics;190.5530 Pulse propagation and temporal solitons;350.2770 Gratings.

1. Introduction
Optical solitons in nonlinear, periodic media has been studied extensively for many decades [1-4]. In one-dimensional
photonic crystals (Bragg gratings), Bragg solitons occur due to the negative dispersion in combination with the optical
nonlinearity to produce soliton dynamics: dispersionless propagation, higher-order soliton compression, and soliton
fission break-up. First observations of Bragg solitons, using interferometrically written Bragg gratings in optical fibers,
were reported over 20 years ago [3]. In 2014, advancements in Complementary Metal-Oxide-Semiconductor (CMOS)compatible fabrication processes enabled demonstrations of temporal soliton compression by a factor of 2.3 in dispersionengineered slow-light silicon Photonic Crystal Waveguides [4]. However, two-photon absorption (TPA) and free-carrier
effects inherent to silicon at 1.5-micron wavelength limited the compression ratio and soliton dynamics. Temporal solitons
have been observed in TPA-free GaInP PhCWgs, which are however, not CMOS-compatible [5].
We demonstrate Bragg soliton dynamics for the first time on a CMOS-compatible platform. Our results are enabled
by ultra-silicon-rich nitride (USRN) platform possessing negligible nonlinear loss and large nonlinear and linear refractive
index. High quality apodized Cladding-Modulated Bragg Gratings (CMBGs) provide the anomalous dispersion required
for observation of high-order soliton dynamics [6]. We report Bragg soliton compression with a record compression factor
of 4, and the first time-resolved observation of soliton fission in a CMOS-compatible platform.
2. Experiment and Results
USRN is a compositionally engineered CMOS-compatible platform possessing sufficiently large bandgap (2.1 eV) to
eliminate TPA at 1.55μm. The large Kerr nonlinearity (n2=2.8×10-13 cm2W-1) inherent to the material is attributed to the
silicon-rich content, with the USRN film possessing a composition of Si7N3. Details on fabrication process of USRN films
and waveguides were reported elsewhere [7].

Fig. 1. (a) Grating transmission (black solid) and input pulse spectrum (red dashed), inset shows the schematic of the CMBG with its parameters
denoted: pitch (Λ=339 nm), gaps (G1 =50 nm & G2 =150 nm), apodization length (AL=600 µm), and grating length Lg =1 cm, as well as the scanning
electron micrograph of the fabricated device before cladding deposition. (b) Periodic evolution of N=3 soliton propagation where TOD effects are
absent along two soliton periods z0=21.2 mm in time domain. (c) N=3 soliton propagation with TOD perturbation resulting in soliton fission. (d-f)
Measured (solid) and simulated (dashed) temporal intensity (left horizontal axes) and phase (right horizontal axes) of pulses. (d) Gaussian input pulse
used in the experiments and simulations, having FWHM of 5.15 ps. (e) Measured and simulated soliton compression and (f) pulse break-up.
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CMBGs provide wide flexibility for achieving complex gratings, due to their tunable parameters such as pillar radius,
gap, and grating pitch. Apodization is achieved by varying the distance between pillar and waveguide (Fig. 1(a) inset)
such that sensitivity to fabrication errors, spectral sidelobes and insertion losses are minimized [6]. The transmission and
the source spectra used to observe the Bragg solitons are shown in Fig. 1 (a). Using an interferometric method, we
measured the group velocity dispersion (GVD) β2 =-0.71 ps2/mm, third-order dispersion (TOD) β3 =0.75 ps3/mm, and
fourth-order dispersion (FOD) β4 =-0.3 ps4/mm at λ=1550 nm, which yield dispersion lengths LD2 =13.5 mm, LD3 =39.5
mm and LD4=3.1 m. Dispersion lengths are given by 𝐿𝐷𝑥 = 𝑇0𝑥 ⁄𝛽𝑥 , where x denotes the order of dispersion, and they
reassure us that GVD and TOD are significant whereas FOD is of minor importance.
To observe the high-order soliton dynamics in CMBGs, 5.15 ps pulses are coupled into the gratings. For complete
time-resolved characterization of the picosecond pulses, we used frequency-resolved electrical gating (FREG) to retrieve
the temporal shape and the phase of the ultra-short pulses [4]. To confirm our measurements and investigate the cause of
pulse splitting, we modeled the grating response using the generalized nonlinear Schrödinger equation (GNLSE) given in
Ref. 8 equation (2.3.44) via the split-step Fourier method [8].
In modelling, we considered the effect of linear loss (α=13.5 dB/cm), dispersion (β2, β3, and β4), self-steepening and
effective nonlinearity (γeff). Nonlinear losses are negligible at optical intensities up to 50 GW/cm2 for USRN platform [7],
significantly larger than the power used here. 𝛾𝑒𝑓𝑓 symbolizes the effective nonlinear parameter and calculated as 𝛾𝑒𝑓𝑓 =
2

(𝑛𝑔 ⁄𝑛𝑜 ) × (ω0 𝑛2⁄𝜆 𝐴𝑒𝑓𝑓 ), where Aeff=0.25×10-8 cm2 is the effective area, ω0 is the frequency of the pulse, ng=5.3 is
the group index and no=3.1 is the refractive index of the material.
For a clear demonstration of the physical phenomena behind the pulse splitting, we carried out simulations with powers
that correspond to N=3. The soliton period can be calculated exactly as z0=LD×π/2=21.2 mm when N is an integer number
[9]. Fig. 1 (b) shows the periodic evolution of the breathers where only the effects of GVD and SPM are considered.
Where TOD is nonzero, the periodicity of soliton evolution breaks as seen in Fig. 1 (c), since the constituent fundamental
solitons move at different speeds due to TOD. This process, referred as soliton fission, occurs due to TOD perturbation
[8]. There exists a threshold β0 for TOD to break the symmetry of the propagating pulses and initiate the fission of highorder solitons. This value is given by β=β3/6β2T0 and is 0.057 for our CMBG. For conditions leading to N=3, we are above
the threshold value of β required to initiate solution fission. Since β0 decreases rapidly with increasing N, it follows that
the pulse splitting observed for N = 11.4 is a result of soliton fission occurring [10]. In addition to this, our grating length
is longer than the fission length Lfiss ≈ LD / N = 1.2 mm [9].
The input pulse used in the experiments, generated by our source setup of mode-locked laser, pulse shaper and EDFA,
is shown in Fig. 1 (d). The Fig. 1 (e) shows strong high-order soliton compression with a record factor of 4, and Fig. 2 (f)
shows pulse break-up due to TOD-induced soliton fission. The flat phase at the central regions of the pulses as well as
the intensities in our time-resolved measurements and simulations agree for both the ×4 compressed pulse (N=5.4) and
soliton fission (N=11.4). Considering the inherent uncertainties of high-power measurements and complexity of higher
order soliton evolution, we achieve very good agreement between modelling and our time-resolved measurements.
3. Conclusions
We demonstrate record high-order soliton compression, and the first time-resolved observation of soliton fission on a
CMOS-compatible platform. We inspect the source of fission by solving GNLSE and conclude that the pulse break-up in
the higher-order soliton regime is due to TOD. Our results, enabled by the interplay of the anomalous dispersion inherent
at the band edge of CMBGs and the large “pure” nonlinearity of the USRN platform, open up promising prospects for
photonic integration of compact on-chip supercontinuum generation sources, femtosecond pulse generation and solitonbased information processing.
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Abstract: We demonstrate the first dysprosium mode-locked laser: the longest wavelength
and most widely tunable mode-locked fiber laser to date. Picosecond pulses are generated by a
novel frequency-shifted feedback mechanism using an intracavity acousto-optic tunable filter.
OCIS codes: (140.3510) Lasers, fiber; (140.4050) Mode-locked lasers; (140.3070) Infrared and far-infrared lasers;

1.

Introduction

The development of femtosecond and picosecond pulse sources in the near-IR (λ ∼ 0.8–2.5 µm) has been a key
enabling technology to a vast array of important applications, spanning research, medicine and industry. There are
currently exciting opportunities for further transformative applications in the longer wavelength mid-IR region—e.g.
precision spectroscopy, breath analysis and polymer processing based on strong molecular absorption features here—
although this is currently held back by a lack of compact, high-performance mid-IR sources [1]. Despite significant
recent progress using fluoride fibers doped with erbium and holmium, combined with semiconductor saturable absorbers (SAs) or nonlinear polarization evolution designs (NPE, employing magneto-optic isolators) to generate pulses
at λ ∼ 2.7–2.9 µm [2, 3], moving to longer wavelengths is a significant challenge due to material limitations. For example, 3 µm is approaching the band edge of indium-based SA materials and a lack of mid-IR compatible materials
with high Verdet constant limits availability of low-loss isolators required for NPE-mode-locked ring lasers.
Here, we finally break the long-standing 3 µm barrier for mode-locked fiber laser technology by combining recently
developed dysprosium (Dy)-doped fluoride fiber with a novel frequency shifted feedback (FSF) mechanism. Dy is a
promising mid-IR ion, which has enabled lasing from 2.8 to 3.4 µm [4] with efficiencies exceeding 70% through
in-band pumping [5], and even emission beyond 4 µm [6], but has never been considered for pulse generation. To
overcome the lack of suitable SAs and low-loss magneto-optic components beyond 3 µm, we exploit a FSF technique
that despite initial interest in the early days of pulsed fiber lasers [7,8], is currently understudied. Briefly, an intracavity
frequency shifter monotonically shifts the wavelength of cavity light each round-trip (eventually pushing it outside
the passband of an included bandpass filter), inhibiting the build-up of longitudinal mode structure and CW lasing;
however, in the presence of Kerr nonlinearity, spectral components can be replenished (balancing the frequency shift
effect) by self-phase modulation (SPM) of high-intensity light. By making it energetically favorable for high-intensity
light, and noting that SPM-generated light is phase-coherent, a pulsed self-starting operating state is achieved [8].
2.

Laser Design and Frequency Shifted Feedback Dynamics

We employ a linear cavity (Fig. 1a) including 2 m single-clad 0.2 mol% Dy:ZBLAN fiber with 12.5 µm core diameter
and 0.16 NA, pumped at 2.83 µm by an Er:ZBLAN fiber laser. A dichroic mirror is butt-coupled at the input facet and
an external cavity at the distal end comprises an acousto-optic tunable filter (AOTF), where the 1st order diffracted
beam is resonated and the 0th order is the output. The AOTF diffraction efficiency and frequency (which sets the filter
wavelength) are electronically tunable, with no moving parts. Numerical modeling is performed (based on generalized
nonlinear Schrödinger equations, as described in Ref. [9]) to elucidate pulse formation seeded from shot noise through
FSF dynamics. Results with an 18.1 MHz AOTF shift (corresponding to 3.1 µm filter wavelength) show the initial
field build-up corresponding to temporal noise, followed by a steady shift in wavelength due to the cavity frequency
shift, and finally, the growth of nonlinearly seeded (phase coherent) light to replenish shifted spectral components,
forming a steady-state, corresponding to a 37 ps pulse and asymmetric spectrum (Fig. 1b).
3.

Experimental Results and Discussion

The laser setup is constructed experimentally, with 18.1 MHz 1.2W RF power applied to the AOTF to maximize
the cavity output power. At ∼0.5 W pump power, self-starting mode-locking is observed, generating a stable pulse
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Fig. 1. (a) Dy:ZBLAN FSF laser cavity; (b) simulated pulse build-up from noise; (c) experimental
mode-locked spectrum and (d) autocorrelation trace; (e) tunable mode-locked spectra.
train at the fundamental repetition rate of the cavity. Remarkably, the output spectrum (Fig. 1c) shows the same
characteristic features as numerical simulations: similar bandwidth with strong asymmetry, including a noticeable
‘shoulder’ (which physically relates to the steady-state energy distribution). Using an intensity autocorrelator, the
pulse duration is estimated to be ∼33 ps (Fig. 1d), although we note that the nature of autocorrelation measurements
cannot provide the exact pulse shape (e.g. slight asymmetry is expected from the modeling). Pulse stability is excellent
with an analysis of the RF spectrum revealing >60 dB signal-to-noise contrast. Stable operation is maintained for up to
750 mW pump power, with a slope efficiency of 40% and maximum average output power of 120 mW, corresponding
to a high 2.7 nJ pulse energy. By electronically varying the RF drive frequency, the laser wavelength can be tuned from
2.97 to 3.30 µm, with stable picosecond pulsation observed at every wavelength (Fig. 1e). This significantly exceeds
the current pulsed fiber laser state-of-the-art of 200 nm maximum tunability [10] and 2.9 µm longest wavelength [2].
4.

Conclusion

By taking advantage of the unique spectroscopic features of dysprosium-doped fluoride glass, we have developed a
versatile electronically tunable mid-IR picosecond pulse source, offering unprecedented spectral coverage. Frequency
shifted feedback has also been shown to be a promising technique to overcome current limitations of mid-IR materials
for pulse generation, supported by numerical modeling to reveal new insights into the pulse formation process. Work is
ongoing to achieve shorter pulse durations and to apply this novel source for practical mid-IR gas-sensing applications.
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Abstract: In this paper, high-resolution and accurate imaging and mosaicing techniques for
laser micro-fabrication target are described. The effectiveness of methods are validated for
capturing 0.5 μm/pixel images and mosaicing with featureless patterned images.
OCIS codes: (100.4145) Motion, hyperspectral image processing; (110.1085) Adaptive imaging; (350.3390) Laser
materials processing; (350.3950) Micro-optics.

1. Introduction
In these days, micro fabrication becomes more popular because of miniaturization and densification of
devices. Particularly, in manufacturing industry, probe card with arrayed tiny holes processed by femto-second
laser becomes popular for semiconductor inspection. At the same time, importance of accurate and highresolution optical shape measuring of micro-fabricated object is increasing in order to detect processing defects
and dust for verification of necessity of re-processing. To obtain high-resolution image of certain target area, it
is necessary to prepare multiple cameras or movable parts to change the angle of view. Using movable part has
much advantage on cost; however, moving speed of typical systems are relatively slow because even if small
movement cause motion blur during camera exposure time. Moreover, mosaicing of dividedly taken images is
necessary to detect location of defects and dusts for re-processing and cleaning. However, especially arrayed
patter on the target does not have feature to differentiate each other for mosaicing, hence it is necessary to
consider about additional feature.
Therefore, in this paper, we introduce measuring system for a moving micro-fabricated object with a highspeed vision and a galvanometer mirror. We conducted experiment with the proposed system and captured blurless images of a 20mm/s moving drilled silicon nitride sheet having holes of about 40μm in diameter are latticeshaped at a pitch of 60μm. Additionally, we propose a simple technique to reconstruct a mosaic image using
relatively featureless sub-images of the specimen based on small and subtle imperfections on the surface of the
specimen.
2. Motion-blur compensated imaging for laser micro-fabrication
We developed imaging system for moving micro-fabricated target [1]. Our imaging set-up consists of three
major components: camera; movable stage; and movable mirror as shown in Fig. 1. The camera focus is fixed
while the stage holding the specimen moves along the horizontal (+x) direction. The mirror compensates for the
movement of the specimen to allow the camera to take several (around 30 images in a row in this time) high
resolution (4k×1k pixels) images of various portions of the specimen (See Fig. 2). Then the stage shifts in the ydirection and then moves in the opposite (-x) direction to cover a different strip. The process is repeated until all
the portions of the specimen are captured, about 400 images in total. However, to be simplified hardware setup,
the control of entire system is based on feedforward control without location and speed feedback, hence the
movement distance at each exposure has variation. Moreover, during the motion of x-direction, there is
displacement of y-direction because of imperfect angle of specimen installation onto the stage and stage
vibration. To apply for flexible situation, we aim to solve the problem by image processing using matching
technique described in following chapter.
During exposure of camera

Mirror
High-speed
camera
Stage

Returning motion

Fig 3 Concept of motion-blur compensation.

Fig 2 A set of images 4k×1k pixels each, covering part of
horizontal strip of the specimen.
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3. Mosaicing images using digital image cross-correlation
As a mosaicing method, Digital Image Correlation and Tracking (DICT) has been used to employ tracking and
image registration techniques [2]. Accurate surface morphology measurements using DICT depends on highresolution images with high-contrast features on the test specimen. Consequently, the images are reconstructed
into a full mosaic image of the specimen by cross-matching the pseudo-random surface patterns inherent on the
images. However, specimens with no unique feature or pattern by design introduce difficulty in cross-matching
the images to create the full mosaic image. One commercial solution is to deliberately apply speckle patterns for
DICT using micro speckle stamping [3]. However, this solution is relatively complex and expensive for our
purpose. On the other hand, the accuracy of laser processing has imperfection such as chipped hole always more
or less in micro-scale as shown in Fig. 3. Each laser processing unit has error rate, hence the acceptable error as
a product can be found in high-resolution image. Moreover, after processing, dusts from processed part and
human artifact such as stain also can be found. These imperfections accumulated on the surface of the specimen
are used as features for matching images. This represents our concept has possibility to detect fatigues during
mosaicing, and re-processing or cleaning can be started immediately.
As image processing algorithm, the redundant images (i.e. those consecutive images with large overlap) are
removed and only useful images are retained by using some threshold of the normalized histogram (See Fig 4).
The remaining images for each horizontal strip are then formed into one group. For each image in the group, the
gradient is computed to increase the contrast. As illustrated in Fig. 5, a template is created by cropping a single
300×500 pixels sub-image from the original image where the imperfection is located. Then reference image is
cross-matched with the succeeding image using cross-correlation. Consequently, the image is concatenated after
shifting one by one relative to the reference image to create a “sub-mosaic” image. The process is repeated for
each sub-mosaic to create the full mosaic image of the specimen.
The full mosaic image of the specimen is shown in Fig 3. Creating all sub-mosaic takes about 1 minute when
run in parallel using Intel(R) Core(TM) i7-6700K CPU @ 4.00GHz with 24GB RAM which is optimum for our
purpose. Our set-up requires no special lighting and in many cases the natural surface of the structure or
component has sufficient image texture for DICT to work without the need for any special surface preparation.
We note, however, that oftentimes using the wrong template with non-unique feature points yields
erroneously large cross-correlation shifts that confused the algorithm to match the patterns elsewhere in the
sample. We also note that excessive accumulation of dust and other particles on the sample, while advantageous.

Fig 3 The full mosaic image (7k×4k pixels). The isolated dark
portions on the sample are surface imperfections caused by dust.

Fig 4 A group of image determined by using a threshold of the
normalized histogram.

Fig 5 Simple filtering method to increase the contrast of the image by subtracting the gradient of the blurred image from the original.
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