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ABSTRACT

Sensors Unlimited, Inc. (SUI), a Raytheon Technologies company, presents additions to its photo-detector portfolio
enabled by recent advancements in its on-site foundry capabilities. SUI has historically offered 1-D arrays of lattice-
mismatched InGaAs/InP detectors alongside its lattice-matched 1-D and 2-D arrays. The use of lattice-mismatched
InGaAs expands its wavelength response into the extended short-wave infrared (eSWIR) region between 1.7 um and
2.6 umiR - SUI demonstrates herein the fabrication and testing of new 2-D eSWIR focal plane arrays (FPAs) for
laser spot tracking applications, making use of its existing 640 x 512 format, 15 um pitch, multi-mode readout
integrated circuits (ROICs) and camera electronicst®l. Sample imagery and relevant spot-tracking performance metrics
are discussed. Recent detector development also includes the design, processing, packaging, and testing of novel,
small-pitch, SWIR avalanche photodiodes (APDs). Both Geiger and linear mode device data are presented in
comparison to results predicted by TCAD simulationstl. Parameters including noise, sensitivity, and response time
are examined in the context of suitability for remote sensing and laser spot-tracking applications where long-range
capability is prioritized. Pathways to integration of the new eSWIR arrays and the small-pitch SWIR APDs into larger
imaging and/or laser tracking systems are explored.

INTRODUCTION

LIDAR (Light Detection and Ranging) has traditionally been used for long-range measurement applications in which
accuracies of a meters or millimeters are needed®. The performance of the laser-based pulsed time-of-flight (TOF)
range finding technique has improved during the last few years, and many new applications have opened for this
method, giving new life to a well-known technology.

The noncontact operating principle, high speed measurements, sufficient resolution and millimeter accuracy when
measuring distances from natural targets at long distances away, make it possible to use diode laser-based pulsed TOF
rangefinders in military and civilian applications.

Short-wave infrared (SWIR) FPAs have demonstrated in-pixel multi-modal capabilities!® 7 €. One such mode of
operation is range finding or time-of-flight. High resolution range finding is increasingly becoming vital functionality
in high precision targeting systems. The precision and accuracy of range-to-target information is an essential
performance parameter of these systems. With the recent advances in LADAR (Laser Detection and Ranging)
technology and sensors, range measurement accuracies as small as a centimeter have become realizable. These
tracking systems are designed for long-range applications in an outdoor environment. Recent advancements include
the introduction of eSWIR P-i-N detectors®! to enable detection capabilities at wavelengths out to 2.5 microns, and
the incorporation of avalanche photodiodes®*Y (APDs), which offer additional sensitivity for long range
improvement.

This paper presents the 2-D SWIR and eSWIR FPA sensor based MMT camera for accurate pulse detection, tracking,
and TOF range finding technique on each pixel of the FPA. Preliminary simulation results of an eSWIR APD are
presented as an initial step toward the next generation of multi-mode tracking (MMT) products.
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Significant progress in SWIR multi-mode pulse tracking technology includes innovation in fast pulse tracking, higher
sensitivity, simultaneous multi-pulse detection & tracking, novel algorithms to accurately predict the range with high
resolution and high precision and longer range and having an internal gain sensor pixel using APD technology. In
addition, recent developments include pulse detection, decoding, and tracking at extended SWIR wavelength (2.0 um)
for covert and highly sensitive military applications. SUI’s multi-mode tracking (MMT) technology can track moving
targets under challenging conditions where a single-mode system will fail. The algorithm-based back-end processing
included in SUI’s MMT technology can adjust to changes in the environment such as varying light conditions, weather
(fog, rain), and countermeasures to maintain maximum detection and tracking performance. MMT’s versatility has
made it a preferred choice for applications like border security, surveillance, and industrial automation, where robust
and adaptable solutions are critical.

SUI’s MMT technology has undergone significant transformations since its inception. Each new version introduced
substantial improvements in detection range, resolution, and power efficiency, aligning with the evolving needs of the
market. Developmental milestones of SUI’s MMT technology are listed in Table 1.

Year Version Features

2017 MMT v1.0 Low-noise NIR-SWIR imaging and Iaserrf)il:(!f]e] detection at every pixel [640x512,15 pm
2019 MMT v2.0 Lower SWaP; embedded LRF receiver [1280x1024, 12 um pitch]

2021 MMT v3.0 Lower SWaP [640x512, 15 um pitch]

2024 MMT v4.0 High-resolution [<10 cm] ToF at every pixel [640x512, 15 um pitch]

2026 | MMT eSWIR 640x512, 15 pm pitch, 2.2 um cut-off wavelength

2027 MMT v5.0 Up to 2kx2k, 10 pm pitch, ToF at every pixel, long range [>3km], high resolution

Table 1. MMT technology development milestones

A summary of SUI’s next generation of SWIR/eSWIR, long-range, high-resolution pulse detection and tracking sensor
technology under development is given in Table 2:

Mode/Feature SUI SWIR Next-Gen State-of-the-Art

Pixel Pitch <10 pum 10-12 pm
Imaging Frame >120 FPS 60-120 FPS
Rate
Dynamic Range >1900:1 ~1000:1
Noise Level <10 e- 5-10 e-
ALPD Frame <50 kHz 10-20 kHz
Rate
ALPD <1000 e- ~1500-3000 e-
Sensitivity
el L5 <l cm ~2-5cm
Accuracy
ToF Range >3000 m <250 m

Table 2. Pulse detection and tracking development.
SWIR Avalanche Photodiode and Excess Noise Factor

InP-based avalanche photodiodes (APDs) are attractive for use in laser range finding and tracking, photon detection,
and low light level imaging applications due to their internal gain. Their sensitivity is ultimately limited by
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multiplication noise due to the inherent statistical nature of the avalanche gain mechanism. For many years extensive
work has been undertaken to reduce their noise by using engineered multiplication layers that exploit the non-local
impact ionization effect!*2-1151, A common figure of merit when comparing noise performance of APDs is the effective
carrier impact ionization ratio (k). Mclntyre was the first to use this figure in 1966 when relating the excess noise
factor (F) and gain (G) [*®1 and is based on the statistics of the probabilities of carriers gaining and losing energy subject
to high electric fields.

In this paper we use a TCAD model to estimate the excess noise factor and gain and compare the simulated results
and with the measured performance results on APDs with a multiplication layer design. This analytical model includes
the cases where photons are absorbed in the avalanche region and accurately estimating excess noise factor depending
on the absorption profile and the hole-to-electron ionization coefficient (k).

Mclntyre ['8] derived the expression relating G and F through k:
F=k-G+(1-k)-(2-1/G) (D)
where K is the effective ionization rate ratio of holes and electrons.
The gain is defined as:
G =1, 2

where It is the total photocurrent in the APD given by the difference between the total current in the APD under
illumination, and the total current in the APD under dark conditions. Ip, the primary photocurrent, is given by the
expression:

lb=q P .1/ (h-c) 3)

where q is the electronic charge, P is the power of optical illumination, 7 is the quantum efficiency, A is the wavelength
of illumination, h is the Planck constant, and c is the speed of light. I is also the value of I+ when the APD gain is
unity. For APD design with separate absorption and multiplication layer heterostructures, it may be difficult to identify
the unity-gain point in I versus voltage characteristics, making the determination of I, inaccurate. Sometimes, this
value is inferred based on measurements of p-i-n photodiodes with similar layer structures or on the value of optical
absorption lengths previously published with assumptions of optical transmission through anti-reflective coatings and
different layers of semiconductor materialsi*1I8], However, due to uncertainties in layer thicknesses and compositions,
each of these methods introduces substantial error in determining the gain. While equation (1) agrees well with the
characteristics of conventional APDs with thick multiplication layers, it may not account for non-local effects in the
multiplication layer of InGaAs-InP based APDsI'A*®l, For APDs made with materials with significant non-local
effects in the multiplication layer, the relation more closely follows the expression:

F = kn -G+(1 - ko) (4)

where ki is not the same as k in equation (1), but is a similar indirect figure of merit reflective of the noise performance
for APDs[) 19211 A Monte-Carlo model results suggest that in these types of APDs the gain distribution function
follows a log-normal relationship™®l.

One of the features of equation (4) is that it allows the determination of a value for |, directly, without the need for
estimates of quantum efficiency. Combining equation (4) and the equation for excess noise in an APD

izn/B:Z'q'Ip'Gz'F (5)

where i2n/B is the noise spectral density, we get the expression
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%0/(2- B 12%) =q - kn- Ir/(I%) + 0 - (1= kn)/(Iy) (6)

Thus, from noise spectral density and photocurrent measurements we can plot the left-hand side of equation (6) versus
I+ and obtain a linear characteristic with slope

A =g ki/(1%) (7)
and intercept
BZQ' (1—kn)/|p (8)

From (7) and (8) and the quadratic formula one can estimate the values of Ip, kn, and subsequently values of G, F and
n.

EXPERIMENTAL APD RESULTS

The noise and photocurrent characteristics of InP/InGaAs SWIR APD’s with a separate absorption, gain, charge and
multiplication layer (SAGCM) epitaxial structure are measured and analyzed. The epitaxial structure and fabrication
processes are described elsewhere 22231 A schematic cross section of a SWIR APD design is shown in Figure. 1. As
shown in Figure 1, the InGaAsP transition layer, the InGaAs absorption layers, and the InP multiplication layer are
grown on an InP substrate. To minimize dark current from tunneling, the electric field in the InGaAs absorption layer
is kept to less than 150 kV/cm using a thin InP charge layer. A thick, unintentionally doped InP layer is used to reduce
the capacitance of the device, while the InGaAsP transition layer eases the transport of holes from the InGaAs
absorption layer to the InP multiplication layer. These layers are grown using Metal Organic Chemical Vapor
Deposition (MOCVD). The grown wafers are passivated using a plasma enhanced chemical vapor deposited (PECVD)
SisNg4 dielectric layer. A ‘p+’ n junction is formed through a diffusion opening in the SisN4 dielectric layer and the
depth is controlled through a diffusion process. Metal contacts are then deposited on the anodes and cathodes of the
diodes. The metal on the top side also acts as a reflector for the light propagating through the absorption layer for
backside-illuminated devices. An antireflective coating is deposited on the polished backside of the wafer.

Figure 1. Schematic cross-section of backside-illuminated InP/InGaAs avalanche photodiode.
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Figure 2 shows the measured and simulated dark and photo current results of the device design shown in Figure 1. As
shown Figure 2, the punchthrough voltage is approximately > 7 V and the breakdown voltage is > 35 V. The measured
results confirm the simulation results.

Reverse Bias Voltage (V)

(a). Measurement results (b). Simulation results
Figure 2: Simulated and measured dark and photo current of InP/InGaAs APD

Figure 3 is a schematic test setup to measure dark current, photocurrent, and noise measurement. A stable 1550 nm
single-mode, fiber-coupled pulsed laser with varying frequency is used as the optical source. The other end of the fiber
is manipulated to align with the active area of the avalanche photodiode. One electrode of the photodiode is connected
to a Keithley 2400 source measurement unit to provide the bias and measure the dc current in the photodiode. The
other electrode is connected to the input of a low noise oscilloscope. Fast Fourier transforms are performed
sequentially on many traces from the oscilloscope and averaged to get a stable and repeatable noise power spectrum.

For the APDs, the noise spectral densities and dc currents are measured as the bias voltage is varied. Measurements
are made in both illuminated and dark conditions alternately at each bias voltage. The noise spectral density of the
APD due to incident illumination is determined by calculating the difference between noise measured under
illumination and noise measured while in the dark, like how the photocurrent is the difference between the measured
currents under illumination and dark conditions. The photodiodes selected are of high quality such that the noise
measured in the dark is much smaller than while illuminated.

Figure 3: Measurement setup used to measure photodiode photocurrent and noise Vs. bias voltage
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Figure 4(a) shows the simulated excess noise factor of electrons and holes in the InP/InGaAs SWIR APD device. As
seen in Figure 4, the excess noise factor in the linear mode region of the APD is less than 2 below the breakdown
voltage, and in the Geiger mode the noise factor increases exponentially with the gain. Figure 4 (b) shows the measured
excess noise factor using the power spectral density measurement method explained above and the results show that
the excess noise factor is less than 2 in linear mode and increases exponentially beyond the breakdown voltage as
predicted from the simulations. Lower excess noise factor enables longer range spot detection and tracking and
increases the range resolution.

(a) Simulation results (b) Measured results
Figure 4: Simulation and measured results of excess noise factor in SWIR APD

ToF-related Measurements using MMT v4.0 Sensors

Each pixel of the MMT v4.0 sensor supports three distinct modes of operation: low-noise passive imaging,
asynchronous laser pulse detection (ALPD), ToF, as well as combinations thereof. Each mode is largely configurable
independent of the other modes. For example, in standard MMT mode, the pulse readout path is operated, controlled,
and configured almost fully independently from the imaging readout path. The pulse detection readout occurs in a
rolling shutter fashion while the imaging channel utilizes a global shutter asynchronous from the pulse variant.
Moreover, the pulse detection and imaging data are outputted through a separate, distinct output ports. It is also
possible to operate the imaging readout without using the pulse readout, and vice versa. In standard ToF mode, both
the imaging and ToF readouts are enabled; however, contrary to standard MMT mode, the readouts are synchronized
for calibration purposes. However, the ToF readout can occur with the imaging readout disabled for low-power
applications. Pixel level configuration of each operating mode provides several advantages to system-level
performance. For instance, it provides the capability to detect pulses of very low power relative to ambient light.
Therefore, even if the pulse is not discernable in the pulse channel imagery, which has a higher noise floor as compared
to the imaging channel, the pulse can still be detected by the imaging portion of the pixel. One can subsequently make
modifications to the pulse channel configuration to detect the pulse in subsequent frames. Since the pulse detection
circuit is operating asynchronously from the imaging portion of the pixel, the pulse data can be sampled much more
frequently, i.e., at 1 kHz for full frame operation and >20 kHz for sub-window regions, without detriment to the
imaging electro-optical performance or power consumption. This allows for detection and decoding of laser
designators for target identification in critical and low-SWaP deployments. It is natural for the progression of this
technology to include ranging information.

Figure 5 shows the intensity and timestamp (encoded in grayscale) of a received laser pulse from a MMT v4.0 sensor
at two different intensity levels separated by ~10X in magnitude. The intensity difference as expected is clearly shown
in the right-hand images; the timestamp data is largely unchanged except for the size of the pulse spot. This result is
expected as the pulse intensity uniformity is more readily discernable at the lower magnitudes. Figure 6 demonstrates
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that care also must be taken in the test setup. Although a linear attenuator was utilized, the estimated pulse intensity

clearly follows a decaying exponential trend. Therefore, for calibration purposes, this result must be carefully
accounted for.

Figure 7 shows the measured pulse sensitivity at ~20 m distance for various sensor pulse sensitivity configurations.
Only a portion of entire field-of-view (FoV) is illuminated with a uniform laser pulse. As seen in Figure 7, the pulse
is detected both at low and high sensitivity configuration levels. This is paramount for ToF mode. Contrary to ALPD
mode where only a small portion of the array is expected to be triggered simultaneously; in ToF mode the entire pixel

array could be triggered simultaneously. Pulse detection performance cannot deteriorate, and, clearly, from Figure 7,
this was achieved.

Figure 5: Pulse Intensity and time stamp at two intensity levels

Figure 6: Pulse intensity vs attenuation

(@) (b) | (©)
Figure 7: Pulse detection at a target distance ~20 m at different thresholds (a), (b) with (c) being a zoomed in version
of the detection region.
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Each variant of MMT camera features simultaneous, full FoV laser pulse detection, tracking, and decoding of up to
three laser spots (the sensor itself can detect and track more). For daytime laser spotting, even under high flux
conditions, the focal plane maximizes signal collection, using a 99.9% exposure/frame time duty cycle to minimize
noise, while capturing pulsed lasers without issue, succeeding even when lasers have slow repetition rates and/or
narrow pulse widths (< 10 ns). This novel multi-mode tracking (MMT) capability is borne by the pixel-level laser
pulse detection circuit and sensor/camera level processing circuitry. The MMT function enables rapid identification
of common battlefield targeting lasers (see-spot), including those with covert eye-safe laser wavelengths, in both day
and night conditions. Figure 8 shows three pulses simultaneously detected at 1 kHz pulse frame rates, decoded and
tracked at up to 20 kHz pulse frame rates and superimposed on an image frame operating at 30 Hz using the same SUI
sensor technology.
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Figure 8: Low noise imaging (30fps) and the in-situ pulse detection of 3 separate laser sources using the same SUI

MMT camera.

Spot tracking using MMT eSWIR sensors

SUI has designed, developed, and manufactured extended wavelength PiN FPASs in both linear and 2-D formats over
the recent decades!®. The eSWIR photo-detector design and fabrication processes are based on the InP/InAsP/InGaAs
material system is utilized widely in the industry¥. Recent developments include the development of a MMT 2D
variant using a 2.2 um cut-off detector material. Figure 9 shows the 2.0 um laser pulse detection measurement results
at -38 °C and +70 °C FPA temperatures. As seen from Figure 9, the pulse code is detected at higher FPA temperatures
as well as at low temperatures. At the higher FPA temperature the image pixels are saturated because of high dark
current, as expected at this temperature.
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Figure 9: Detection of a 2.0 um wavelength laser pulse using a SUI MMT eSWIR sensor at a FPA temperature of -
38 °C (left) and 70 °C (right), respectively.

CONCLUSION

This work summarizes recent progress in SUI’s MMT technology development for laser spot tracking at SWIR and
eSWIR wavelengths. Initial results of 640 x 512 MMT FPAs for imaging, pulse detection, and ToF capabilities at
SWIR and eSWIR wavelengths have been presented. Also presented were the excess noise factor analysis, simulation,
and measured results of next generation MMT FPAs using an APD pixel sensor to enhance the detection and tracking
range capability. Immediate next steps in this program are continued improvement in eSWIR pulse tracking, the
development of internal gain, low noise APD FPAs, and development of a multi-mode camera featuring a 2K x 2K
format FPAs at 10 um pitch.
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