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Abstract: Short-wavelength infrared (SWIR) detection 
 systems are increasingly in demand for surveillance, recon-
naissance, and remote sensing applications.  Eye-safe SWIR 
lasers can be utilized for active imaging  systems with high 
image contrast and long detection range. The gated-view-
ing (GV) technique using short-pulse lasers and fast-gated 
cameras in the nanosecond range enables utilizing the dis-
tance information in addition to the  signal intensity of the 
acquired images. The InGaAs material system is very well 
suited for the fabrication of  high-performance SWIR pho-
todetectors providing a typical cutoff wavelength of 1.7 μm, 
which covers the emission lines of available laser sources at 
typical telecom wavelengths around 1.55 μm. However, the 
usually short integration times needed for GV leads to very 
small photosignals. We report on the development of SWIR 
 avalanche photodetector (APD) arrays with 640 × 512 pixels 
and 15 μm pixel pitch based on the InGaAs material system. 
The InGaAs-APD focal plane arrays have been successfully 
integrated into SWIR cameras which yield gain values of 
M ≈ 10 on camera level at a reverse bias voltage around 21 
V and are the first InGaAs-based SWIR cameras worldwide 
providing a 640 × 512 image format and utilizing avalanche 
gain for signal amplification. The camera performance is 
demonstrated by SWIR laser GV sample images.

Keywords: avalanche photodiode; focal plane array; gated 
viewing; short-wavelength infrared.

1   Introduction
Active infrared imaging is an increasingly demanded 
technique for surveillance, reconnaissance, and remote 
sensing applications. Especially, if short-pulsed laser 
sources are used for the illumination of the observed 
scene, the time of flight of the forth and back propagating 
laser pulses can be utilized for achieving additional range 
information. For this so-called light detection and ranging 
(LIDAR) technique, long detection ranges up to several 
10 km [1] can be achieved by using powerful lasers and 
highly sensitive sensors.

The most straight-forward approach is the combina-
tion of a low-divergence laser beam and a single detec-
tor element that are both directed at the same target and 
are rapidly scanned across the observed scene in order to 
acquire a two-dimensional image. Fast moving objects, 
however, appear distorted or may even be missed if their 
velocity cannot be neglected compared to the scanning 
speed of the LIDAR optical system. This issue is circum-
vented via flash illumination of the complete scene with 
an expanded laser beam and capturing of every LIDAR 
image with a two-dimensional camera in a single-shot. 
Yet, this flash LIDAR approach requires high laser pulse 
energy and a fast detector focal plane array (FPA) with 
high photon responsivity as well as the ability to tempo-
rarily resolve the photon arrival time.

For eye-safety reasons [2], the usage of lasers in the 
short-wavelength infrared (SWIR) with wavelengths 
above 1400 nm are beneficial in order to make high detec-
tion ranges accessible by a sufficiently high intense laser 
 emission. Still, the signal intensity from the  returning 
photons at the detector is extremely low and scales 
inversely proportional with the square of the detection 
range [3]. Therefore, LIDAR imaging systems usually 
comprise avalanche photodiodes (APDs) operated in 
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linear mode or even single-photon avalanche photodi-
odes (SPADs) operated in the Geiger-mode [4] in order to 
 determine the distance of objects in the observed scene 
with maximum detection range and resolution via the 
time of flight (ToF) of the scattered or reflected photons. 
Especially SPADs for the SWIR spectral range based on 
the InGaAs/InP semiconductor material system are quite 
 challenging to fabricate as detector arrays with high 
spatial resolutions. Typical 2D array sizes of 32 × 32 [5] to 
128 × 32 [6] are still far away from (sub-)megapixel image 
formats.

A special variant of flash LIDAR is gated viewing (GV) 
[7]. In GV, the integration period of the camera sensor is 
fast gated with respect to the trigger of the laser emission. 
Instead of ToF images, in which each pixel represents 
the distance information via the arrival time of the first 
photon triggering an avalanche breakdown event, GV 
images resemble certain distance interval, or range slice, 
corresponding to the switching times of the gate window. 
With nanosecond timing constants, sub-meter distance 
resolutions can be achieved. The strength of GV lies in its 
ability to generate silhouette images of the objects that are 
located within the selected range slice [8, 9]. Furthermore, 
the photo-generated charge accumulation within the 
read-out integrated circuit (ROIC) of GV image sensors is 
much less sophisticated than the time-to-signal electronic 
circuits of ToF LIDAR systems, enabling pixel pitches of 
GV-FPAs as small as 15 μm.

Till date, the electron bombarded (EB) CMOS sensor 
is widely considered as the state-of-the-art technology for 
high-performance, SWIR-GV systems. This technology is 
based on an InGaAs/InP semiconductor photocathode in 
proximity to a high-resolution backside-thinned CMOS 
chip anode. The electrons emitted by the photocathode 
are directly injected in the electron bombarded mode into 
the CMOS anode, where the electrons are collected, ampli-
fied, and read-out of the CMOS sensor [10]. However, the 
EB-CMOS sensor is patented [11, 12], under export control, 
and subjected to the United States’ International Traffic in 
Arms Regulations. The restricted availability causes a sig-
nificant demand for alternative SWIR-GV sensor systems.

In this paper, we have reported the development of a 
GV system in the eye-safe SWIR spectral range with high 
spatial resolution, high distance resolution, and high 
detection range. For the detector material of the FPA, two 
technological paths were conducted in parallel: While 
one collaboration partner, AIM Infrarot-Module GmbH, 
developed an APD sensor in the HgCdTe material system 
[13] we focused in the following on the development of 
an InGaAs-based APD sensor fabricated at Fraunhofer 
IAF. The InGaAs detector arrays were hybridized with 

the same ROICs (except for the inverted polarity) as their 
counterpart HgCdTe detectors at AIM. After integration 
into a  stirling-cooled camera assembly, the cameras were 
setup into a GV system and characterized at Fraunhofer 
IOSB. The GV ROIC and the GV system have been devel-
oped by AIM. A commercial Nd:YAG laser with optical 
 parametric oscillator, providing an emission wave-
length of 1570 nm, an average pulse length of 8 ns, and 
a maximum pulse energy of 60 mJ, was selected as laser 
source and  combined with a square flat-top beam homog-
enizer [14].

2   SWIR sensor development
The project aimed at developing a FPA with a format of 
640  ×  512 pixels. The pixel pitch of 15 μm just provides 
enough area for the pixel-level circuit of the custom-made 
silicon ROIC for featuring a capacitive trans-impedance 
amplifier as input stage, a 200-MHz fast phase-locked-
loop clock generator for short integration times, and a 
GV mode with optional ability for correlated double sam-
pling (CDS). The charge handling capacity of the ROIC 
accommodates 120 000 electrons. The read-out noise 
was rated as approximately 80 electrons without CDS. 
Four output channels allow for a maximum full frame 
rate of 100 Hz. More details on the GV-ROIC can be found 
elsewhere [13]. Since the integration times in GV are 
usually very short in the range of a few ns to several 100 
ns, the dark current of the photodetectors is not the main 
contribution to the overall system noise. Thus, APDs are 
beneficial for the image contrast in GV systems, because 
their photosignal amplification due to the avalanche 
multiplication gain outbalances the intrinsically higher 
dark-current characteristics compared to classical pin 
photodiodes.

2.1   InGaAs avalanche photodiodes

InGaAs is the semiconductor material of choice for many 
optoelectronic devices in the SWIR spectral range. When 
grown on lattice-matched InP-substrates, InGaAs photo-
detectors reveal low dark currents, a cutoff wavelength of 
1.7 μm, and a peak responsivity between 1.5 and 1.6 μm 
[15], where typical emission wavelengths of available 
high-power lasers reside. In contrast to HgCdTe, InGaAs-
based photodetectors can rely on a mature III/V rather 
than a more delicate II/VI compound semiconductor 
process technology.
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In APDs, signal amplification is achieved by impact 
ionization of charge carriers in a high-field domain. Yet, 
this high electric field would cause high tunnelling dark 
currents in the depletion region of classical InGaAs pin 
diodes under reverse bias voltage due to the relatively low 
bandgap of InGaAs. For this reason, InGaAs-based APDs 
nowadays comprise a sophisticated heterostructure with 
higher-bandgap materials in order to shift the high-field 
domain from the low-bandgap InGaAs absorber region 
into a high-bandgap multiplication layer. Further interme-
diate charge and grading layers take care of the optimal 
doping profile and the reduction of the barrier effect for 
the photo-generated carriers due to band offsets.

The high operating voltage of an APD is also difficult 
to handle by the ROIC, in particular when it comes to high-
resolution FPAs for imaging applications. In fact, a signifi-
cant gain at operating voltages up to 20 V is desirable as 
of today. For this reason, we decided on an APD hetero-
structure comprising an InGaAs absorption layer, InAlAs 
charge and multiplication layers, and linearly graded 
InAlGaAs layers between the InGaAs and InAlAs layers.

The thickness of the InGaAs photon absorption layer 
of 1 μm together with the absorption coefficient of InGaAs 
at a wavelength of 1.57 μm of approximately 700 cm−1 [16] 
leads to an unamplified quantum efficiency (QE) of 75% 
in double-pass configuration as can be assumed for back-
side illuminated FPAs. This relatively high QE value is a 
clear advantage compared to the QE of 25% as rated for 
the EB-CMOS technology [17].

The complete layer structure was grown on lattice-
matched 3-inch InP substrate wafers by molecular beam 
epitaxy [18]. During the epitaxy development, it turned 
out that the doping concentration [19] and thickness [20] 
of the InAlAs charge layer and its neighboring InAlGaAs 
grading layer play a crucial role in the I-V characteristics 
of the APD. Within several iteration loops of epitaxy, test 
structure device processing, and electro-optical charac-
terization, we managed to reduce the breakdown voltage 
of the InGaAs/InAlAs APDs from 47 V [18] to 31 V, 23 V [21], 
and finally 19 V [22].

2.2   Focal plane array development

We followed the approach of a mesa process for the front-
side process technology, because the mesa-etch process 
has important advantages over the planar process for 
applications using detector arrays. Due to the physically 
separated pixels of a mesa-etched structure, optical as 
well as electrical crosstalk between neighboring pixels can 
be almost neglected. Next, layer thicknesses and doping 

levels can be controlled much better during epitaxial 
growth compared to the diffusion process for the upper 
layers of a planar structure. Especially planar processed 
APDs usually require floating guard rings in order to avoid 
edge breakdown, which is caused by the curved diffusion 
front of the Zn-dopant [23, 24]. This fact prevents the fab-
rication of such small pixels for a high-resolution detector 
array, as it is possible with the mesa-etch process. Camera 
detector arrays as well as test structures with various sizes 
and geometries for materials and process characterization 
are processed using an inductively coupled plasma dry-
etching process, a consecutive wet-chemical etch process, 
and a dielectric passivation of the sidewall in order to min-
imize surface-related dark current due to lattice damage. 
With a nominal trench width of 2 μm between the pixels, 
our FPAs with 640 × 512 pixels at a pixel pitch of 15 μm 
provide a fill factor as high as 75% [25].

For imaging applications, the removal of the substrate 
is advantageous in order to reduce absorption losses and 
blurring. For this purpose, the detector chips were treated 
in a backside process after flip-chip hybridization with 
the ROIC, by mechanical grinding and a subsequent 
two-step wet-chemical etch process [18]. Finally, a single-
layer SiONx anti-reflection coating was applied in order to 
enhance the external quantum efficiency of the FPA.

Figure 1A shows the photograph of the opened 
SWIR-GV camera with f = 600 mm lens optics, two folding 
mirrors, and the integrated detector cooler assembly. 
The InGaAs-APD detector chip, as depicted in Figure 1B, 
constitutes the core of the camera. A close-up image by 
secondary-electron microscopy (SEM) of the InGaAs-APD 
detector array is presented in Figure 1C.

3  Gated-viewing results
The resulting FPAs were integrated into SWIR-GV cameras. 
The camera of the GV demonstrator was equipped with 
optics with a focal length of f = 600 mm, an F/# of 3, and 
a field of view of FOV = 0.91° (horizontal) × 0.73° (verti-
cal), respectively. Outdoor tests have been performed by 
 Fraunhofer IOSB.

3.1   Multiplication gain

The multiplication gain factor of APD cameras is deter-
mined by evaluating the voltage dependent average 
signal of a homogeneously illuminated FPA in a labo-
ratory setup. The camera-level gain curve of a recent 



448      F. Rutz et al.: InGaAs APD matrix sensors for SWIR gated viewing

InGaAs-APD FPA operated at 140 K is presented in Figure 
2A. A multiplication gain M > 1 sets in just above a reverse 
bias voltage of 13 V and reaches M = 10 at 21 V. SWIR-GV 
images of a rooftop with a chimney at a distance of 
approximately 200 m have been taken with different bias 
voltages applied to the common substrate contact of the 
APD detector matrix. The gating parameters for these GV 
images were an integration time of 315 ns with a delay of 
1200 ns, corresponding to a selected range slice with a 
depth of 47.25 m starting at a distance of 180 m. The dif-
ferent gain values of M = 1 and 6 express significant differ-
ences of the image contrast that is clearly visible in Figure 
2B and C, respectively. An identical grayscale mapping 
was used for both GV images. The optical contrast of 
the GV images in Figure 2B and C can be estimated by 
the intensity difference between the average signal level 
within a certain region of interest (ROI) on the brightly 
illuminated side of the chimney as foreground and the 
average signal level within another ROI on the dark sky 
as background. This way, the ratio of the contrast of the 
amplified GV image of Figure 2C to the contrast of the 
unamplified GV image of Figure 2B yields 5.8 in good 

agreement to the nominal gain factor 6 as expected from 
the gain-voltage characteristic in Figure 2A.

3.2   3D-scene reconstruction

The GV images in Figure 3 demonstrate the benefit of the 
distance information in addition to the intensity infor-
mation of SWIR imaging. Figure 3A shows a GV image of 
two chimneys at distances of 115  m and 120  m, respec-
tively, captured with a 115 ns, i.e. 17.25  m, long gate, 
starting after a delay of 730 ns, i.e. at a range of 109.5 m, 
and spanning both chimneys. The different distances 
of the two chimneys can hardly be estimated from this 
image. In the GV images of Figure 3B and C, the gate 
delays were set to 670 ns and 780 ns, so that they span 
only the front or the rear chimney, respectively. The gate 
lengths were the same as for the GV image of Figure 3A. 
The pulse energy of the 1570 nm laser was 50 mJ for all 
three GV images. The  combination of several range slices 
can be used to generate a three-dimensional model of 
the observed scene [8]. A high depth resolution requires 

Figure 2: Camera-level gain curve of a 640 × 512 InGaAs-APD camera operated at 140 K (A), GV images taken with FPA substrate voltages of 
13 V and 19.7 V corresponding to gain values M = 1 (B) and M = 6 (C), respectively.

Figure 1: Photographs of the SWIR-GV camera (A) and the InGaAs-APD detector array (B). SEM image of a part of the InGaAs-APD detector 
array (C), showing individual mesa pixels with a fill factor of 75%.
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a dense, equidistant set of range slices covering the full 
range of interest.  Nevertheless, even just two GV images 
can already  generate a three-dimensional data set with 
the range information as third dimension. Figure 3D con-
tains a superposition of the GV images B and C, which 
have been colour-coded in blue and red, respectively. In 
contrast to the single GV image of Figure 3A, the superpo-
sition of two GV images in Figure 3D gives a much better 
impression of the 3-dimensional scene.

3.3   Silhouette imaging

Another benefit of the range discriminating ability of 
GV is the generation of silhouette images. This is espe-
cially useful for the classification of persons in front of 
a highly cluttered background such as vegetation etc. 
Figure 4A shows a photograph of a person wearing cam-
ouflage  clothing, close to a tree at a distance of 128 m. 
The GV image in Figure 4B obtained with a laser pulse 
energy of 25  mJ and the gate (length: 115 ns  17.25  m, 
delay: 850 ns  127.5 m) set just behind the person results 

in an image in which the person is silhouetted against 
the tree trunk and the wall in the background. The gate 
(length: 115 ns  17.25  m, delay: 790 ns  118.5  m) of 
the GV image in Figure 4C, however, spans the complete 
scene of the person, the tree trunk, and the wall in the 
background.

4   Conclusions
We have reported on the achievement of developing 
InGaAs-based APD detector arrays for SWIR GV applica-
tions. The InGaAs-APD FPAs with 640 × 512 pixels and 
15-μm pixel pitch have been successfully integrated into 
SWIR cameras. With gain values of M = 10 on camera 
level at a reverse bias voltage around 21 V, these cameras 
are the first InGaAs-based SWIR cameras worldwide 
providing a 640 × 512 image format and utilizing ava-
lanche gain for signal amplification. The camera per-
formance has been demonstrated by means of SWIR-GV 
images with high contrast, colour-coded distance images 

Figure 3: GV images of two chimneys at distances of 115 m and 120 m, respectively, captured with a 115 ns, i.e. 17.25 m, long gate  
spanning both chimneys (A), a gate set on the front chimney (B) and on the rear chimney (C) only. A superposition of the GV images B and C 
 colour-coded in blue and red, respectively (D).

Figure 4: Photograph of a person close to a tree at a distance of 128 m (A), a GV image with the gate set just behind the person (B), and a GV 
image with the gate spanning the person and the tree (C).
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and silhouette images of various observed scenes. The 
 performance data of the InGaAs-APD GV sensors are 
essentially comparable to their HgCdTe counterpart [13] 
but without the need for delicate II/VI materials and 
process technology.
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