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We present our latest results on cooled p-on-n planar mercury cadmium tel-
luride (MCT) photodiode technology. Along with a reduction in dark current
for raising the operating temperature (T,;), AIM INFRAROT-MODULE
GmbH (AIM) has devoted its development efforts to shrinking the pixel size.
Both are essential requirements to meet the market demands for reduced size,
weight and power and high-operating temperature applications. Detectors
based on the p-on-n technology developed at AIM now span the spectrum from
the mid-wavelength infrared (MWIR) to the very long wavelength infrared
(VLWIR) with cut-off wavelengths from 5 ym to about 13.5 ym at 80 K. The
development of the p-on-n technology for VLWIR as well as for MWIR is
mainly implemented in a planar photodetector design with a 20-um pixel
pitch. For the VLWIR, dark currents significantly reduced as compared to
‘Tennant’s Rule 07’ are demonstrated for operating temperatures between
30 K and 100 K. This allows for the same dark current performance at a 20 K
higher operating temperature than with previous AIM technology. For MWIR
detectors with a 20-um pitch, noise equivalent temperature differences of less
than 30 mK are obtained up to 170 K. This technology has been transferred to
our small pixel pitch high resolution (XGA) MWIR detector with 1024 x 768
pixels at a 10-um pitch. Excellent performance at an operating temperature of
160 K is demonstrated.

Key words: AIM, infrared detector, MCT, VLWIR, MWIR, HOT, small pixel
pitch

INTRODUCTION

The growing demand for high operating temper-
ature (HOT) infrared (IR) detectors and longer
mission time has been one of the key drivers for
material and technology imgrovements of cooled IR
detectors in recent years.'™ Beside an increase in
operating temperature (7,,), the reduction in pixel
size is happening at the same time to meet the
requirements of reduced size, weight and power
(SWaP) and higher spatial resolution of up-to-date
present as well as future IR focal plane arrays
(FPA).*® To achieve these goals, research efforts
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have been made for almost all known infrared
material systems such as HgCdTe (MCT), InSb and
II1I-V superlattices.”°

In the long wavelength infrared (LWIR) and very
long wavelength infrared (VLWIR) spectral ranges,
an increase in operating temperature is signifi-
cantly more difficult due to the stringent demands
on detector material quality and detector processing
connected to the narrow energy band gap of the
detector material. With LWIR HOT detector appli-
cations expanding, AIM INFRAROT-MODULE
GmbH (AIM) as a leader in LWIR MCT detectors
has addressed the challenge. During the last
4 years AIM matured the p-on-n LWIR technology,
a key technology for high-performance small pixel
pitch planar LWIR HOT MCT devices.®
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After attaining excellent electro-optical perfor-
mance results for the VLWIR, AIM has extended
the wavelength range and transferred its p-on-n
technology to mid-wavelength infrared (MWIR)
MCT photodiodes. Again, as an array format for
the development phase, a 640 x 512 pixel, 20-ym
pitch design was chosen. The p-on-n FPA shows
comparable performance to AIM’s latest HOT GEN2
FPA in standard n-on-p technology. The perfor-
mance regarding noise equivalent temperature dif-
ference (NETD) and operability shows good results
up to 170 K.

IR sensor arrays with a 15-um pixel pitch consti-
tuted the standard pixel size for IR imaging appli-
cations in recent years.? For the next generation of
SWAP detectors, a pixel pitch of 10 yum appears to
have emerged as a new standard pixel size.'!
Encouraged by the excellent results for 20-um pitch
diode arrays in the MWIR spectral range, the p-on-n
technology has recently been applied to AIM’s new
small pixel pitch high resolution (XGA) MWIR
detector with 1024 x 768 pixels and a 10-um pitch.

Here, we present the results of our p-on-n tech-
nology MCT two-dimensional photodiode arrays in
the MWIR range with 20-um and 10-um pixel pitch
and compare them to corresponding n-on-p devices.

FOCAL PLANE ARRAY TECHNOLOGY

The fabrication of MCT-based IR detectors starts
with the production of cadmium zinc telluride
(CdZnTe) substrates with extraordinary crystal
quality and very low dislocation density. AIM’s
technology for HOT application MCT detector man-
ufacturing is based on the liquid phase epitaxial
(LPE) growth of MCT on lattice-matched in-house-
grown CdZnTe substrates from a tellurium-rich
melt, using the vertical dipping method.'? At this
moment, crystal boules grown by the vertical Bridg-
man method with a diameter of 120 mm are the
state-of-the-art, which enables manufacturing large
size substrates with a high reproducibility (see
Fig. 1). The dislocation density as measured by the
Nakagawa etch method is an important criterion for
the assessment of the material quality of substrates.
For the development of HOT devices, the etch pit
density is kept below 5 x 10* em 2. Our growth
method allows growing large MCT wafers with an at
present fair homogeneity in layer thickness (£1 ym)
as well as in composition (£0.3-um cut-off wave-
length) in the LWIR-VLWIR cut-off wavelength
range and (£0.15-um cut-off wavelength) in the
MWIR across irregularly-shaped wafers with an
area equivalent to typically 1.5 inch (c.3.8 cm)
diameter.

In Fig. 2, the schematic cross-section of a photo-
diode in p-on-n polarity is shown. The manufactur-
ing and processing steps comprise

e MCT epilayer growth on CdZnTe substrate
including an n-type doping by Indium (In) in
the MCT melt

0.39i

Fig. 1. CdZnTe substrate on a 6” (c.15-cm) Si wafer before polish-
ing and a one Euro coin for size comparison. The wafer’s dimension
is 65 cm?.

e Definition of the detector elements by Arsenic
(As)-implantation (p-type) into the common n-
type, In-doped MCT epitaxial layer, which cre-
ates a p-type well in an n-type absorber body

e Activation of As via a high-temperature anneal-
ing step

e Finishing of the detector technology (passiva-
tion, metallization, contacts)

e Selection of a suitable read-out integrated circuit
(ROIC) available at AIM

e Hybridization of MCT detector chip and ROIC by
a flip-chip bonding technology

In p-on-n technology, the dark current of MCT
detectors is in general limited at higher detector
operating temperatures by the thermal diffusion
current from the equilibrium »n-MCT absorber
region. The total carrier lifetime 7 is given by®
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with the Auger recombination lifetime 1, the
Shockley—Read (SR) recombination lifetime tgg,
and the radiative recombination lifetime 7,.4.

Due to proper processing, the number of metal
vacancies in the MCT-layer is minimized, which
drastically increases the SR lifetime. The diffusion
current should then be limited by the Auger 1
recombination process in the n-MCT region, with
radiative lifetimes large enough in properly
designed devices.® With Auger 1 recombination, a
minority carrier hole in the n-MCT absorbing layer
recombines with an electron generating a hot
electron in the conduction band for energy and
momentum conservation.

RESULTS AND DISCUSSION

To measure the dark current and the electro-
optical characteristics, the detector arrays have
been hybridized either with ROIC chips or with a
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Fig. 2. Schematic cross-section of an MCT homo-junction photodiode detection layer in AIM’s p-on-n planar photodiode technology.

fan-out circuit, which we will simply refer to
subsequently as “fan-out”. This fan-out contains
structures to bias several photodiodes in parallel
and to measure the overall current generated in
these diodes. The shape of the simultaneously
biased diode fields is that of a square and the size
of these fields is given by the number of pixels along
the edges. Additionally, guard structures are used,
which consist of rows of diodes along the outer
perimeter of the diode matrix. By adequately bias-
ing those guard structures, the dark current con-
tribution generated outside the pixel field is drained
off. The dark currents are measured in a custom-
made cryostat, where the temperature can be varied
and set between 80 K and 300 K.

If not measured as fan-out in a cryostat, the FPA
with ROIC chips are integrated in a detector dewar
cooler assembly, which allows an electro-optical
characterization at different operating tempera-
tures ranging from 30 K to 220 K. The LWIR and
MWIR FPA with a 20-um pitch were integrated
with an F/# 2.1 cold-shield configuration, the FPA
with 10-um pitch with an F/# 2.2 configuration.

LWIR 320 x 512, 20-yum Pitch

Low dark current LPE-MCT FPAs in p-on-n
planar photodiode technology for detector operation
in the 30-150 K temperature range were initially
developed by AIM for the LWIR and VLWIR
spectral ranges to serve both lower photon flux
space environments as well as higher flux tactical
applications. Dark currents around and below Ten-
nant’s ‘Rule07’'® were demonstrated on 320 x 512
pixel FPAs at a 20-um pitch along with overall
detection efficiencies (detected photoelectrons over
photons incident onto the FPA) >60% in both p-on-n
as well as n-on-p technology.'* This implies that, for
the same dark current performance, LWIR/VLWIR

FPAs can now be operated at about 20-K higher
temperature than with previous AIM technology.'®

The thermal sensitivity of a detector character-
izes both its detection efficiency as well as its noise
behavior, to which the dark current also con-
tributes. For NETD characterization, an approxi-
mate half-well integration capacitance filling level
was set with the detector exposed to a 25°C large
area blackbody scene (the ROIC full-well capaci-
tance accounts for about 12.3 Me™). The optical
detection bandwidth ranges from about a 3-um
wavelength (given by the dewar window cut-on) to
the detector QE cut-off wavelength, which is
11.0 ym at an 80-K temperature. The F/# of the
cold shield is 2.1.

In order to quantify the detector operability, the
common criterion that a pixel is regarded as defec-
tive if its NETD is above twice the median NETD or
lower than half the median NETD is adopted here,
though defect criteria as well as the defect limits are
usually application-specific.

Figure 3 shows the measured NETD versus
detector operating temperature for a p-on-n FPA
(filled circles) and an n-on-p FPA (open circles) to
the axis on the left and the corresponding NETD
operability (filled and open square symbols) to the
axis on the right.

For the p-on-n device, the NETD stays below 30
mK up to 110 K with the cut-off wavelength at
about 10.2 ym in this case. Without discarding any
pixels, at an 80-K operating temperature and an
11.0-um QE cut-off, 0.45% of all pixels are consid-
ered defective. At 100 K, the fraction of defective
pixels is 2.0% at a 10.4-um QE cut-off, and at 110 K
it is 3.2% at a 10.2-um QE cut-off. Due to the
increased symmetry in the NETD spread at lower
temperatures such as at 50 K, we obtain only 0.20%
defects at an 11.9-um QE cut-off, and at 30 K, 0.12%
of the pixels are considered defective at a corre-
sponding 12.6-um cut-off. It should be noted that the
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Fig. 3. Median NETD at about half-well IC filling level (left axis) and NETD operability (right axis) for two AIM p-on-n and n-on-p LWIR-MCT
FPAs. An NETD below 30 mK is attained for operating temperatures up to 110 K (p-on-n, 10.2-um cut-off) and 100 K (n-on-p, 10.5-um cut-off).

Numbers next to the data points indicate the cut-off wavelengths.

stated defect number takes several macro-defects
into account which we expect to be able to rid of.

For the n-on-p device, at 100 K, a median NETD
of 30.5 mK is achieved at a 10.5-um cut-off wave-
length. With the same NETD defect criterion as
described before, and without discarding any pixels,
at a 100-K operating temperature and a 10.5-um QE
cut-off, 0.43% of all pixels are considered defective.
At 120K and a 10.0-um cut-off, the fraction of
defective pixels is 2.8%. Again, it should be noted
that the stated defect number takes several macro-
defects into account which we expect to avoid in the
future.

It should be noted that the demonstrated NETD
and NETD operability depend significantly on the
detector material quality, in particular for higher
temperature operation. In this respect, the technol-
ogy comparison made here is therefore illustrative
at this point. The seemingly better operability of the
n-on-p versus p-on-n approach is merely a statistical
effect originating from the larger NETD distribution
width with n-on-p.

MWIR 640 x 512, 20-um Pitch

Recently, AIM has been successful in optimizing
its MCT n-on-p planar detector technology for HOT
applications while preserving high e/o-performance
by improving the passivation process and introduc-
ing extrinsic p-doping with Au.>'” However, to
realize ultra-compact IR-engines with optimized
SWaP characteristics, a further increase in the
FPA operating temperature to 2160 K is required.
The potential for a further increase in operating
temperature in the current MWIR n-on-p planar
technology seems to be limited, for example, by the

capability to provide low p-type doping levels
<5 x 105 em 2 with high reproducibility. Encour-
aged by the outstanding results for p-on-n VLWIR
FPAs, this approach has been applied to MWIR
detector arrays. Initially, MCT MWIR FPAs were
realized in a 20-um pitch design (640 x 512 pixel
format) and tested in an F/# 2.1 configuration.
Table I shows an overview of MCT MWIR detector
technologies at AIM including our HOT device
generations based on n-on-p technology and the
recently developed p-on-n approach.

In Fig. 4, the mean NETD is plotted as a function
of operating temperature (7,,) for three FPAs
manufactured using different n-on-p detector tech-
nologies (see Table I) together with one FPA from
recent p-on-n technology. The MCT epitaxial layer
of this array is extrinsically n-doped with In during
growth (n-doping of about 3 x 10'® cm3). The
NETD has been measured under half-well filling
level condition at 27°C blackbody scene and the
integration time has been adjusted for each T, to
compensate for the cut-off shift to shorter wave-
lengths with increasing operating temperature.
(The full-well capacitance of the ROIC accounts for
about 3.3 Me™.) The cut-off wavelength of all FPAs
is in the range of 5.2 yum £ 0.1 um at 80 K. The
background-limited performance (BLIP) condition is
roughly indicated by the dashed line and serves as a
guide for how much the NETD has increased by the
rising impact of the dark current. The p-on-n FPA
performs better than the ‘optimized standard’ and
HOT Genl FPA approaches and shows comparable
performance to the HOT GEN2 FPA. The NETD
stays close to BLIP for operating temperatures up to
150 K in both cases. At 160 K, a still good NETD of
~24 mK is derived for the p-on-n FPA. Even at
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170 K, the NETD stays with 27 mK below 30 mK,
which is a limit for certain imaging applications. At
180 K, the impact of the dark current is obvious,
which results in an NETD value slightly above
40 mK and a reduced integration time.

The operability of the FPA, plotted in Fig. 5 as a
function of Ty, is excellent and better than 99.8%
up to 160 K and still good at 170 K with 99.5%. The
criteria for defective pixels are included in the
figure caption.

Higher-temperature detector operation is limited
on the one hand by the MCT thermal dark current
which fills the integration capacitance with
unwanted electrical charges limiting the dynamic
detector range and on the other hand by the white
noise associated with the dark current. Another
limit constitutes the non-white noise contributions
from “blinking” pixels (“random telegraph signal” or
RTS noise) which suddenly show a temporary
change in video output signal. In particular, low-
frequency noise pixels lead to an asymmetric broad-
ening of the noise and therefore NETD distributions
towards larger values and must eventually be
categorized as defective, depending on the precise
detector operating parameters such as frame rate
and number of averaged frames. The frequency
spectrum and the fraction of blinking pixels within
a given bandwidth is in general also dependent on
the operating temperature and may also be depen-
dent on the illumination conditions.

For the characterization of the non-white noise
behavior, we consider the knee frequency or corner
frequency fy, which we define as the frequency at
which the power spectral density is twice the white
noise level. The measurements were carried out in
the dark field in order not to be affected by photonic
background-generated artifacts; for example, by
blackbody illumination-induced fixed pattern noise.
This way, the bare detector physics is characterized.
However, under these conservative conditions, the
comparatively large white noise level from illumi-
nation is absent which would likely obscure a
significant number of the RTS pixels observed here.

For analysis, a number of 256 x 256 pixel sub-
frames was continuously recorded, yielding a 0.15-
Hz to 300-Hz detection bandwidth. This means that
blinking pixels leading to a broadening of the 1/f*
tail in the noise power spectrum in that frequency
range could be detected. For data evaluation, an
algorithmic approach based on Ref. 16 was used.
The restriction to a sub-frame analysis originated
from hardware constraints.

Knee frequencies are spatially distributed over
the considered range of interest (ROI) in a random
fashion, as may be discerned from Fig. 6 for the case
of a high 140-K detector operating temperature and
a 5.0-um cut-off wavelength. The cumulative his-
tograms of the knee frequency distributions within
the measurement bandwidth at temperatures
between 90 K and 160 K are shown in Fig. 7. At a
90-K temperature, more than 99% of all pixels have

Operating temperature
80 K typical

95 K typical, up to 120 K

120 K typical, up to 140 K

140 K typical, up to 160 K

Comparable to HOT GEN2

In and As doping

Characteristics
n-on-p; vacancy doping

n-on-p; vacancy doping; improved homogeneity; substrate quality etc.
n-on-p; extrinsic p-doping with Au (high concentration); standard passivation process

n-on-p; extrinsic p-doping with Au (low concentration); optimized passivation process

Table I. Overview of MCT MWIR detector technologies at AIM including HOT device generations and the recent p-on-n approach'’

Detector technology

Optimized standard
HOT GEN1
HOT GEN2

Standard
p-on-n
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Fig. 4. NETD as a function of the operating temperature for FPAs made from three different n-on-p and recently introduced p-on-n detector
technologies (using data from Ref. 17). The dashed line indicates BLIP. The results of the p-on-n technology are comparable to the HOT GEN2

n-on-p technology.
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Fig. 5. Operability as a function of FPA operating temperature of an AIM p-on-n MWIR detector [640 x 512, 20-um pitch, F/2.05; defect pixel
criterion: (0,2) x NETD mean, (0.5,2) x gain mean, (0,5) x noise median].

knee frequencies below the resolution limit of about
0.15 Hz. At 160 K, this fraction is still above 93%.

For a typical application with a 100-Hz frame rate
and recording 35 frames for averaging, the upper
and lower band limits are indicated by the red
vertical lines in the graph, and the expected fraction
of blinking pixels is a few percent at the highest set
operating temperatures in the dark field under
worst case observation conditions. As expected, the
fraction of blinking pixels increases in general with
temperature (activation energy).

To demonstrate the high performance and image
quality of the 640 x 512 pixel, 20-um pitch p-on-n
MCT detector array, IR images of a person are
shown in Fig. 8. The images were taken with an F/#
1.5, =28 mm optics. Only a basic 2-point non-
uniformity correction (NUC) and a standard bad
pixel replacement (BPR) were applied. For operat-
ing temperatures between 120 K and 180 K, fine
structures such as single hairs of the head or of the
eyelids and thermal structures of the skin can be
clearly resolved, which proves the high thermal and
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spatial resolution. At an operating temperature of
200 K, the contribution of the dark current is
apparent, and at an operating temperature of

220 K, the noise in the image increases consider-
ably, but the thermal contrast still stays good
enough to clearly resolve the person.



Progress of MCT Detector Technology at AIM Towards Smaller Pitch and Lower Dark Current 5455

Fig. 8. Infrared images taken with an AIM p-on-n MWIR MCT FPA 640 x 512 and 20-um pitch of a person for detector operating temperatures
between 120 K and 220 K. Only 2-point NUC and bad pixel replacement has been applied. The detector’s cut-off wavelength is 5.25 ym at 80 K.
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Fig. 9. Dark current as a function of detector bias voltage of a 100 x 100 p-on-n planar photodiode pixel array with a 10-um pixel pitch for
different operating temperatures; applied guard-bias: —250 mV (cut-off wavelength: 5.20 um at 80 K).

MWIR 1024 x 768, 10-um Pitch In Fig. 9, the dark current—voltage (I-V) charac-
. teristics of a 100 x 100 pixel p-on-n planar photo-

.AIM started the development .Of a 10-ym pixel diode array with a 10-um pixel pitch at different
pitch MCT detector technology in 2013 and had temperatures between 100 K and 167 K are shown
realized first FPAs in XGA format by the end of p )

. . The measurements were done with a fan-out struc-
2015. The MCT ep}lay ers were grown Wlt}.l LPE apd ture. The results show that the current level stays
further processed in n-on-p technology using extrin- . .
. . ; . almost flat across a wide bias range up to
sic p-doping with Au. This technology allows for
. . —1000 mV for each chosen temperature between
elevated operating temperatures in the range of . .
17 ; . . 110 K and 164 K. This feature is helpful for an
~140 K.** For a further increase in the operating

temperature, the p-on-n technology developed with ~ improved operability and is necessary if the appli-
20-um pitch ‘detectors has been adapted for 10-yum cation demands higher bias levels for detector
pitch detector arrays. stability.
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Fig. 10. Dark current density (blue boxes) of a 100 x 100 pixel subarray of a 10-um pitch detector, measured with a fan-out structure compared
with the corresponding values of the p-on-n FPA with 640 x 512 pixels and 20-um pitch. The dark current density as represented by the red
dashed line is calculated according to the Rule07 first published by Tennant et al.'® (Color figure online).

Fig. 11. Infrared images taken with an AIM p-on-n MWIR MCT FPA 1024 x 768 and 10-um pitch of a person for detector operating temper-
atures between 100 K and 180 K. Only 2-point NUC and BPR has been applied. The detector’s cut-off wavelength is 5.20 um at 80 K. The full-
well capacitance of the ROIC accounts for about 5.5 Me™ for integrate then read readout mode.

In Fig. 10, the dark current density of a
100 x 100 pixel subarray of a p-on-n detector with
a 10-um pitch is shown along with the data of the
20-um pitch MWIR detector discussed in the previ-
ous section and compared to the Rule07 as pub-
lished by Tennant.'® At higher temperatures, the
dark current data follow Rule07 in an almost
parallel fashion. The absolute current values are
by a factor of ~3 higher than predicted by Rule07.
This is in line with the statement of Lee et al.'® that
the Rule 07 is modeled to an Augerl-limited p-on-n
detector with an absorber n-type doping level of
1 x 10" ecm ™3, because, in the Augerl limit, the

dark current scales with the majority carrier den-
sity. A further decrease in dark current might be
achieved by a further lowering of the absorber n-
type doping level.

As a demonstration of the high performance and
image quality of the 1024 x 768, 10-um pitch detec-
tor array, IR images of a person are shown in
Fig. 11. The images were taken with an F/# 1.5,
f =28 mm optics. Only a basic 2-point non-unifor-
mity correction (NUC) and a standard BPR were
applied. Fine structures such as single hairs of the
head and the eyebrows as well as thermal struc-
tures of the skin can be clearly resolved at all shown
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temperatures. From 170 K, the impact of dark
current rises significantly, but the thermal contrast
is still high enough for good resolution of the person.
This is also underlined by the decrease of integra-
tion time, which stay nearly constant from 100 K to
160 K at about 4 ms and diminishes at 170 K to
2.5 ms and 1.1 ms at 180 K.

CONCLUSION

Driven by the growing market need for low dark
current MWIR and LWIR MCT FPAs for higher
operating temperature field applications, AIM has
first developed specific manufacturing processes
and subsequently manufactured and characterized
MCT detector arrays in both n-on-p as well as p-on-
n planar photodiode technologies.

Dark currents have been significantly reduced for
LWIR FPA with a cutoff wavelength of 11 um (at
80 K) in both polarities. For the p-on-n detector
version, thermal resolution NETD stays below
30 mK for operating temperatures up to 110 K.
This allows for the same dark current performance
at a 20- to 30-K higher operating temperature than
with previous AIM technology.

In the MWIR, the p-on-n technology, demon-
strated for a 640 x 512 pixel FPA with 20-um pixel
pitch provides comparable results as the most
advanced n-on-p HOT technology. NETD values
better than 30 mK have been obtained up to 170 K.
In addition, the p-on-n MWIR FPA shows a full
random spatial distribution of knee frequencies in a
detection bandwidth between 0.15 Hz and 300 Hz in
the dark field for different operating temperatures.

MWIR FPA have been realized with 1024 x 768
pixels and a small 10-um pixel pitch in p-on-n
technology, demonstrating high detector perfor-
mance up to 160 K.
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