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Abstract

We have exploited the artificial atom-like properties of epitaxially grown self-assembled quantum dots (QDs) for the development of
high operating temperature long wavelength infrared (LWIR) focal plane arrays (FPAs). QD infrared photodetectors (QDIPs) are
expected to outperform quantum well infrared detectors (QWIPs) and are expected to offer significant advantages over II-VI material
based FPAs. We have used molecular beam epitaxy (MBE) technology to grow multi-layer LWIR dot-in-a-well (DWELL) structures
based on the InAs/InGaAs/GaAs material system. This hybrid quantum dot/quantum well device offers additional control in wavelength
tuning via control of dot-size and/or quantum well sizes. DWELL QDIPs were also experimentally shown to absorb both 45° and nor-
mally incident light. Thus we have employed a reflection grating structure to further enhance the quantum efficiency. The most recent
devices exhibit peak responsivity out to 8.1 pm. Peak detectivity of the 8.1 pm devices has reached ~1 x 10'° Jones at 77 K. Furthermore,
we have fabricated the first long-wavelength 640 x 512 pixels QDIP imaging FPA. This QDIP FPA has produced excellent infrared imag-

ery with noise equivalent temperature difference of 40 mK at 60 K operating temperature.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

The artificial atom-like properties of epitaxially self-
assembled quantum dots (QDs) were exploited in this work
for the development of high operating temperature long
wavelength infrared (LWIR) focal plane arrays (FPAs).
QDs are nanometer-scale islands that form spontaneously
on a semiconductor substrate due to lattice mismatch.
QDIPs are expected to have significant advantages over
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quantum well infrared detectors (QWIPs) [1-8]. QD infra-
red photodetectors (QDIPs) are fabricated using robust
wide band gap III-V materials which are well suited to
the production of highly uniform LWIR arrays. QD based
infrared photodetectors have the potential to make a signif-
icant impact on the next generation of infrared imaging
systems. QDIPs possess all of the advantages of traditional
III-V based infrared photodetectors, such as: extremely
high operability, mature fabrication technology, very large
formats, and material production that is increasingly high
volume and low cost. The addition of active nanoscale par-
ticles (i.e. QDs) embedded within the III-V infrared detec-
tor allows for higher operating temperatures and increased
band gap tunability without sacrificing the economic
advantages of the mature III-V infrared imaging system
pipeline.
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The 3D confinement of the nanoscale QDs enables nor-
mal incidence absorption by modifying the optical transi-
tion selection rule and increases the photo-excited carrier
lifetime by reducing optical phonon scattering via the
“phonon bottleneck” mechanism. The former enhances
quantum efficiency, while the latter raises operating tem-
perature. Consequently, QDIPs offer increased perfor-
mance over existing QWIP FPAs. Thus the thrust of this
work has been to further uncover and manipulate the prop-
erties of QDs and to devise device and optical enhancement
structures in order to exceed the performance and/or tem-
perature of operation of quantum well based infrared
arrays.

2. The dot-in-the-well infrared photodetector

The main benefit in using the QD approach stems from
3D quantum confinement, which (1) enables normal inci-
dence absorption by modifying the optical transition selec-
tion rule, and, (2) increases the photo-excited carrier
lifetime by reducing optical phonon scattering via the
“phonon bottleneck” mechanism [1-6]. However, QDs
also have some drawbacks that need to be addressed. In
a typical detector structure, QD densities are low (com-
pared to the number of dopants in the active regions of
QWIPs); so while individual QDs are efficient absorbers,
typical QD densities are not high enough to achieve high
quantum efficiency. Thus, while QD based infrared detec-
tors have clearly demonstrated normal incidence absorp-
tion [5,6], and, in some instances, higher operating
temperature as well [5-12], they are still lacking in quantum
efficiency and responsivity.

The first-generation QDIPs are high-gain, low-quan-
tum-efficiency devices. Improving quantum efficiency is a
key to achieving a competitive QD-based FPA technology.
This can be accomplished by increasing the QD density, or
by enhancing the infrared absorption in the QD-containing
material. There are various versions of QDIPs, based on
different materials and designs. After considering all types
of competing QD-based approaches, we feel that one of
the most promising options for LWIR FPAs is the use of
the dot-in-a-well (DWELL) QDIP [10,11,13]. Our specific
implementation uses InAs and InGaAs QDs embedded in
GaAs/AlGaAs multi-quantum well structures, as illus-
trated in Fig. 1. This material system can sustain a large
number of QD stacks without suffering material degrada-
tion, thereby allowing high dot density. The host GaAs/
AlGaAs multi-quantum well structures are highly compat-
ible with the mature FPA fabrication process that we use
routinely to make QWIP FPAs; in that sense, this system
may be viewed as simply a QWIP with embedded InAs
QDs. Similar to other intersubband detectors, DWELLSs
operate by the photoexcitation of electrons between energy
levels in the potential well created by the nano-scale QD in
a well structure. The right panel of Fig. 1 shows that, under
an applied bias voltage, these photo-excited carriers can
escape from the potential wells and be collected as photo-
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Fig. 1. Illustration of the dot-in-a-well (DWELL) device. Top left panel
shows the potential profile, with three pyramid shaped dots embedded in
the quantum well. The bottom left panel displays a calculated DWELL
ground state wave function, represented by a white translucent equal-
probability isosurface, localized by a pyramidal quantum dot. The right
panel illustrates the operation of a DWELL infrared detector.

current. The wavelengths of the spectral peaks (/,) are
determined by the energy difference between quantized
states in the DWELL. The hybrid quantum-dot/quan-
tum-well, or dot-in-a-well (DWELL), device offers two
advantages: (1) challenges in wavelength tuning through
dot-size control can be compensated in part by engineering
the quantum well sizes, which can be controlled precisely;
(2) quantum wells can trap electrons and aid in carrier cap-
ture by QDs, thereby facilitating ground state refilling.

3. Quantum dot material growth

QDs can be fabricated by taking advantage of a strain-
induced transformation that happens naturally in the ini-
tial stages of epitaxial growth for lattice-mismatched mate-
rials. One highly successful method of achieving QDs is
through self-organized growth in the Stranski-Krastanow
growth mode [14]. Similar to quantum wells, these struc-
tures are fabricated by MOCVD or MBE using III-V
materials (e.g. InGaAs/AlAs/GaAs/InAs). 3D islands can
be formed spontaneously during strained layer epitaxy,
and they exhibit good uniformity in size, shape and spatial
distribution. By using a smaller band gap material for the
strained layer (InAs) and a larger band gap material for
the barrier (GaAs or AlGaAs), three-dimensional confine-
ment can be achieved. The QD island dimensions are
controllable by changing growth conditions. Our MBE
chamber is equipped with dual Ga, In, and Al cells for flux
of the group III elements, and a valved cracking As source
for the group V. In addition to standard I1I-V dopants (Be,
Si, Te), the chamber is also equipped with a valved crack-
ing source for Sb, allowing for the incorporation of more
esoteric InSb QDs or AlSb anti-dots as well as a nitrogen
plasma source for countering the tensile strain of InGaAs
wells with nitrogen incorporation. The substrate tempera-
ture and all cell temperatures are fully computer controlled
to meet the rigorous temperature cycling demands of high-
quality DWELL QDIP growth. The chamber is also used
for the production of large format Ga(In)As/AlGaAs
FPAs, and has demonstrated excellent uniformity for wafer
sizes up to 100 mm (4 in.). Relaxation-free growth of over
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30 periods, twice as many as reported for conventional
DWELL [10,13] structures has achieved by lowering the
indium content of the InGaAs wells. Full use of our
closed-loop detector development cycle, including feedback
from photoluminescence, AFM and X-ray measurements,
was necessary to ensure that the quantum efficiency of
the overall structure increased along with stack number.
This has led to much higher quantum efficiency in our
structures than previously reported values for DWELL
QDIP structures [10].

4. Test detector fabrication

All DWELL-QDIP wafers were grown on semi-insulat-
ing 4in. GaAs substrates using a Veeco Gen-III MBE
Reactor. After evaluating material quality, selected wafers
were processed into test detector mesas. After the
200 pm x 200 um square mesas are defined by lithography,
the DWELL-QDIP test detectors were fabricated by stan-
dard wet and dry chemical etching through the stack of
photosensitive layers into the doped GaAs bottom contact
layer. The top contact of the detectors were covered with
Au/Ge and Au for an Ohmic contact which also serves
as a reflector for light incident through the bottom contact,
allowing two passes through the active layers.

Initial QDIP characterization of discrete devices
included measurements of the room-temperature absorp-
tion spectra, side [15,16] and normal incident responsivity
spectra, dark current, and noise. These detectors were
tested in a cryogenically cooled test bed using a calibrated
blackbody source to evaluate responsivity of the detector
over the relevant range of operating temperatures and bias
voltages. The test results were used to verify and adjust the
model used in designing the material parameters. This
cycle was iterated several times in order to develop the rec-
ipe for the final optimized detector wafer used to make
FPAs.

5. DWELL QDIP absorption quantum efficiency

A separate 8-pass polished waveguide structure was fab-
ricated for absorption measurements [15,16]. Fig. 2 shows
the measured absorption QE from a 30-stack DWELL
QDIP, with a peak value at approximately 2.7%. To our
knowledge, this is the best measured intrinsic absorption
QE to date in a QD based LWIR infrared detector. During
this development we have measured the normal and 45°
incidence responsivity of DWELL QDIP samples. A typi-
cal set of results is shown in Fig. 3. As hoped, the normal
incidence responsivity (relative to the 45° responsivity) is
much stronger (almost 1 order of magnitude) than that
found in a typical QWIP. At the same time, we also find
that the 45° incidence responsivity is 4-5 time stronger than
the normal incidence responsivity. This implies that at
these wavelengths, the DWELL QWIPs not only have
good absorption for normal incidence (x, y-polarized; with
z-being the normal incidence direction) light, it also
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Fig. 2. The measured internal absorption quantum efficiency (no grating
or cavity effects) for a 30-stack DWELL QDIP.
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Fig. 3. DWELL QDIP spectral responsivity measured for (a) normal
incidence, (b) 45° incidence.

absorbs inclined (or side) incidence (z-polarized) light even
more strongly [9]. This knowledge has prompted an impor-
tant design modification, as we now wish to take advantage
of the DWELL QDIP’s ability to absorb both normal and
inclined incidence light in order to maximize quantum effi-
ciency. As in QWIPs, normal incidence light can be cou-
pled to the z-polarization light absorption mechanism in
DWELL QDIPs by using a reflection grating. Due to our
extensive experience in designing and fabricating FPA-
compatible integrated optical structures for QWIPs, we
were in an excellent position to implement the grating
reflector enhanced QDIP. Fig. 4 shows our preliminary
experimental results on grating enhancement. Normal inci-
dence responsivity was measured for a DWELL QDIP
sample, fabricated both with and without a reflection grat-
ing. It should be noted here that the substrate was not
thinned in either case, hence resonant grating cavity effects
have not been incorporated. Nevertheless, the device with
the reflection grating shows approximately three times lar-
ger normal incident responsivity than the one without,
clearly indicating the promise of this approach.
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Fig. 4. Normal incidence spectral responsivity of a DWELL-QDIP with
and without reflection gratings.

Given that the gain of DWELL QDIPs is quite different
from other intersubband detectors, it is worthwhile to
examine how this affects the detector performance. Sensi-
tivity of DWELL QDIPs can be evaluated by measuring
parameters such as absolute spectral responsitivity R(4),
absorption quantum efficiency (internal) 7, photocurrent
(Ip), dark current I, noise current i,, and specific detectiv-
ity (D). Similar to other intersubband photodetectors,
these parameters are linked each other through the photo-
conductive gain (g) of the detector, R =eng/(hc/i),
in = /4e(Ip + Ip)gAf, and D* = R\/AAf /i, [15,16].

Here, e is the electron charge, Af'is the bandwidth, 4 is
the detector area, and hc// is the photoexcitation energy.
When the detector operates in background limited condi-
tions (Ip > Ip), since Ip is proportional to gain, D* depends
only on the absorption quantum efficiency #, regardless of
the size of the photoconductive gain. Therefore, improving
absorption quantum efficiency is the key to improving the
ultimate performance of these detectors [15,16]. Fig. 5
shows the dark current as a function of temperature at var-
ious operating bias conditions. Fig. 6 shows D" of this
detector as a function of device temperature at operating
bias Vg = —1 V. This figure shows that the DWELL detec-
tor reaching background limited D* ~ 1x 10" Jones
around 7= 50 K temperature. We expect to improve D*
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Fig. 5. Dark current vs. operating temperature curves of a DWELL QDIP
detector at various device bias conditions. The device area is 25 x 25 pm?.
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Fig. 6. Dark current limited and background (300 K, f/2 optics) limited
specific detectivity of DWELL-QDIP as a function of operating temper-
ature. Detectivities are calculated using experimentally measured spectral
responsivity, dark current, and photoconductive gain of the detector.

through reduction of dark current and increase in quantum
efficiency. Specifically, (1) dark current reduction would
extend the plateau of the BLIP (background limited perfor-
mance) D* curve to higher temperature, (2) quantum effi-
ciency increase would shift the BLIP D* curve upward
over the entire temperature range. Further reduction in
dark current would help to achieve BLIP performance at

higher operating temperatures.

6. Focal plane array fabrication

After establishing optimized layer thickness and growth

conditions for the LWIR DWELL-QDIP, the FPA devel-
opment effort began with the growth of wafers on 3 in.
semi-insulating GaAs substrates. Selected wafers were pro-
cessed into FPAs. We regularly use established I1I-V mate-
rial fabrication processes to develop QWIP FPAs including
complicated multilevel structures and very-large-formats.
These procedures are directly applicable for QD-based
devices due to the similarity of the underlying material sys-
tems. These processes (including grating fabrication, detec-
tor pixel isolation, metal evaporation, metal lift-off and
Ohmic contact annealing) are carried out at the wafer level
(see Fig. 7). Generally, an optical coupling grating requires
high resolution photolithographic techniques to meet criti-
cal dimensions in the grating pattern. Photolithography
was performed with a Cannon Stepper, which maintains
the large format array uniformity across the entire wafer
while minimizing defects during lithography throughout
the processing cycles. In preparation for hybridization,
In-bumps are evaporated in each pixel of the entire wafer
and each detector array is diced for hybridization with an
ISC-9803 read out integrated circuit (ROIC). In bump-
evaporation and hybridization procedures were carried
out at FLIR Indigo Systems.

After the 640 x 512 pixel QDIP detector arrays were
hybridized to a 640 x 512 pixel ROIC, a simple electronic
functionality test was performed to evaluate the FPAs.
Then we thinned the selected FPA hybrids by removing
the entire substrate while leaving the detector pixels, the
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Fig. 7. A 3-in. GaAs wafer with twelve 640 x 512 pixels QDIP FPAs.

bottom contact layer and the dielectric mirror. During
thinning, the entire substrate material was removed by
abrasive polishing, wet chemical etching followed by dry
etching that ends at the epitaxially grown selective etch
layer. This thinned detector array completely eliminates
the thermal mismatch issue between the CMOS ROIC
and the GaAs/InAs/AlAs based detector array, pixel out-
ages, and pixel-to-pixel optical cross talk of the FPA. Basi-
cally, the thinned GaAs based QDIP FPA membrane
adapts to the thermal expansion and contraction coeffi-
cients of the silicon readout multiplexer. Thus, thinning
has played an extremely important role in the fabrication
of large area FPA hybrids. Elimination of thermal mis-
match is a process of paramount importance in achieving
high-quality, large area arrays without pixel delamination
[15]. Typically, twelve 640 x 512 detector arrays can be pro-
cessed from a single 3 in. GaAs wafer (see Fig. 7).

7. Focal plane array demonstration

Selected detector hybrids were mounted and wire-
bonded to a leadless chip carrier (LCC). A specially
designed dewar was used to characterize the FPA function-
ality using a general-purpose electronic system from SE-IR
Incorporated. The SE-IR system was programmed to gen-
erate complex timing patterns, and was reconfigured to
handle a development grade FPAs. The best performance
was determined by optimizing operating-parameters for
each FPA. The FPAs were characterized for pixel respon-
sivity, quantum efficiency, noise, D*, NEAT, pixel operabil-
ity, before and after correction uniformity (contribution
form both spatial and temporal), and pixel operability.
The spectral responsivity of the FPA was determined using
a separate single mesa processed with the FPA. NEAT as a
function of bias and integration time at a fixed operating
temperature was used as a metric for parameter
optimization.

Since the QDIP is a high impedance device at operating
temperature, it should yield a very high charge injection

coupling efficiency into the integration capacitor of the
multiplexer. Charge injection efficiency can be obtained
from Ej,j = gmRp/(1 + gmRp), where g, is the transcon-
ductance of the MOSFET and is given by g, = elpe/kT.
The differential resistance Rpe of the 23 x 23 pm? pixels
at —350 mV bias is 5.5x 10'° Q at 7= 60 K and detector
capacitance Cpe is 1.4 x 107 F. The detector total cur-
rent is Ipe = 17 pA under the same operating conditions.
However, the dynamic resistance of the detector and ROIC
is given by Rp.Croic = fint, Where Croic is the capacitance
of the ROIC integration capacitor and ¢, is the integration
time. We have integrated the signal for 20 ms. The input
capacitance of ISC 9803 ROIC is 350 fF, which yields Rp
of 5.7x10"°Q. According to the equation above, the
charge injection efficiency Ej,; = 99.65% at a frame rate
of 50 Hz. The FPA was back-illuminated through the flat
thinned substrate membrane (thickness ~1000 A). This ini-
tial array gave very good images with >99% of the pixels
working, demonstrating the high yield of GaAs techno-
logy. The operability was defined as the percentage of
pixels having NEAT within 2¢ at 300 K background with
/12 optics and in this case operability happens to be equal
to the pixel yield.

We have used the following equation to calculate the
NEAT of the FPA. NEAT = v/AB/[D};(dPg/dT)sin*(0/2)],
where Dy, is the blackbody detectivity, (dP/dT) is the deriv-
ative of the integrated blackbody power with respect to tem-
perature, and 0 is the field of view angle [i.e., sin*(0/2) =
(42 + 1)"!, where f'is the f number of the optical system].
The background temperature 7 = 300 K, the area of the
pixel 4 = (23 pm)?, the f number of the optical system is
2.3, and the frame rate is 30 Hz. Fig. 8 shows the experimen-
tally measured NEAT histogram of the FPA at an operating
temperature of 7= 60K, bias Vg=—-350mV at 300 K
background with f/2 optics. The mean NEAT value is
40 mK. This agrees reasonably well with our estimated
value of 25 mK based on test structure data. The read noise
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Fig. 8. Noise equivalent temperature difference (NEAT) histogram of the
311,040 pixels of the 640 x 512 pixel QDIP FPA showing a high unifor-
mity of the FPA. The non-uniformity (= standard deviation/mean) of this
unoptimized FPA is only 0.2%.
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of the multiplexer is 500 electrons. The experimentally mea-
sured peak quantum efficiency of the FPA was 5.0% (see
Fig. 9). Thus, the quantum efficiency of the DWELL QDIP
discussed in this paper has enhanced by a factor of 1.8 due
to the resonant grating cavity. Similar grating cavity
enhancement effects were observed in QWIP FPAs as well.

8. Focal plane array camera

A 640 x 512 pixel QDIP FPA hybrid was mounted onto
a 84-pin LCC and installed into a laboratory dewar which
is cooled by liquid nitrogen to demonstrate a LWIR imag-
ing camera. The FPA was cooled to 60 K by pumping on
liquid nitrogen and the temperature was stabilized by reg-
ulating the pressure of gaseous nitrogen. The other element
of the camera is a 100 mm focal length AR coated germa-
nium lens, which gives a 7.3°x5.9° field of view. It is
designed to be transparent in the 8-12 um wavelength
range to be compatible with the QDIP’s 8-9 pm operation.
The digital data acquisition resolution of the camera is 14-
bits, which determines the instantaneous dynamic range of
the camera (i.e., 16,384) [15,16].

The measured mean NEAT of the QDIP camera is
40 mK at an operating temperature of 7= 60 K and bias
Vg = —350 mV at 300 K background with f/2 optics. This
is in good agreement with expected FPA sensitivity due to
the practical limitations on charge handling capacity of the
multiplexer, read noise, bias voltage and operating temper-
ature. The uncorrected NEAT non-uniformity of the
640 x 512 pixels FPA is about 3% (= sigma/mean). Fig. 8
shows the NEAT histogram of this first unoptimized
640 x 512 pixel QDIP FPA and the higher sigma/mean
was due to the reduced number of samples acquired during
the measurement. The non-uniformity after two-point
(17 °C and 27 °C) correction improves to less than 0.2%.

Video images were taken at a frame rate of 50 Hz at
temperatures as high as 7= 60 K using a ROIC capacitor
having a charge capacity of 11 x 10° electrons (the maxi-
mum number of photoelectrons and dark electrons that
can be counted in the integration time of each detector
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Fig. 9. Quantum efficiency histogram of the 311,040 pixels of the
640 x 512 pixel QDIP FPA.

Fig. 10. An image taken with the first 640 x 512 pixels QDIP LWIR focal
plane array camera.

pixel). Fig. 10 shows an image taken with this long-wave-
length 640 x 512 pixels QDIP camera.

9. Conclusion

The goal of our development was to continually increase
the D* of the DWELL QDIP by maximizing quantum effi-
ciency and responsivity while minimizing dark current. Our
strategy has been to perform a survey of a wide range of
techniques to identify the key issues for detector optimiza-
tion. These include: material development for increasing
the number of QD stacks, spacer/barrier layer for dark cur-
rent blocking, variations in well structure for wavelength
control, design of DWELL quasi-bound excited states,
and QD size distribution control. All of these techniques
have resulted in performance improvements, and all of
them still have room for further improvement. This devel-
opment effort has led to the best LWIR DWELL QDIP
performance to date, and will provide the empirical basis
for what will lead to our achieving the very ambitious
sensitivity goals demanded by space-born imaging pro-
grams. In conclusion, we have demonstrated the first
640 x 512 pixel LWIR QDIP FPA with NEAT of 40 mK
at an operating temperature of 60 K.

Finally, it should be noted that in addition to the perfor-
mance already discussed in this paper, the QDIP array
technology offers additional positive attributes that should
not be overlooked. Large substrates (6 in. wafers) are read-
ily available for growth. A 6 in. GaAs wafer provides suf-
ficient real estate to produce over forty 640 x 512 arrays
at a 25 um pitch. Since the QDIP arrays are thinned down
to a membrane, indium bump hybrids can be quite large
since the thermal mismatch issues between detector array
and silicon are eliminated. Consequently, the QDIP inter-
connect operability is quite high. The smaller absorption
volume of the QDIP structures indicates that their radia-
tion hardness will be higher than the conventional QWIP
devices. QWIP-like structures have been shown to exhibit
very low 1/f noise. The lack of 1/f noise above 10 mHz
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allows for stable calibrated staring and slow scan strategies
commonly required in space-born applications. Of particu-
lar interest is the role that other FPA parameters such as
operability and uniformity play in the quality of an image
from a FPA. A more detailed discussion on this subject can
be found elsewhere [16]. This treatment makes a significant
point that when D* > 10'° cm /Hz/W, the FPA perfor-
mance is limited by array uniformity and thus essentially
independent of the detectivity. This attribute has been dem-
onstrated in the high-quality images with low NEAT taken
by JPL’s highly uniform QWIP FPAs.
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