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ABSTRACT 

We have exploited the artificial atomlike properties of epitaxially self-assembled quantum dots for the development of high 
operating temperature long wavelength idrared (LWlR) focal plane arrays. Quantum dots are nanometer-scale islands 
that form spontaneously on a semiconductor substrate due to lattice mismatch. QDTPs are expected to outperform 
quantum well infrared detectors (QWIPs) and are expected to offer significant advantages over 11-VI material based focal 
plane arrays. QDIPs are fabricated using robust wide bandgap 111-V materials which are well suited to the production of 
highly uniform LVlrIR arrays. We have used molecular beam epitaxy (MBE) technology to grow multi-layer LWlR 
quantum dot structures based on the InMInGaAslGaAs material system. SPL is building on its significant QWIP 
experience a,nd is basically building a Dot-in-the-Well @WELL) device design by embedding InAs quantum dots in a 
QWIP structure. This hybrid quantum dotlquantum well device offers additional control in wavelength tuning via control 
of dot-size and/or quantum well sizes. In addition the quantum wells can trap electrons and aide in ground state relilliing. 
Recent measurements have shown a 10 times higher photoconductive gain than the typical QWIP device, which indirectly 
confirms the lower relaxation rate of excited electrons (photon bottleneck) in QDPs. Subsequent material and device 
improvements have demonstrated an absorption quantum efEciency (QE) of - 3%. Dot-in-the-well @WELL) QDIPs 
were also experimentally shown to absorb both 45' and normally incident light. Thus we have employed a reflection 
grating structure to firther enhance the quantum efficiency. JPL has demonstrated wavelength control by progressively 
growing material and fabricating devices structures that have continuously increased in LWIR response. The most recent 
devices exhibit peak responsivity out to 8.1 microns. 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 640x512 pixels Q D P  focal plane array. This QDIP 
focal plane may  has produced exeellent infrared imagery with noise equivalent temperature difference of 40 mK at 6OK 
operating temperature. In addition, we have managed to increase the quantum efficiency of these devices ib-om 0.1% 
(according to the data published in literature) to 20% in discrete devices. This is a factor of 200 increase in quantum 
efficiency. W~th these excellent results, for the first time QDIP performance has surpassed the QWIP performance. Our 
goal is to operate these long-wavelength detectors at much higher operating temperature than 7% which can be 
passively achieved in space. This will be a huge leap in high performance infrared detectors specifically applicable to space 
science instruments. 
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L INTRODUCTION 

The artificial atomlike properties of epitaxially self-assembled quantum dots (QDs) were exploited in this work for the 
development of high operating temperature long wavelength &hired (LWJR) focal plane arrays (FPAs). The Jet 
Propulsion Laboratory (JPL) fully capitalize on the rapidly growing field of quantum-dot infrared photodetectors 
(QDPs). QDs are nanometer-scale islands that form spontaneously on a semiconductor substrate due to lattice mismatch. 
QDIPs are expected to outperform quantum well infrared detectors ( Q W s )  and are expected to offer significant 
advantages over 11-VI material (HgCdTe) based FPAs. QDIPs are fabricated using robust wide bandgap ID-V materids 



which are well suited to the production of highly uniform LWIR arrays. QD based inGared photodetectors have the 
potential to make a significant 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 particles (i.e. QDs) embedded within the 111-V infrared detector allows for higher operating temperatures 
and increased band gap tunability without sacrificing the economic advantages of the mature III-V irftared imaging 
system pipeline. 

The 3D confinement of the nanoscde QDs enables normal incidence absorption by tnodimg the optical transition 
selection rule and increases the photo-excited canier lifetime by reducing optical phonon scattering via the "phonon 
bottleneck" mechanism. The former enhances quantum efficiency, while the latter raises operating temperature. 
Consequently, QDIPs offer increased performance over existing QWIP FPAs. Thus the thrust of this work has been to 
hrther uncover and manipulate the properties of QDs and to devise device and optical enhancement structures in order to 
exceed the performance and/or temperature of operation of HgCdTe based infrared arrays. 

Dot-in-the-well (DWELL) QDPs were also experimentally shown to absorb both 45' and normally incident light. This 
knowledge has prompted an important design modification. The resonant cavity design used for enhancing quantum 
efficiency was modified to include a reflection grating structure. Subsequent device performance of LWTR test devices has 
exhibited a factor of three larger normal incidence responsivity. JPL has demonstrated wavelength control by progressively 
growing material and fabricating devices structures that have continuously increased in LWIR response. The most recent 
devices exhibit peak responsivity out to 9.7 microns. Peak detectivity of the 9.7 pm devices have reached - 3 x lo9 Jones 
at 77 K. Currently the devices grown have only - 30 layers and are not fully optimized. 

Ii. THE DOT-IN-THE-WELL INFRARED PHOTODETECTOR 

The main benefit in using the QD approach 
stems from 3D quantum confinement, which (1) 
enables normal incidence absorption by 
modifying the optical transition selection rule, 
and, (2) increases photo-excited canier lifetime 
by reducing optical phonon scattering via the 
"phonon bottleneck" mechanism. The former 
enhances quantum efficiency, while the latter 
raises operating temperature. However, QDs 
also have some drawbacks that need to be 
addressed. In a tyypical detector structure, QD 
densities are low (compared to the number of 
dopants in active regions of QWIPs); so while 
individual QDs are &cient absorbers, typical 
QD densities are not high enough for achieving 
high quantum efficiency. Thus, while QD based 
infrared detectors have clearly demonstrated 
normal incidence absorption [I], and, in some 
instances, higher operating temperature as well 
[Zf, they are still lacking in quantum efficiency 
and responsivity. 

Fig. 1. Illustration of the Dot-in-the-Well (DWELL) device. Top left panel 
shows the pokntial 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 pand illustrates 
the operation of a DWELL infrared detector. 

The fust-generation QDZPs are Egh-gain, low-quantum-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 QD infrared 
photodetectors, based on different materials and designs. After considering aIl types of competing QD-based approaches, 
we feel that one of the most promising options for LWlR FPAs is the use of the Dot-in-the-well @WELL) QDP [3,4, 51. 
Our speciiic implementation uses lnAs QDs embedded in GaAsMGaAs multi-quantum well structures, as illustrated in 



Fig. I .  This material system can sustain a large number of QD stacks without suffering material degradatioq thereby 
allowing high dot density. The host GaAdAZGaAs multi-quantum well structures are highly compatible 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, DWELLS operate by the photoexcitation of 
electrons between energy levels in the potential well created by 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 photocurrent. The wavelengths of the spectral peaks (Ap) are determined by the energy difference between 
quantized states in the DWELL. The hybrid quantum-dotlquantum-well, or dot-in-the-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 capture by 
QDs, thereby facilitating ground state refilling. Figure 2 shows DWELL Q D P  spectral tuning by varying well geometry 
in a set of samples grown by JPL. 

Semiconductor QDs are made of a very small volume of a small band gap material embedded in a large band gap material 
(for example InGaAs dots in AlGaAs barriers). These can be fabricated by taking advantage of a strain-induced 
transformation that happens naturally in the initial stages of epitaxial growth for lattice-mismatched materials. One highly 
successful method of achieving QDs is through self-organized growth in the Stranski-Krastanow growth mode [6]. 
Similar to quantum wells, these structures are fabricated by MOCVD or h4BE using ILT-V materids (e.g.1 
InGaAs/AlAslGaAsflnAs). 3-D islands can be formed spontaneously during strained layer epitaxy, and they exhibit good 
un5ormity in size, shape and spatial distribution. By using 
a smaller band gap material for the strained layer ( Ink )  1.2 

and a lager band gap material for the barrier (GaAs or 
AlGaAs), three-dimensional confinement can be achieved. $ .- 
The QD island dimensions are controIlable by changing " 

5 0.8 growth conditions. 3 
0.6 

For DWELL QDIP growth, P L  uses a state of the art w 
Veeco Gen HI molecular beam epitaxy (MBE) chamber 8 0.4 
designed for all aspects of QD-based FPA growth. The I 

chamber is equipped with dud Ga, In, and A1 cells for 2 0.2 
flux of the group III elements, and a valved cracking As 
source for the group V. In addition to standard 111-V 0 
dopants (Be, Si, Te), the chamber is also equipped with a 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  
valved cracking source for Sb, allowing for the Wavelength (pm) - .  
incorporation of more esoteric InSb QDs or AtSb anti- 

Fig. 2. Experimentdly measured spectral responsivity of dots as well as a nitrogen plasma source for countering 
DwLL QDps demnaw ting qerWl tunabig% by vwg 

the tensile strain of InGaAs wells with nitrogen wellwidths. 
incornoration. The substrate temDerature and all cell 
temperatures are fblly 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, has excellent 
uniformity for wafer sizes up to 1 0 0 m  (4 inches). 

During this effort, we have directly investigated many of the salient aspects of DWELL QDIP production, including 
permutations of constituent materials, the number of QD containing stacks, conventional DWELL vs. dot-in-the-QWIP 
designs, current blocking layers, flux ratios and growth rates, and advanced computer-controlled temperature cycling 
during growth. Relaxation-free growth of over 30 periods, twice as many as reported for conventional DWELL structures 
has achieved by lowering the indium content ofthe 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 Ied to much higher quantum efficiency in 
our structures than previously reported values for DWELL QDIP structures. 



IV. TEST DETECTOR FABRICATION 

All DWELL-QDIP wafers were grown on semi-insulating 4" 
3.5 --- - - - - 

GaAs substrates using a Veeco Gen-111 MBE Reactor ARer 
evaluating materid quality, selected wafers were processed into ::: 1 test detector mesas. After the 200 pm x 200 pm square mesas 
are defined by lithography, the DWELL-QDIP test detectors , 2.0 .- 
were fabricated by standard wet and dry chemical etching g , 
through the stack of photosensitive layers into the doped GaAs 
bottom contact layer. The top contact of the detectors were 
covered with AuIGe and Au for an Ohmic contact which also 
serves as a reflector for light incident through the bottom 0.0 
contact, allowing two passes though the active layers. In 
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addition, a separate &pass polished waveguide structure will be Bias Voltage (-V) 
fabricated for absorption measurements 

Fig. 3. Gain vs. bias voltage of 15-penod DWELL 
Initial QDIP characterization of discrete devices included detector evaluated using nolse measurements Gain is 
measurements of the room-temperature absorption spectra, side *&restmated at bias V~ ' lV due to 
and normal incident responsivity spectra, dark current, and diEferent noise mechmsms. 

noise. These detectors were tested in a cryogenically cooled 
test bed using a calibrated blackbody source to evaluate responsivity of the detector at over the relevant range of 
operating temperatures and bias voltages The test results used to ver* and adjust the model used in designing the 
material parameters. This cycle was iterated several times in order to develop the recipe for the final optimized detector 
wafer used to make FPAs 

DWELL QDIP GAIN AND ABSORPTlON QUANTUM EFFICIENCY 

The effect of 3D quantum codnement on photoexcited carrier 
lifetime can be inferred from gain measurements. Measurements 3 -1 

on a DWELL QDIP taken during this development yielded a 
gain value ofg-3 (see Figure 3). This is approximately 10 times 
higher gain than the typical QWP, which indirectly confirms the 
lower relaxation rate of excited electrons (pbonon bottleneck) in 5 
QDIPs. However, the DWELL, QDIP gain for this sample is 
also more than two orders of magnitzsa2 lower than published 
data on QDllPs without the QD surrounding quantum wells [7]. 
This is most likely because we use the quantum wells as 
electron traps to increase the number of carriers near the QD in 
order to refill the QD ground states rapidly to boost quantum 
efficiency, trapping by wells lowers the gain. 

A detector can have very low intrinsic quantum efficiency but Y 
I I I 

very high gain and still show reasonable levels of responsivity. 4 5 6  7 8  9 1 0 1 1  
Results of our gain measurements (g - 3) led us to believe that Wavelength (pm) 
this is not the case for us, and that the intrinsic QE of our 

Pig. 4. The measured internal absorption quantum 
DWELL Q'IPs shouid not be low We sought e ~ w a v y  (no gatmg m oavi+y for a 3 0 - g ~ ~ ~  
confirmation of this by direct absorption QE measurements. The DwLL QDIP 
absorption of our initial samples was too Iow to be measured 
directly, and QE had to be computed indirectly from responsivity and gain measurements. With subsequent materid and 
device improvements, we were able to obtain the intrinsic quantum efficiency directly fi-om absorption measurements. 
Figure 4 shows 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-degree incidence responsivity of DWELL QDIP samples. 
A typical set of results is shown in Fig. 5. As hoped, the normal incidence responsivity (relative to the 45-degree 
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-degree incidence responsivity is 4 to 5 time stronger than the normal incidence responsivity. This 
implies that at these wavelengths, the DWELL QWTPs not only have good absorption for normal incidence (qy-polarized; 
with z being the normal incidence direction) light, it also absorbs inclined (or side) incidence (z-polarized) light even more 
strongly. This knowledge has prompted an important design modification, as we now wish to take advantage of the 
DWELL QDP's ability to absorb both normal and inclined incidence light in order to maximize quantum efficiency. As in 
Q W s ,  normal incidence light can be coupled to the z-polarization light absorption mechanism in DWELL QDIPs by 
using a reflection grating. Because of 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. Figure 
6 shows our preliminary experimental results on grating enhancement. Normal incidence responsivity was measured for a 
DWELL QDIP sample, fabricated both with and without a reflection grating. It should be noted here that the substrate 
was not thinned in either case, hence resonant grating cavity eEicts have not been incorporated. Nevertheless, the device 
with the reflection grating shows approximately three times larger responsivity than the one without, dearly indicating the 
promise of this approach. 

Given that the gain of DWELL QDPs is quite different from other intersubband detectors, it is worthwhile lo examine 
how this affects the detector perfo~mance. Sensitivity of DWELL QDlPs can be evaluated by measuring parameters such 
as absolute spectral responsitivity R(A), absorption quantum efficiency (internal) 17, photocurtent (Ip), dark current ID, 
noise current in, and specific detectivity (D*). Similar to other intersubband photodetectors, these parameters are linked 
each other through photoconductive gain (g) of the detector as shown below [8], 

4 5 6 7 8 9 1 0 1 1 1 2  
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Fig. 5. DWELL QDXP spectral responsivity measured F1g. 6. Normal incident spectral responsivity of 
for (a) nonnal incidence, (b) 445" incidence. a DWELL-QDIP with and without reflection grating. 

Here, e is the electron charge, Af is the bandwidth, A is the detector area, and hc/A is the photoexcitation energy. When 
the detector operates in background limited conditions (Ip >>ID), since lp is proportional to gain, D* depends only on the 
absorption quantum efficiency r, regardless of the size of the photoconductive gain. Therefore, improving absorption 
quantum efficiency is the key to improving the ultimate performance of these detectors 191. Figure 7 shows the dark 



current at a function of temperature at various operating bias conditions. Figure 8 shows D* of this detector as a h c t i o n  
of device temperature at operating bias VB = -lV This figure shows that the DWELL detector reaching background 
limited D* - 1x10" Jones around T = 50 K temperature. We expect to improve D* through reduction of dark current and 
increase in quantum efficiency. Specifically, (1) dark current reduction would extend the plateau of the BLIP D* curve to 
higher temperature, (2) quantum efficiency increase would shifi the BLIP D* curve upward over the entire temperature 
range. In order to achieve ultimate (BLIP) performance at a higher operating temperature, we would need to reduce the 
dark current. 

Temperature (Q Temperature (K) 

Fig. 7. Dark current vs. operatmg temperature curves of a Fig. 8. Dark current limited and background (300K: ff2 optics) 
DWELL QDIP detector at various device bias conditions. The limited specific detectivity of DWELL-QDIP as a function of 
device area is 25x25 pm2. operating temperature. Detectivities are calculated using 

experimentally measured spectral responsivity, dark cwent, 
and photoconductive gain ofthe detector. 

VI. FOCAL PLANE ARRAY FABRICATION 

After establishing optimized layer thickness and growth conditions for the LWlR DWELL-QDP, the FPA development 
effort began with the growth of wafers on 3" semi-insulating GaAs substrates. Selected wafers were processed into FPAs. 
We regularly use established III-V material fabrication processes to develop QWIP FPAs including complicated multilevel 
strictures and very-large-formats. These procedures are directly applicabIe for QD-based devices due to the similarity of 
the underlying material systems. These processes (including grating fabrication, detector pixel isolation, metal 
evaporation, metal lift-off and Ohmic contact annealing) are carried out at the wafer level (See Fig. 9). Generally, an 
optical coupling grating requires high resolution photolithographic techniques to meet critical dimensions in the grating 
pattern. This task was performed with PL's newly acquired 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 (See Fig. 9). 

After the 640x512 pixel QDIP detector arrays hybridized with 640x512 pixel ROIC, a simple electronic hnctionality test 
were performed to vet the FPAs. Then we thined the selected FPA hybrids by removing the entire substrate but leaving the 
detector pixels, the bottom contact layer and the dielectric mirror. During thinning, the entire substrate material was 
removed by abrasive polishing, dry etching followed by chemical etching that ends at the epitaxially grown selective etch 
layer. This thinned detector array completely eliminates the thermal mismatch between the CMOS ROIC and the 
GaAslTnAslAlAs based detector array, pixel outages, and pixel-to-pixel optical cross talk of the FPA. Elimination of 
thermal mismatch is a process of paramount importance in achieving high quality, large area arrays without delaminating 
pixels. Typically, twelve 640x5 12 detector arrays can be processed from a single 3" GaAs wder. Fig. 9. 



Fig. 9. HI-V materid based FPA processing at JPL. Detector array processing steps, i.e., pixel isolation, grating 
fabrication, metallization, are canied out at wafers level, while hybridizatmn with ROIC is carried out at individual 
FPA level. 

Selected detector hybrids were mounted and wire-bonded to a leadless chip carrier PCC). A specially designed dewar 
was used to characterize the P A  functionality using a general-purpose electronic system from SE-IR Incorporated. The 
SEIR system programmed to generate complex timing patterns, and reconfigured to handle a development grade FPA. 
The best performance was determined by optimizing operating-parameters for each FPA. The ITAS were characterized for 
pixel D*, NEAT, pixel operability, before and after correction uniformity (contribution form both spatial and temporal), 
and pixel operability, Spectral responsivity of the FPA was determined using a separate single mesa processed with the 
F'PA. A!EATas a function of bias and integration time at a fixed operating temperature were used as metrics for parameter 
optimization. 

Fig. LO. Twelve 640x5 12 Q W  arrays can be made on a 3-inch GaAs wafer. Right panel shows a size 
comparison of a 640x5 12 FPA to a quarter. 

Since the QDIP is a high impedance device at the 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 



NEDT 

38 
where gm is the transconductance of the MOSFET and is 
given by gm = eIDet/kT. The differential resistance RDet 

of the pixels at -1 V bias is 1.5x101° Ohms at T=60 K and 
detector capacitance C D ~ ~  is 1.4~10-l4 F. The detector 
dark current IDet = 17 pA under the same operating 
conditions. According to equation (1) the charge injection 
efficiency qinj = 99.5% at a fi-ame rate of 30 Hz. The FPA 
was back- ifiuminated through the flat thinned substrate 

100 200 300 400 500 membrane (thickness FS 1000 A). This thinned GaAs FPA 
NEDT (mK) membrane has completely eliminated the thermal mismatch 

Fig, ll .  Noise eqdvalent temperature (NE~T) between the silicon CMOS ROIC and the GaAs based 
histogram of the 31 1,040 pixels of the 640 x 5 12 pixel QDIP Q D p  FpA. the thinned based QDp FPA 
FPA a high uniformity of FPA. ne non- membrane adapts to the thermal expansion and contraction 
uniformity (= standard MationImean) of this - t e e d  coeffkients of the silicon readout multiplexer. Thus, 
FPA is only 0.2%. thinning has played an extremely important role in the 

fabrication of large area FPA hybrids. In addition, this 
thinning has completely eliminated the pixel-to-pixel optical cross-talk of the FPA. This initial may  gave very good 
images with >99% of the pixels working, demonstrating the high yield of GaAs technology. The operability was defined 
as the percentage of pixels having NEAT with in 30 at 300 K background with fl2 optics and in this case operability 
happens to be equal to the pixel yield. 

We have used the following equation to calculate the N A T  of the FPA. 

NEAT = 
JAB 

DL (dP, / dT) sin2 (8 / 2 )  

where D; is the blackbody detectivity, dP, / dT is the derivative of the integrated blackbody power with respect to 

temperature, and 8 is the field of view angle [i.e., sin2(8/2) = (4$+1)-l, where f is the f number of the optical system]. 
The background temperature TB = 300 K, the area of the pixel A = (23 pm)2, the f number of the optical system is 2.3, 
and the frame rate is 30 Hz. Figure 6 shows the experimentally measured NEAT histopram of the FPA at an operating 
temperature of T = 60 K, bias VB = - 1 V at 300 K background with f7.2 optics and the mean vdue is 40 mK. This agrees 
reasonably well with our estimated value of 25 mK based on test structure data. The read noise of the multiplexer is 500 
electrons. The experimentally measured peak quantum efficiency of the FPA was 6.0%. Thus, the quantum ac iency  of 
the DWELL QDII? discussed in this paper has enhanced by a factor of 2.2 due to the resonant grating cavity. Similar 
grating cavity enhancement effects were obsemed in QWIP FPAs as well. 

VDL FOCAL PLANE ARRAY CAMERA 

A 640x5 12 pixel QDP 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 imaging camera. The FPA was cooled to 60K by pumping on liquid nitrogen 
and the temperature was stabilized by regulating the pressure of gaseous nitrogen. The other element of the camera is a 
100 mm focal length AR coated germanium lens, which gives a 9.2Ox6.9" field of view. It is designed to be transparent in 
the 8-12 pm wavelength range to be compatible with the QDTP's 8-9 pm operation. The digital data acquisition 
resolution of the camera is lCbits, which determines the instantaneous dynamic range ofthe camera (i.e., 16,384). 



The measured mean NEAT of the QDP camera is 
40 mK at an operating temperature of T = 60 K and 
bias Vg = -1 V at 300 K background with f72 
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 temperature. The 
uncorrected NEAT non-uniformity of the 640x5 12 
pixels FPA is about 3% (= sigma/ mean). Figure 11 
shows the noise histogram of this first unoptirnized 
640x512 pixel QDIP FPA and the higher 
sigmafmean was due to the reduced number of 
samples acquired during the measurement. The non- 
uniformity after two-point (17" and 27" Celsius) 
correction improves to less than 0.2%. As 
mentioned earlier, this high yield is due to the 
excellent GaAs growth uniformity and the mature 
GaAs processing technology. 

Fig. 12. An image taken with the first 640x512 QDIP focal plane m y  
camera. Video images were taken at a frame rate of 30 Hz 

at temperatures as high as T = 60 K using a ROIC 
capacitor having a charge capacity of 9x10~ electrons (the maximum number of photoelectrons and dark electrons that 
can be counted in the itltegration t h e  of each detector pixel). Figure 12 shows a frame of video image taken with this 
long-wavelength 640x5 12 pixels QDIP camera. 

(T=77K, at peak wavelengths) (T=77K, scaled to 1 Oym detector) 
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Fig. 13. DWELL-QDIP detectivity progress made during this program. In the left panel, detectivities are calculated based on measured 
responsivity, dark current, and gain of the detector. The right panel shows detectivities normalized to 1 =10 pn for realistic comparison 
with the target wavelength. 

M. CONCLUSION 

The goal of our development was to continually increase the D* of the DWELL QDP by maximizing quantum efficiency 
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 opthimtion. These include: Material development for increasing the number of QD 
stacks, Spacerhamer layer for dark current blocking, Variations in well structure for wavelength control, Design of 
DWLL quasi-bound excited states, and QD size distribution control. All of these techniques have resulted in 



performance improvements, and all of them still have plenty of room for hrther improvement. This development effort 
has led to the best LWIR DWELL Q D P  performance to date, and will provide the empirical basis for what will lead to 
our achieving the very ambitious sensitivity goals demanded by this program. As seen fiom Fig. 13, our siigle detector 
performance continues to increase at a very rapid rate. In addition, we have demonstrated the first 640x5 12 pixel LWIR 
QDIP FPA with NEAT of 40 mK at an operating temperature of 60 K. 

Finally, it should be noted that the performance discussed in this paper are important, however, the QDP array 
technology offers additional positive attributes that should not be overlooked. Large substrates (6" wafers) are readily 
available for growth. A 6" &As wafer provides sufficient real estate to produce over 40 640x512 arrays on a 25 pm 
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 interconnect operability is 
quite high. The smaller absorption volume of the QDZP structures indicates that their radiation hardness will be higher 
than the more conventional QWIP and even higher then that of HgCdTe devices. QWIP-lie structures have been shown 
to exhibit very low l/f noise. The lack of I / f  noise above 10 mHz allows for stable calibrated staring and slow scan 
strategies commonly required in space-borne applications. Of particular interest is the role that other FPAparameters such 
as operability and uniformity play in the quality of an image Erom a FPA A more detailed discussion on this subject can be 
found elsewhere. This treatment makes a sigtllficant point that when D* 2 10" cm dEI5 /W, the FPA performance is 
limited by may  uniformity and thus essentially independent of the detectivity. This attribute has been demonstrated by 
high-quality images with low NEAT demonstrated by JPCs highly uniform QWIP FPAs. 
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