
Multi-Color Megapixel QWIP Focal Plane Arrays for Remote Sensing 

S. D. Gunapala, S. V. Bandara, J. K. Liu, C. J. Hill, S. B. Rafol, J. M. Mumolo, 
J. T. Trinh, M. Z. Tidrow *, and P. D. LeVan ' 

Jet Propulsion Laboratory, California Institute of Technology, 
Pasadena, CA 91 109, USA 

* Missile Defense AgencyIAS, 7 100 Defense Pentagon, Washington, DC 2030 1 
'Air Force Research Laboratory, Kirtland Air Force Base, NM 871 17 

ABSTRACT 

Mid-wavelength infrared (MWIR) and long-wavelength infrared (LWIR) 1024x1024 pixel quantum well infrared 
photodetector (QWIP) focal planes have been demonstrated with excellent imaging performance. The MWIR QWIP 
detector array has demonstrated a noise equivalent differential temperature (NEAT) of 17 mK at a 95K operating 
temperature with fl2.5 optics at 300K background and the LWIR detector array has demonstrated a NEAT of 13 mK at 
a 70K operating temperature with the same optical and background conditions as the MWLR detector array after the 
subtraction of system noise. Both MWIR and LWIR focal planes have shown background limited performance (SLIP) 
at 90K and 70K operating temperatures respectively, with similar optical and background conditions. In addition, we 
are in the process of developing MWIR and LWIR pixel collocated simultaneously readable dualband QWIP focal 
plane arrays. In this paper, we will discuss the performance in terms of quantum efficiency, NEAT, uniformity, 
operability, and modulation transfer functions of the 1024x1024 pixel arrays and the progress of dualband QWIP focal 
plane array development work. 
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1. MWIR QWIP DEVICE 

A quantum well structure designed to detect infrared (R) light is commonly referred to as a quantum well infrared 
photodetector (QWIP). An elegant candidate for the 
QWIP is the square quantum well of basic quantum X # of wells x # of penods 

mechanics 0.0  

[l-21. A coupledquantum well structure was used in h~ 
this device to broaden the responsivity spectrum. In 
the MWIR device described here, each period of the 
multiquantum-well (MQW) structure consists of 
coupled quantum wells of 40 b; containing 10 b; 
GaAs, 20 b; Ino3Gao7As, and 10 L% GaAs layers f--+ 
(doped n = 1x10'~ ~ m - ~ )  and a 40 L% undoped barrier yod Layer 

of Alo 3Gao 7As between coupled quantum wells, and a InyGal-yAs 
400 b; thick undoped barrier of Alo 3Gao 7As. Stacking 
many identical penods (typically 50) together F I ~ I / ~ . L >  I Sclirrrrr~t~c t,'ltrgrulrr of tire coridrrctrori btlritl 1 1 1  tr borlrrtl- 
increases photon absorption. Ground state electrons to-qritr.s~bor~ritI QIT7P. -4 coiljde qrltrrrti,rii ~iel l  str-rictrrw 
are provided in the detector by doping the GaAs well hcls bee11 r,sc.tJ to hl-otrtlerr tire rusj~orl.sr~~ln syectrr~rrr 
layers with Si (see Fig. 1). This photosensitive MQW 
structure is sandwiched between 0.5 pm GaAs top 
and bottom contact layers doped n = 5x10'~ ~ m - ~ ,  grown on a semi-insulating GaAs substrate by molecular beam 



epitaxy (MJ3E). Then a 0.7 p thick GaAs cap layer on top of a 300 A Alo.3Ga,,.7As stopetch layer was grown in situ 
on top of the device structure to fabricate the light coupling optical cavity [3-121. 

The MBE grown material was tested for absorption 
efficiency using a Fourier Transform Infrared F I R )  
spectrometer. The experimentally measured peak 
absorption (or internal) quantum efficiency (qa) of 
this material at room temperature was 19%. Due to 
the fact that the n-i-n QWIP device is a 
photoconductive device, the net (or external) 
quantum efficiency q can be determined using q = 

qa.g, where g is the photoconductive gain of the 
detector. The epitaxially grown material was 
processed into 200 pm diameter mesa test structures 
(area = 3 . 1 4 ~ 1 0 ~  cm2) using wet chemical etching, 
and AuIGe ohmic contacts were evaporated onto the 
top and bottom contact layers. The detectors were 
back illuminated through a 45" polished facet [5-71 
and a responsivity spectrum is shown in Fig. 2. The 
responsivity of the detector peaks at 4.6 pm and the 
peak responsivity (%) of the detector is 170 mA/W 
at bias V, = -1 V. The spectral width and the cutoff 
wavelength are Ahlh = 15% and h, = 5.1 pm 
respectively. The photoconductive gain, g, was 
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specrrtrl ru.sporr.se p w k  is ut 4.6 urrr trrrtl tlre lorrg 
wun.elerig111 crrtoff'is trt 5.1 prrr. 

experimentally determined using [13] g = i: / 4eIDB + 1/2N, where B is the measurement bandwidth, N is the number 
of quantwn wells, and in is the current noise, which was measured using a spectrum analyzer. The photoconductive 
gain of the detector was 0.23 at VB= -1 V and reached 0.98 at VB= -5 V. Since the gain of a QWIP is inversely 
proportional to the number of quantum wells N, the better comparison would be the well capture probability p,, which 
is directly related to the gain [13] by g = l/Np,. The calculated well capture probabilities are 25% at low bias (i.e., VB = 
-1 V) and 2% at high bias (i.e., VB = -5 V), which 
together indicate the excellent hot-electron transport 1013 
in this device structure. The peak net quantum 
efficiency was determined using q = q,.g. Thus, the 
net peak quantum efficiency at bias VB = -lV is 
4.6%. The lower quantum efficiency is due to the 1012 

lower photoconductive gain at lower operating bias. 
A Lower operating bias is used to suppress the $l 
detector dark current. Due to a low readout 2 l o l l  
multiplexer well depth (i.e., 8x10~ electrons) a lower 5 
dark current is mandatory to achieve a higher b 
operating temperature and longer integration times. 1010 
In background limited performance (BLIP) 
conditions the noise equivalent differential 
temperature (NEAT) improves with increasing I 09 
integration time. However, the absorption quantum 60 80 loo 120 
efficiency can be increased further up to 60% - 70% Temperature (K) 

with higher quantum we'' doping densities. *s a Figrrr.c> 3. ~ ) ~ r c . c t i ~ ~ i g .  t i s  tr ,jirrrctior, c/etector ojwrrrtirrp 
result, the operating temperature of the devices will tc~rrrperrrtrrru trt bitrs c?flR = -1 1 :  
decrease [9]. 
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The peak detectivity is defined as D: = R I i n  , where Rp is the peak responsivity, A is the area of the detector 

and A = 3.14~10"' cm2. The measured peak detectivity at bias VB = -1 V and temperature T = 90 K is 4x10" 
cm & / W . Fig. 3 shows the peak detectivity as a function of detector operating temperature at bias VB = -lV. These 
detectors show BLIP at a bias VB = -1 V and temperature T = 90 K for 300 K background with fl2.5 optics. 

2. 1024x1024 PIXEL MWIR QWIP FOCAL PLANE ARRAY 

It is well known that QWIPs do not absorb radiation incident normal to the surface unless the infrared radiation has an 
electric field component normal to the layers of the superlattice (growth direction) [6]. Thus, various light coupling 
techniques, such as 45degree edge coupling, random reflectors, corrugated surfaces [14], two-dimensional grating 
structures [15], etc. have been used to couple normal incidence infrared radiation into QWIPs. Although random 
reflectors have achieved relatively high quantum efficiencies with large test device structures, it is not possible to 
achieve the similar high quantum efficiencies with random reflectors on small focal plane array pixels due to the 
reduced width-to-height aspect ratios. In addition, it is difficult to fabricate random reflectors for shorter wavelength 
detectors relative to very long-wavelength detectors (i.e., 15 pn) due to the fact that feature sizes of random reflectors 
are linearly proportional to the peak wavelength of the detectors. For example, the minimum feature size of the 
random reflectors of 15 pm cutoff and 5 pm cutoff FPAs were 1.25 and 0.3 pm respectively and it is difficult to 
fabricate sub-micron features by contact photolithography [16]. 

As a result, the random reflectors of the 5 pm cutoff FPA were less sharp and had fewer scattering centers compared to 
the random reflectors of the 15 pn cutoff QWIP FPA. As we have discussed previously [54, 151, additional infrared 
light can be coupled to the QWIP detector structure by incorporating a two-dimensional grating surface on top of the 
detectors, which also removes the light coupling limitations and makes two-dimensional QWIP imaging arrays 
feasible. This two-dimensional grating structure was fabricated on the detectors by using standard photolithography 
and CC12F2 selective dry etching. 

After the two-dimensional grating array was defined 
by lithography and dry etching, the photoconductive 
QWrPs of the 1024x1024 FPAs were fabricated by 
dry chemical etching through the photosensitive 
GaAs/AIXGal,As MQW layers into the 0.5 pm thick 
doped GaAs bottom contact layer. The pitch of the 
FPA is 19.5 pm and the actual pixel size is 17.5x17.5 
pm2. The two-dimensional gratings on top of the 
detectors were then covered with AuIGe and Au for 
Ohmic contacts and high reflectivity. Fig. 4 shows 
nine processed 1024x1024 QWTP FPAs on a 4 inch 
GaAs wafer. Indium bumps were then evaporated on 
top of the detectors for a silicon CMOS readout 
integrated circuit (ROIC) hybridization process. A 
few QWIP FPAs were chosen and hybridized (via an 
indium bump-bonding process) to a 1024x1024 

F ~ ~ I I I P  4. .\-IIIC 1024.~1024 QIT7P ,focal yltrrra t i r -ys  orr tr -I iric11 silicon CMOS ROICs and biased at VB = -1 V. At (.%1-4.s ~$~tfi>r.  
temperatures below 90 K, the signal to noise ratio of 
the s\-stem is limited bj. array non-u~ufor~llih. ROIC readout noise. and photo current (photon flus) noise. At 
temperatures above 90 K, temporal noise due to the QWIP's higher dark current becomes the limitation. As mentioned 
earlier this higher dark current is due to thermionic emission and thus causes the charge storage capacitors of the 
readout circuitry to saturate. Since the QWIP is a high impedance device, it should yield a very high charge injection 
coupling efficiency into the integration capacitor of the multiplexer. In fact, Gunapala et al. [17] have demonstrated 
charge injection efficiencies approaching 90%. Charge injection efficiency can be obtained from [7-8, 161, as: 



where g, is the transconductance of the MOSFET and is given by g, = eIDet/kT. The differential resistance RDet of the 
pixels at -1 V bias is 6.3x1012 Ohms at T = 85 K and detector capacitance C%t is 2.0x10-'~ F. The detector dark current 
Ifit = 0.1 pA under the same operating conditions. According to equation (1) the charge injection efficiency is q;1, = 
98.8% at a frame rate of 10 Hz. The FPA was back-illuminated through the flat thinned substrate membrane (thickness 
= 800 A). This initial array gave excellent images with 99.95% of the pixels working (number of dead pixels = 500), 
demonstrating the high yield of GaAs technology. The operability was defined as the percentage of pixels having noise 
equivalent differential temperature less than 100 mK at 300 K background and in this case operability happens to be 
equal to the pixel yield. 

We have used the following equation to calculate the noise equivalent differential temperature NEAT of the FPA: 

NEAT = 
JAB 

D; (dPB / dT) sin (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) = (4f '+I)-', where f is the f number of the optical system]. 
Fig. 5 shows the NEAT of the FPA estimated from test structure data as a function of temperature for bias voltages VB 
= -1 V. The background temperature TB = 300 K, the area 100 
of the pixel A = (17.5x17.5 p2), the f number of the 
optical system is 2.5, and the frame rate is 10 Hz. Fig. 6 
shows the measured NEAT of the imaging system at an 
operating temperature of T = 90 K, 60 msec integration 
time, bias VB = -1 V for 300 K background with fl2.5 p 
optics and the mean value is 23 mK. This agrees well with 5 
our estimated value of 15 mK based on test structure data 5 
(see Fig. 5). It is worth noting that the NEAT of the 
detector array is reduced to 17 mK after removing the noise 
factors associate with ROIC, electronics, etc. The net peak 
quantum efficiency of the FPA was 3.8% (lower focal plane 
array quantum efficiency is attributed to lower 
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corresponds an average of three passes of Figrrr-c> 5. -\bi.se c ~ q ~ ~ i v t r l ~ ~ ~ ~ t  t/(I/i~rt~rrticr/ r~~rr~per-crtr,rt~ -\EAT 
radiation (equivalent to a single 45' pass) through the esrirrrtrt~~~l,fi-o~~r rest st~.rrctrrr.e ci~rttr cr.r rr,fjrrrctiotl qf 
photosensitive MQW region. It is worth noting that under tc~rrryercrtnre ,fi,r hitrs solttrge 1 i = -2 1: Tlre 
BLIP conQtions the performance of the detectors is h ( / ~ l i p ~ > r / / ~ t i  t~~rrryercrtrrrc~ TA = 300 K trtld tlre crr.~>tr 
independent of the photoconductive gain, and it depends of tlre lli.sel.4 = 11 7.5 prrr)'. 

only on the absorption quantum efficiency. 

A 1024x1024 QWIP FPA hybrid was mounted onto a 5 W integral Sterling closed-cycle cooler assembly to 
demonstrate a portable MWIR camera. The digital acquisition resolution of the camera is 14-bits, which determines the 
instantaneous dynamic range of the camera (i.e., 16,384). However, the dynamic range of QWIP is 85 Decibels. The 
preliminary data taken from a test set up has shown mean system NEAT of 22 mK (the higher NEAT is due to the 65% 
transmission through the lens assembly, and system noise of the measurement setup) at an operating temperature of T 
= 90 K and bias VB = -1 V, for a 300 K background. It is worth noting that these data were taken from the first 



1024x1024 QWlP FPA which we have produced. Thus, we believe that there is a plenty of room for further 
improvement of these FPAs. 

Video images were taken at a frame rate of 10 Hz at temperatures as high as T = 90 K, using a ROIC capacitor having 
a charge capacity of 8x10~ electrons (the maximum number of photoelectrons and dark electrons that can be counted in 
the time taken to read each detector pixel). Fig. 8 shows one frame of a video image taken with a 5.1 pm cutoff 
1024x1024 pixel QWIP camera. 

0 0.02 0.04 0.06 0.08 0.1 
NEAT (K) 

Figure 6. NEAT histogram of the 1,048,576pixels of the 1024x1024 array showing a high uniformiq 
of the P A .  The uncorrected non-uniformity (= standard deviatiodmean) of the P A  is 
only 5.5% including 1% non-uniformity ofROC and 1.4% non-uniformity due to the cold- 
stop not being able to give the same field of view to all the pixels in the P A .  As shown in 
this figure, the measured hZAT of the MWIR IKxlK QWZP camera is 23 mK. The noise of 

2 2 the camem system can be written as, N& = nD,,ct,2 + n- + n- , where nDetectw is the 
noise of the P A ,  nmc is the noise of the analog-to-digital converter, and n m  is the noise 
of the silicon ROZC. The experimentally measured Nsrs is 2 units, and the n- and n m a r e  
0.8 and I unit, respectively. This yields 1.5 noise units for no,,,,,. Thus, the E A T  of the 
P A  is 17 mK at 300K background with j72.5 optics and 60 msec integration time. This 
agrees reasonably well with our estimated value of 20 mK based on test detector data (see 

that these data were taken from the first or1 11 84-pi11 IetrtJ irss cllip all-rie,: 



1024x1024 QWIP FPA which we have produced. Thus, we believe that there is a plenty of room for further 
improvement of these FPAs. 

Video images were taken at a frame rate of 10 Hz at 

difficulty in reproducing the bar pattern when the bar Fi~rrr~  8. Otle f r - c r r ~ r ~  of' ~.ic/'o irtrtmc. t t / / i < ~ ~  14.itIl tile 5.1 urrr 
pattern is closely spaced. However, an imaging 
system reaches its limit when the features of the bar pattern get closer and closer together. When the imaging system 
reaches this limit, the contrast or the modulation OM) is defined as, 

where E is the irradiance. Once the modulation of an image is measured experimentally, the MTF of the imaging 
system can be calculated for that spatial frequency, using, 

Generally, MTF is measured over a range of spatial frequencies using a series of bar pattern targets. It is also 
customary to work in the frequency domain rather than the spatial domain. This is done using a fast Fourier transform 
(FFT) of the digitally recorded image. The absolute value of the FFT of the point spread function is then squared to 
yield the power spectral density of the image, S- The MTF can be calculated using, 

We have used a well collimated 20 pm diameter spot to estimate the MTF of the MWIR breadboard imaging system we 
have built using the 1024x1024 pixel QWIP FPA discussed in this section. Fig. 9 (a) shows a threedimensional plot of 
the signal observed from this imaging system, and Fig.9 (b) shows the horizontal and vertical point spread functions 
(PSF) of the image in Fig. 9 (a). Fig. 10 shows the MTF of the imaging system as a function of spatial frequency. This 
was evaluated by taking the FlT of the point spread functions shown in Fig. 9 (b) and using equation (5). It is 
important to remember that the MTF of a system is a property of the entire system, therefore, all of the system 



components such as the FPA, lens assembly, cabling, framegraber, etc. contribute to the final MTJ? performance of the 
system as shown in equation (6). Thus, the system MTF,,, is given by, 

Signal Strength 

I ' " ' I ~ " ' I ' ~ ' ~ _  
- - 

- - - - - -0  Horizontal - 

- ---Vertical - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 
: .  . 5 n I a m , I 

(b) Column Position 

The MTF of the spot scanner optics at Nyquist frequency 
is 0.2, thus the MTF of the FPA should be 30% and 45% 
at the Nyquist frequency N, = 25.6 Cy/mm (NY=1/2.pixel 
pitch) along horizontal and vertical axes, respectively. 
This difference in the measured PSF becomes visible also 
on the MTF since the frequency contents of differently 
shaped PSFs are different. The narrower the PSF the 
more it contains higher frequency components. The lens 
MTF measurement does not show a large difference 
between horizontal and vertical. We believe that the 
difference is probably due to the ROIC and electronics. 

Higher MTF at Nyquist indicates that QWlP FPA has 
the ability to detect smaller targets at large distances 
since optical and electronic energy are not spread among 
adjacent pixels. It is already shown elsewhere the MTF 
of a perfect FPA (i.e., no pixel-to-pixel cross-talk) is 0.64 
at the Nyquist frequency. In other words, this data shows 
that the pixel-to-pixel cross-talk (optical and electrical) 
of MWIR megapixel FPA is almost negligible at 
Nyquist. This was to be expected, because thls FPA was 
back-illuminated through the flat thinned substrate 
membrane (thickness -800 A). This substrate thinning 
(or removal) should completely eliminate the pixel-to- 
pixel optical cross-talk of the FPA. In addition, this 
thinned GaAs FPA membrane has completely eliminated 
the thermal mismatch between the silicon CMOS ROIC 
and the GaAs based QWIP FPA. Basically, the thinned 
GaAs based QWIP FPA membrane adapts to the thermal 

Figure 9 (a) Signal strength of individuul pixels of MWR evion and cmfficients of the silicon 
megapixel P A  in response to the illumination of 
20 pm diameter spot. (b) Horizontal and vertical ROIC. For these reasons, thinning has played an 

point spreadfunctions ofmegapixel mR extremely important role in the fabrication of large area 
FPA hybrids. 

4. LWIR QWIP DEVICE 

Each period of this LWIR MQW structure consists of quantum wells of 40 A and a 600 t% barrier of &.27Ga0.73A~. AS 
mentioned earlier, stacking many identical periods (the device in this study has 50 periods) together increases photon 
absorption. Ground state electrons are provided in the detector by doping the GaAs well layers with silicon impurities 
up to n = 5x10'~ ~ r n - ~ .  This photosensitive MQW structure is sandwiched between 0.5 pm GaAs top and bottom contact 
layers doped n = 5x10'~ ~ m - ~ ,  grown on a semi-insulating GaAs substrate by MBE. Then a 0.7 pm thick GaAs cap 
layer on top of a 300 A A10.27Ga,,.73A~ stopetch layer was grown in situ on top of the device structure to fabricate the 
light coupling optical cavity [2-51. 
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Figure 10. Horizontal and vertical MTF of the MWIR Figurell.  Responsivity spectrum of a bound-to- 
imaging Jystem based on a 1024x1 024 pixel quasibound LWZR QWIP test structure at 
QWIP MWlR camera. temperature T = 77 K. The spectral response 

peak is at 8.4 pm and the long wavelength 
cutoflis at 8.8 pm. 

The MBE grown material was tested for absorption efficiency using a FTIR spectrometer. Test detectors with a 200 pm 
diameter were fabricated and back-illuminated through a 45" polished facet [6] for optical characterization and an 
experimentally measured responsivity spectrum is shown in Fig. 11. The responsivity of the detector peaks at 8.4 pm 
and the peak responsivity (RP) of the detector is 130 mA/W at bias VB = -1 V. The spectral width and the cutoff 
wavelength are Ahlh = 10% and LC = 8.8 pm, 
respectively. 

The photoconductive gain g was experimentally 
determined as described in the previous section. The 
peak detectivity of the LWIR detector was calculated 
using experimentally measured noise current i,. The 
calculated peak detectivity at bias VB = -1 V and 

lo1' 
N 

temperature T = 70 K is 1x10" c m & / ~  (see 3 
Fig. 12). These detectors show BLIP at bias VB = -1 5 - 
V and temperature T = 72 K for a 300 K 

lo,o background with fl2.5 optics. 

5. 1024x1024 PIXEL LWIR QWIP FOCAL 
PLANE ARRAY 

1 o9 
A light coupling two-dimensional grating structure 60 70 80 90 
was fabricated on the detectors by using standard Temperature (K) 

~ ~ o t o ~ ~ ~ ~ g ~ ~ ~ ~ ~  and CC1ZF2 selective dry etching- F ~ ~ I I I Y  13. Detectivi@ trs ir,frrr~ction qf.rerrrpe~~trrrr~p.~ tit hiirs of'-1 1: 
After the two-dimensional grating array was defined 
by litl~ography and dn- etchng. the p110toconducti~-e QWIPs of the 1024x1024 FPAs were fabricated b!- d n  chenlical 
etching through the photosensitive GaAs/A1,Gal,As MQW layers into the 0.5 pm thick doped GaAs bottom contact 
layer as described earlier. The pitch of the FPA is 19.5 pm and the actual pixel size is 17.5x17.5 pm2. The two- 
dimensional gratings on top of the detectors were then covered with AuIGe and Au for Ohmic contacts and high 
reflectivity. Nine 1024x1024 pixel QWIP FPAs were processed on a 4-inch GaAs wafer. Indium bumps were then 
evaporated on top of the detectors for hybridization with silicon CMOS ROICs. A single QWrP FPA was chosen and 
hybridized (via indium bump-bonding process) to a 1024x1024 CMOS multiplexer and biased at VB = -1 V. At 

I I 

Tf3ack~round = 300k 
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temperatures below 72 K, the signal-to-noise ratio of the system is limited by array nonuniformity, ROIC readout noise, 
and photocurrent (photon flux) noise. At temperatures above 72 K, the temporal noise due to the dark current becomes 
the limitation. The dil3erential resistance R&t of the pixels at -1 V bias is 7.4~10" Ohms at T = 70 K and detector 
capacitance C&t is 1.7x10-'~ F. The detector dark current Iht = 1.6 pA under the same operating conditions. The 
charge injection efficiency into the ROIC was calculated as described in earlier section. An average charge injection 
efficiency of q, = 95% has been achieved at a frame rate of 30 Hz. It is worth noting that, the charge injection 
efficiency gets closer to one, especially when photocurrent is present. Since we are using direct injection ROIC, the 
injection efficiency gets better at higher drain current or when there is more photocurrent. Charge injection efficiency 
becomes worst at very low background flux, but limited by dark current for QWIP detector, i.e., the dark current keeps 
the pixel on. This initial array gave excellent images with 99.98% of the pixels working (number of dead pixels = 
200), again demonstrating the high yield of GaAs technology. 

NEAT of the FPA was calculated using equation (2). Fig. 13 shows the NEAT of the FPA estimated from test structure 
data as a function of temperature for a bias voltage VB = -1 V. The background temperature TB = 300 I(, the area of the 
pixel A = (17.5x17.5 pm2), the f number of the optical system is 2.5, and the frame rate is 30 Hz. Fig. 14 shows the 
measured NEAT of the system at an operating temperature of T = 72 K, 29 msec integration time, bias Vg = -1 V for 
300 K backgro~~nd with f72.5 optics and the mean value is 16 mK. The noise of the camera system can be written as, 

2 2 N~~~~ = nh- + nm2 + nm , where nbtector is the noise of the FPA, nm is the noise of the analog-todigital 
converter, and nMux is the noise of the silicon ROIC. The experimentally measured Nsys is 2.4 units, and the n- and 
nMux are 0.8 and 1 unit, respectively. This yields 2.0 noise units for n ~ .  Thus, the NELST of the detector array is 13 
mK at 300K background with f72.5 optics and 29 msec integration time. This agrees reasonably well with our estimated 
value of 15 mK based on test detector data (see Fig. 13). 

Figure 13. Noise equivalent temperature diflerence Figure 14. IVEAT histogram of the 19048,576 pixels of the 
M A T  estimated from test structure data as 1024x1024 array showing a high uniformity of the FPA. 
a function of tempemture for bias voltage The uncorrected non-unlfonni@ (= standard 
VB = 2 K The background temperature TB deviation/mean) of the FPA is only 8% including 1% 
= 300 K, optics fl = 2,5, and the area of non-uniformity of ROC and 4% non-uniformity due to 
the pixel A = (1 7.5 pm)2. the cold-stop and optics not being able to give the same 

field of view to all the pixels in the P A .  As shown in this 
figure, after single-point correction non-unifonnity 
reduced to 0.8%. 



As described in the previous section, we have used 
a well collimated 20 pm diameter LWIR spot to 
estimate the MTF of the LWR breadboard 
imaging system we have built using the 
1024x1024 pixel QWIP FPA. Fig. 15 shows the 
MTF of the imaging system as a function of spatial 
frequency. The MTF of the spot scanner optics at 
Nyquist frequency is 0.2, thus the MTF of the FPA 
should be > 0.5 at the Nyquist frequency N, = 25.6 
Cylmm. As mentioned earlier, the MTF of an ideal 
FPA (i.e., no pixel to pixel cross-talk) is 64% at 
Nyquist frequency. Thus, the pixel to pixel optical 
and electrical cross-talk of this LWIR megapixel 
FPA is negligibly small. We have observed 
oscillations in many of our MTF measurements, 
and this may be due to the unfiltered high 
frequency noise on the PSF due to pattern noise. 
This becomes more pronounced at higher 
frequency when it approaches the noise floor. The 
source of this is most likely the ROIC and 
electronics. We do not think this is temporal in 
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origin since we have averaged 64 frames or more for the PSF measurement. At 15 CyI11un the lens MTF is 
approximately 0.38, so the detector MTF at 15 Cylmm is approximately 26.3 %. This is much less than the ideal MTF 
of the FPA. 

A 1024x1024 QWIP FPA hybrid was mounted onto a 5 W integral Sterling closed-cycle cooler assembly to 
demonstrate a portable LWIR camera. The digital data acquisition resolution of the camera is 14-bits, which 
determines the instantaneous dynanuc range of the camera (i.e., 16,384). The preliminary data taken from a test set up 
has shown mean system NEAT of 16 mK at an operating temperature of T = 72 K and bias VB = -1 V, for a 300 K 
background. 

Video images were taken at a frame rate of 30 Hz at 
temperatures as high as T = 72 K, using a ROIC capacitor 
having a charge capacity of 8x10~ electrons. Fig. 16 shows 
one frame of a video image taken with a 9 pn cutoff 
1024x1024 pixel QWIP camera. In addition, the minimum 
resolvable temperature difference was measured by a single 
observer using seven bar targets ranging in spatial frequency 
from 0.1 cycles/milli radian up to 1.33 cylmr, which was the 
first target where no contrast could be measured (unclear). 
While the collection of the data does not adhere to the 
generally accepted requirements of having multiple 
observers, the data is consistent with the NEAT measurement 
and worth reporting. At the lowest spatial frequency, the 
minimum resolvable differential temperature (MRDT) was 16 
mK. 

It is worth noting that these data were taken from the first 
1024x1024 QWIP FPAs we produced. Thus, we believe that 
there is a plenty of room for further improvement of these 
FPAs. For example, an implementation of an enhanced 
optical cavity designed using transmission-line techniques 

Figure 16. One f m e  of video image taken with the 9 ,urn 
cutofll024x1024 pixel Q WIP camera. 



with the electromagnetic boundary conditions as described by Lin and Leung et al. [18] will further improve the net 
quantum efficiency and the signal-to-noise-ratio of these devices. Furthermore, using the I n W n P  material system 
may improve the photoconductive gain significantly [19]. This will allow QWTP device structure to have more than the 
typical 50-periods without sigxuficant degradation in photoconductive gain. This will also increase the net quantum 
efficiency of the QWIPs. Together with high FPA uniformity, high operability, negligible pixel-to-pixel optical cross- 
tallc, low llf noise [6], and possible high quantum efficiency, QWIP FPAs will be attractive to both spaceborne and 
terrestrial infrared applications. 

6. MWIR AND LWIR DUALBAND QWIP FOCAL PLANE ARRAYS 

There are many applications that require MWIR and LWIR dualband focal plane arrays. For example, a dualband focal 
plane array camem would provide the absolute temperature of a target with unknown emissivity, which is extremely 
important to the process of idenwng temperature difference between missile targets, warheads, and decoys. 
Dualband inkwed FPAs can also play many important roles in Earth and planetary remote sensing, astronomy, etc. 
Furthermore, monolithically integrated pixel collocated simultaneously readable dualband focal plane arrays eliminate 
the beam splitters, filters, moving filter wheels, and rigorous optical alignment requirements imposed on dualband 
systems based on two separate single-band focal plane arrays or a broadband focal plane array systems with filters. 
Dualband focal plane arrays will also reduce the mass, volume, and power requirements of dualband systems. Due to 
the inherent properties such as narrow-band response, wavelength tailorability, and stability (i.e., low llf noise) 
associated with GaAs based QWIPs [Id] ,  it is an ideal candidate for large format dualband infrared focal plane arrays. 
In this section, we discuss the development of a 320x256 pixel MWIR and LWIR pixel colocated simultaneously 
readable dualband QWIP focal plane array. 

As shown in Figs. 17 and 18, our dualband focal plane array is based on a two different types (i.e., MWIR and LWIR) 
QWIP devices separated by a 0.5 microns thick heavily doped n-type GaAs layer. The device structures of the MWIR 
and LWIR devices are very similar to the MWIR and LWIR devices described earlier in this paper. Both device 
structures and heavily doped contact layers were grown in-situ during single growth run using molecular beam epitaxy. 
It is worth noting that the photosensitive MQW region of each QWIP device is transparent at other wavelengths, which 
is an important advantage aver conventional interband detectors. This spectral transparency makes QWIPs ideally 
suited for dualband focal plane arrays with negligible spectral cross-talk. As shown in Fig. 18, the camers emitted from 
each MWQ region is collected separately using three contacts. The middle contact layer is used as the detector 
common. The electrical connections to the detector common and the LWIR pixel connection are brought to the top of 
each pixel using via connections. The first dualband QWIP focal plane array with pixel collocation and simultaneous 
operation in MWIR and LWIR has been described by Glodberg et al. [20]. This 256x256 pixel dualband focal plane 
array has achieved NEDT of 30 mK in the MWIR spectral band and 34 mK in the LWIR spectral band. 

Semi lnsulatlng GaAs 81 Substrate I-< 
Figure 17. 2-0 view of dualband Q WIP device structure. 



Figure 18. 3-0 view of dualband QWP device structure showing via connects for independent 
access of MWIR and LWR devices. 

Light coupling to a pixel collocated dualband QWIP device is a challenge since each device has only a single top 
surface area. We have developed two different optical coupling techniques. The first technique uses a dual period 
Lamar grating structure. The second technique uses the multiple diffraction orders. In this light coupling technique, we 
have used a 2-D grating with single pitch. The first diEraction orders (l,O), (0,1), (-1,0), (0,-1) couple infrared 
radiation into LWIR pixels and the second diffraction orders (1,l) & (-1, l), (1,-l), (-1,-1) couple infrared radiation 
into MWIR pixels. The spectral responsivity of dualband QWIP is shown in Fig. 19. 2-D periodic grating structures 
were designed to couple the 4-5 and 8-9 pm radiation into the detector pixels. The top 0.7 pm thick GaAs cap layer 
was used to fabricate the light coupling 2-D periodic 
grating. The 2-D grating reflectors on top of the 
detectors were then covered with Au/Ge and Au for 1 - 
Ohmic contact and reflection. 

After the 2-D grating array was defined by the 
photolithography and dry etching, the MWIR - 
detector pixels of the 320x256 pixel focal plane 
arrays and the via hole to access the detector 
common were fabricated by dry etching through the 
photosensitive GaAs/InyGal ,As/Al,Ga~ -xAs MQW QL 

layers into the 0.5 pm thick doped GaAs 
intermediate contact layer. Then LWIR pixels and 3 4 5 6 7 8 9 1 0 1 1  
the via hole to access the LWIR pixels of focal plane 
arrays were fabricated. A thick insulation layer was Wavelength (micron) 

deposited and contact windows were opened at the Fig~~rc. 19. R~~.spo~j.r.isi~. qft l~p ij~,c,lhir,lil QIJIP ck~icr  cts 11 ji,r~ctiorr 
bottom of each via hole and on top surface. Ohmic ~ f 1 1 ~ ~ 1 ~ ~ ~ 1 ~ 1 1 g t l l .  
contact metal was evaporated and unwanted metal 
\\-as renlor-ed using a nietal lift-off process. The pitcli of the FPA is 40 p~ii and the achial MWIR and LWIR pixel sizes 
are 38x38 1~11~' respectively. Fig. 20 slio~vs the SEM pichire of a single pixel. ~vluch clearly shoo\\- via holes and metal 
connects used to bring the electrical contacts to the top surface of the detector pixels. Twelve focal plane arrays were 
processed on a three-inch GaAs wafer. Indium bumps were then evaporated on top of the detectors for silicon readout 
circuit (ROC) hybridization. Several dualband focal plane arrays were chosen and hybridized (via an indium bump- 
bonding process) to a 320x256 pixel CMOS read out integrated circuit (ISC-0006). Fig. 21 shows a focal plane array 
hybrid. 



Figure 20. SEMpicture of a dual band detector pixel. 

Figure 21. Picture a 32Ox256pixel dualband QWIP focal plane 
array mounted on a 84-pin lead less chip carrier. 
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