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ABSTRACT 

Md-wavelength infrared (MWLR) and long-wavelength in£rared (LWIR) 1024x1024 pixel quantum well infrared 
photodetector (QWIP) focal planes have been demonstrated with excellent imaging performance. The MWIR QWIP 
cletectoi- array has demc>mtrc?ted a noise equivalent differential teiiiperattu-e (mAT) of 17 illK at a 95K opei-ating 
teiiipewture with f/2.5 optics at 300IC hackgouiid and the LWLR detector an-ay has deinoilstrated a NEAT of 13 inK at a 
70K opera- temperature with the same optical and background conditions as the MWIR detector array after the 
subtraction of system noise. Both MWIR and LWIR focal planes have shown background limited performance (BLIP) 
at 90K and 70K opera- 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 ths  paper, n-e will discuss the performance m tei~ns of quantulii efficiency, NEAT, umformity, operabill@, 
and modulation transfer functions of the 1024x1024 pixel arrays and the progress of dualband QWIP focal plane array 
development work. 

Keywords: Infrared detectors, quantum wells, QWIP, dualband, two-color, multi-band, infrared imaging, focal plane 
arrays. 

1. MWIR QWIP DEVICE 

A quantum well structure designed to detect infrared OR) 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 
mechanics 
[I-21. A coupled-quantum well structure was used in 
this device to broaden the responsivity spectrum. In 
the MWIR dex ice described here. each period of the 
intdti-quantum-\\ell (MQW) structure consists of 
coupled quantum wells of 40 A containing 10 A 
GaAs. 20 A 11% ,<+ao -As. and 10 A G'aAs la? ers Contact 
(doped n = ls10'\m-') and a 40 A undoped lxuxler Layer 

of A-l0 &ao -As bet\\ een coupled quailtuin \\ells. and a 
400 A thck rmdoped barler of Ale 3Ga,, -As. Stackmg InyGal,As 

many ldentica' periods (Qplca1l\. toget11er Frg~re I Schel~mt~c drrrgrrrnl qf the cot~rh~ctro~~ b a d  m rr bortr?d- 
increases poton absorptioa Ground state electl-ons ~ O - ~ Z I U , S I ~ U I / ~ I ~  QTTTP. A cocorple qrtalittttir 11 el/ sh-r~ct~rre 
are provided m the detector b! clopmg the GaAs \\ell has bee11 rtsed to brvnden the r e p n r v r h  spectr*~ttli 



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 W E ) .  
Then a 0.7 pm thick GaAs cap layer on top of a 300 A Alo.3Gao.7As stop-etch 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 0.20 
efficlenc! using a Fourier Tradbnn Infrared (F'TIR) 
spectrometer. The experimentally measured peak 
absorption (or internal) quantwn efficiency (q,) of 0.1 5 
thu material at room temperature was 19%. Due to 
the fact that the n-i-n QWLP device is a 
photoconductive device, fhe net (or external) 2 
quantum eEicienc1 q can be detei~nined u s q  q = O- I0  

9 
qag, where g is the photoconductive gain of the n 
detector. The epitaxially grown material was 
processed into 200 pm diameter mesa test structures 0.05 
(area = 3 11x10-' cm') using \let cheinical etclhg. 
and AulGe ohmic contacts were evaporated onto the 
top and bottctlll contact layers The detectors \\ere - 
back illuminated tlwough a ljO polished facet [5-71 U 

3 5 4.0 4 5 5.0 5.5 
and a respnsi~iQ spectnm is she\\ n m Fig 2. The Wavelength (maron) 
responsivity of the detector peaks at 4.6 pm and the 
peak responsil IQ (R,) of &e detector is 170 n1A/W F~gt/re 2. R ~ S P O I I S I ~ ~ I W  SPCC~IWZI of bot~nd-to-~/z~as~bou~~d Alm7R 

at blas VB = -1 V The spectral \\id& and the cutoff QITP test stn~ctr~ls ut tenpei+ut~n.e T = 77 h- TIE spectral 

na\relengtl~ are AXlh = i5% and h, = 5.1 ftin response peck is crt 4 6 ,L(IZZ and the lolg w~cn,e/er~gth c~rtoff 
is at j I pnz 

respect11 el! The photoconducti\ e gam. g, \\as 

experimentally determined using 1131 g = i: / 4eIDB + 1/2N, where B is the measurement bandwidth, N is the number 

of quantum 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 1s drrectly 
related to the gain [13] by g = l/Npc. 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 in this device structure. 
The peak net quantum efficiency was determined 
usulg q = qn g Thus- the net peak quantum efkicleilc) 1013 

at bias VB = -1V is 4 6% The loner quantum 
efkictenc) is due to the loner photocol~du~cti\-e garn at 
Boner operatmg bias A Loner operatug bias 1s used 1012 
to suppress the detector dak  current Due to a lo\\ 
readout imltipleser uell depth (i e . ~ s 1 0 ~  electrons) a $ 
Iouer dark current is nlandato~ to acluexe a lugher 
operating temperature and longer integration times. In 2' I O l r  

5 backgound hlited pe&brmance (BLLP) condit~ons - 
the noise equn dent differenttal temperature (NEAT) ' 
unprox es n rth mcreasmg mtegration tulle. Hen-ever, 1010 
the absorption quantum efficiency can be increased 
further up to 60% - 70% nith lugher quantunlu \\ell 
doping densities. As a result, the operatmg I 09 
temperature of the devices will decrease 191. 60 80 100 120 

Temperature (K) 

The peak detectn-it! is defined as DL = Rp I 1 ,  , F'igl~la 3 Detectivfl, as a filnctron of detector operating 
nhere Rp is the peak responsil I?-, A is the wen of the terrpelatc~re at bras of  TTg = -I T w  

detector and A = 3.lilsl0-' cin- The ineasui-ed peak 

I I 

- - 

T~ack~mund = 300k 
- Optics = ff2.5 - 

Bias = -1 V 

I I 



detecth-ity at bias VB = -1 V and tel~~pesahu-e T = 90 K IS 4x10" cnl & / W. Fig. 3 s l ~ o \ ~ s  the peak detectnrlty as o 
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 Q W s  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 45-degree 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 pm) 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 P A S  were 1.25 and 0.3 pm respectively and it is Qfficult to fabricate sub- 
micron features by contact photolithography [16]. 

As a result, the random reflectors of the 5 jm cutoff F'PA were less sharp and had fewer scattering centers compared to 
the random reflectors of the 15 pm cutoff QWIP FPA. As we have discussed previously [5-6, 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 QWLP imaging arrays feasible. 
This two-dimensional grating structure was fabricated on the detectors by using standard photolithography and CClzFz 
selective dry etching. 

sillcon CMOS ROICs and b~ased at Vg = -1 V At Fig117-e X .vjt~e 1024~102-I Q r I p  .focal ylme ar.rmj,s 017 a 4 ~nch 
temperatures belou 90 K. the signal to noise mtio of Gds w f e r  
the system is limited by array non-uniformity, ROIC 
readout noise, and photo current (photon flux) 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 injecbon 
efficiency can be obtained from [7-8,161, as- 



where g, is the transconductance of the MOSFET and is given by g, = eIDe&T. The differential resistance RDet of the 
pixels at -1 V bias is 6.3x1012 Ohms at T = 85 K and detector capacitance Cat is 2.0x10-~~ F. The detector dark current 
ID,t = 0.1 pA uncler the same operatins co~lditioils. According to equation (1) the charge iniectic3n efficiency is qUll = 
98.8% at a f?a~ne rate of 10 Hz. The FPA \vas back-illuminated thro~~gh the flat thinned substrate meillbrai~e (thickness 
i ~ :  800 A). This initial array gave excelle~lt images wit11 99.95% of the pixels working (number of dead pixels i ~ :  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 hare used the follo\x-ing equation to calculate the noise ecluivalent differential temperature NEAT of the FPA 

SEAT = 
m 

D; (dpB /d~)s111~(9/ 2) 

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

tei~tperature. and 8 is the field of vie\\ angle t i e ,  sin2(9/2) = (4f '+I)-'. \\here f is the f number d the optical syste~n] 
Fig 5 sllons the NEAT of the FPA estimated from test struckue data as a fi~nct~oil of temperature for bias x oltages VB = 
-1 V. The background temperature TB = 300 K. the area of 
the pixel A = (17 5x17 5 pin2). the f number of the opt~cal 
system is 2.5, and the frame rate is 10 Hz. Fig. 6 shows the 
nleasured NEAT of the uilagwg s>stem at an opei-at- 
temperature of T = 90 K, 60 msec integration time, bias VB 
= -1 V for 300 K background with f12.5 optics and the E. 
mean value is 23 mK. This agrees well with our estimated 
\ alt~e of 15 nlK based on test stmch~re data (see F I ~  5 ) .  It is 
north notmg that the NEAT of the detectox am? is reduced 
to 17 mK after removing the noise factors associate with 
ROIC, electronics. etc The net peak quai~tuin effkienc? of 
the FPA was 3.8% (lower focal plane array quantum 
efticclenc? is attf~lxlted to lower pl~otoconductne gam at 
lower operating blas and loner uell dopu~g densihes used 10 

60 80 100 120 
in this device structure) and this corresponds to an average Temperature (K) 
of three passes of infrared radiation (equivalent to a single 
450 pass) through the photosensitive MQW ~t Is Figrlre S .\21se eyrrrvcI/e~~t d~rerwttrd te~izperatzns +YEAT 

worth notmg that under BLIP conditions the pe~for~nailce of esim~uted.fi.o?~ test str*zicitrre dots as a firnct~or~ of 
1enperatzn.e .fir 6ra.s voltage TB = -2 T 7  The the detectors 1s independent of the photocond~~ctne gam. brrckgromld tenzperah~re T8 = 300 K atid the area 

and it depends only on the absorption quantum efficiency. of tl?epzvel d = (1 7 5 pnrl- 
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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 fronl a test set up has sl~oxvn mean systei~~ NEAT of 22 nlK (the higher NEAT is due to the 65% transinission 
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 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 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 vidw image taken with a 5.1 pm cutoff 
1024x1024 pixel QWIP camera. 
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N!aT (K) 

Frglrra 6 SEAT hrstograrii of fl?e 1,048,576 yr~els of the 1024x1024 a m >  sho-ri~rr~g n hrgh rri?lfornrrhl 
o f  the FP-4 The r~ncon-ected 11082-mwforrinti (= ,star~dnrclclmratron rlrennt ofthe FP.4 IS onh~ 
5.5% including 1% non-uniformity of ROC and 1.4% non-uniformity due to the cold-stop 
not being able to give the s m  field of view to all the pixels in the FPA. As shown in this 
,figrrrc, the n7easrnatJ SEAT q f  the JATTR 1 f i IK  QR'IP crlrnera IS  23 nrK The norse of the 
car~rern .nlstern citn be iijr-ttten as, A ~ y ~ J  = I ~ D ~ ~ ~ ~ ~ ~ ~ ~  + 1 2 ~ ~ '  + nlRT2, where IID,~,,~,, rs the nome 
of the FP-4, n m  rs the nozse of the nnc~log-to-dgitnl cor~ver-ter: ondnmn- IS the i~orse of  the 
srlrcon ROIC The enyelrnrentall~~ nreasrrred iYSm I S  2 I N I I ~ S ,  and the n a c  and i ln~n  are 0 8 
and I 71mt, respectrveh~ Thrs)~elds I 5 ~zorse rlnrts fbr nDp,,*,. i%zl.s, the !YEAT of the FPA I S  

17 nrK at 300K bockgrornld M rth f 2 5 optrc~ and 60 rnsec ir~tegratror~ tlnre Thrs agrees 
rec~~sonctbh~ M ell +n,rth orn. estnlnrutedvcrlrre of 20 nlK bcr.sedm test detector data (see Frg 5) 

A 1024x1024 QWfP =A hybrid was mounted 
onto a 5 W integral Sterhg closed-cycle cooler 
assembly to demonstrate a portable M M R  
camera. The digital acquisition resolution of the 
camera is 14-bits, which determines the 
mstantaneous d!narnlc range of the camera (1 e . 
16,384). However, the dynamic range of QWP is 
85 Decibels The prelulunaq data t d e i  fi-0111 a 
test set up has shonn mean s! stem NEAT of 22 
nlK (the hgher NEAT is due to the 65% 
transmission tlxough the lens assembly, and 
system noise of the ineasureinent setup) at an 
operatmg tenlperatwre of T = 90 K and bias VB = 
-1 V, for a 300 K background It 1s north ilotlng 
that these data were taken fiom the fkst 
1024x1024 QWlP FPA xxhich n e  h a  e produced 
Thus, n e  behex e that there is a y1ent.l of room for 

;igirre 7. Prctrrre a 1024.~1024 pisel QIITP ,focrlplnne ni-rm nio71rztec 
017 n 84 -pi11 lead less chip ca???er 

further improvement of these *AS. 



Video images were taken at a fianle rate of 10 Hz at - 
temperatures as high as T = 90 K. uskg a ROIC 
capacitor l~avlng a charge capacit\ of 8s1 o6 electrons 
(the maximum number of photoelectrons and dark 
electrons that can be counted in the time taken to read 
each detector pixel) Fig 8 shons one frame of a 
video inlage taken n ~ t h  a 5.1 itin cutoff 1024si024 
pixel QWIP camera. 

3. MODULATION TRANSFER FUNCTION 

Modulation transfer function (MTF) is the ability of 
an llnaglng s> stein to Faitlfill! image a g i ~ e n  object. 
The MTF of an imaging system quantifies the ability 
of the system to resolve or transfer spatial frequencies. 
Consider a bar pattem uitll a cross-section of each bar 
being a sine wave. Since the image of a sine wave 
h_&t distribution is alua? s a sine \\aye. tl~e ullage is 
always a sine wave independent of the other effects in 
the imaging ?sten1 such as aberration. uswill!-- 
imaging systems have no difficulty in reproducing the 

the bar Is cbse" spaced Fi,qt,re 8 Qtze finnte of vrdm R I I C , , ~ ~  falien 14 rth the 5 I ltrli 
Hone\ er. an iinaelng s\ stein reaches its llln~t n hen 

L L .  

the features of the bar pattern get closer and closer together. When the imaging system reaches this limit, the contrast or 
the modulation (I@ 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 pattem 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 pn 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 three-dimensional plot of 
the signal observed from this imaging system, and Fig.9 @) 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 FFT of the point spread functions shown in Fig. 9 @) 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 MTF performance of the system as shown in 
equation (6). Thus, the system MTF- is given by, 



The MTF of the spot scanner optics at Nyquist 
Erequency is 0.2, thus the MTF of the WA should be f Sign, Strength 
30% and 45% at the Nyquist frequency N. = 25.6 . ,  

. -  i 

C!;/am (~=Il2.pLsel pitch) along horizontal and 
vertical axes, respectively. This difference in the 
measured PSF becomes visible also on the NITF 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 diffference 
between horizontal and vertical. We believe that the 
difference is probably due to the ROIC and 
electronics. 

1") 
Higher MTE at Nvqtiist indicates that QWIP FPA has 
& abkty to detkc; smaller targets at large distances 
since optical and electronic energ? are not spread 1.0 
among adjacent pixels. It 1s 'ahead? shown elsmhere - **---- Horizontal 
the h l ~ ~  of a pedect FPA (i.e.. no pisei-to-pixel 3 0.8 
cross-talk) is 0.64 at the N!quist frequency. In other ? 
\lords. this data sho~ts that the pixel-to-pkel cross- 8 0.6 

talk (optical and electrical) of MWR megapisel FPA 8 
is almost negligible at Nyquist. This was to be 
expected, because this FPA was back-illuminated h 0.2 
through the flat thinned substrate membrane 
(thickness a00 A). This substrate t h m n g  (or o 
remolal) sl~o~lld completely elmhate the p~xel-to- 0 10 20 30 40 

Column Position plsel optlcal cross-tallt of the F'PA In addition. this Ib) 

thinned GaAs FPA membrane has completely Figure 9. (a) Signal $ti-etqgth qf it~divi~filal pix& qf 1IlTZR 
eliminated the them1 mismatch between the silicon n~egoyixel FPA in response to the illim~ination of 20 
CMOS ROIC and the GaAs based QWIY FPA. jut1 dianieter spot (b) Ho~izo~zt~i  and vertical point 
Basically, the thmned GaAs based QWIP FPA .sp:ytaer/~i~frtnctos of nre~nyixelllm'IR FPA 
membrane adapts to the t11er11ial expansion and 
contraction coefficients of the silicon ROE. For these reasons, thinning has played an extremely important role in the 
fabrication of large area FPA hybrids. 

4. LWIR Q W  DEVICE 

E!hh period of this LWIR MQW structure consists of quanm wells of 40 A and a 600 A barrier of Ah 27Gao n A ~ .  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 impwities up 
to n = 5x10'~ ~ m - ~ .  This photosensitive MQW structure is sandwiched between 0.5 ym GaAs top and bottom contact 
layers doped n = 5x10'~ grown on a semi-insulating & A s  substrate by W E .  Then a 0.7 pm thick GaAs cap layer 
on top of a 300 1$ tUG27(ho7&s stop-etch 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 d vertical MTF of the MK1R Figure11. Responsivity spectrum of a bamdto- 
imagkrg system based on a 1024x1024 pixel quasibouPld LWfR QWIP test slPercdure at 
QWLPMRLR c ~ r a .  temperafure T = 77 K The spectral response 

peak is d 8.4 pm rmd 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 p 
diameter were fabricated and back-illuminated through a 45" polished facet [6] for optical characterization and an 
experimentally measured responsivity spectnun 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 mAlW at bias VB = -I V. The spectral width and the cutoff 
\I-avelengih are Ahlh = 10% and h, = 8.8 pin, 
respectively. 

1012 
The photoconductive gain g was experimentally 

detennined as described 111 the pra-ious section. The 
peak detectil-1% of the L a  detector nas calculated 
using experimentallj- measured noise current i,. The 
calculated peak detecthity at baas VB = -1 V and '0" 

temperature T = 70 K is 1x10'' cm & /W (see Fig. 2 
12). These detectors shou BLIP at bias V, = -1 V ' 5 and te~nperature T = 72 K for a 300 K bacligrou11d - 
with ff2.5 optics. 6 ,010 

5. 1024X1024 PIXEL L W R  QWIP FOCAL 
PLANE ARRAY 

A light coupling two-dimensional grating structure I os 
60 70 80 90 

was fabricated on the detectors by using standard Temperature (K) 
photol~thograph~ and CC12F2 select~r-e dry etc11ing 
p ~ - t ~ ~  the t\, dmensirtual gmtiu@ arra> detYmed Figure 12. Detectivih. us o.fi~??choi? ufte~?iperercrtm.es at hicrs of-I  J' 

by lithography and dry etching, the photoconductive 
QWIPs of the 1024x1024 FPAs were fabricated by dry chemical etching through the photosensitive G~AS/A~,G~~-~AS 
MQW layers into the 0.5 pm th~ck 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-dimemional gratings on top of the detectors were then covered 
with AdGe and Au for Ohmic contacts and hgh 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 QWIP FPA was chosen and hybridized (via indium bump-bonding process) to a 1024x1024 CMOS 
multiplexer and biased at VB = -1 V. At temperatures below 72 K, the signal-to-noise ratio of the system is limited by 



may 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 differential resistance RW of the pixels at -1 V bias 
is 7.4~10~' Ohms at T = 70 K arid detector capacitance CDetis 1 .7x10-l4 F. The detector daxk current IBt = 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 jlljection efficiency of qUs = 95% has luen achieved at a frame rate of 30 Hz. It is worth 
noting that, the charge iniection efficie~lcy gets closer to one, especially when photocu~n-ent is present. Since we axe 
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 
pisels ~vorking (number of dead pixels w ZOO), again demonstrating the high yield of GaAs technology. 

NEAT of the FPA wvas calculated using equation (2). Fig. 13 shows the NEAT of the FPA estimated fro111 test stntchtre 
data as a function of temperatwe for a bias voltage VB = -1 V. The background temperature TB = 300 K, 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 
measu~red NEAT of the system at an operating teillper:l-atttre of T = 72 K, 29 iilsec integration time, bias VB = -1 V for 
300 K backgroulld with fl2.5 optics and the mean valu~e is 16 mK. The noise of the camera system can be wvritten as. 
N~I-S' = nD,te,t,,' + n.& + n d ,  \!;here n~,~,,~,, is the noise of the FPA. 11.m~ is the noise of the amlog-to-digital 
convei-ter. and nh~~?; is the noise of the silicon ROIC. The ex~~e~hentally measured Nsys is 2.4 units, and the ndwc and 
nhft~?; are 0.8 and 1 wit. respectively. TlGs yields 2.0 noise units for n~,~,,, Thus, the NEAT of the detector array is 13 
inK at 300K background with fl2.5 optics and 29 insec integration time. This agrees reasonably well n-it11 our estimated 
value of 15 mK based on test detector data (see Fig. 13). 
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Figumlj! Nobe e9Ment wemhpe  werenee Fig~rre 14. en\-EAThi~t~g~mg~ ofthe I,O-iS,376pixeIsofthe 10-34~10-34 
SEAT eststiri~crred frois test strvrctirre dcrfc~ as may showiMg a high unfomity of the FPA. The 
cr ~fiaiction o f  leri~perahrre for bias voltc~gc w?com-ected non-unformity (= standard &rsdion/mean) 
VB = -2 t.'. The backgrotad temperature TB of the FPA is only 8% inclmtng 1% rwn-undfomify 01 
= 300 K, opticsflr 2.5, cad the area of the ROC rmd 4% mn-mfomity  idue to the col&stop mrd 

~ i x e r ~  = (1~5ium)a optics not being able to give the same Jield of view to all 
the pixels in the FPA. As shown in this figure, ajPer single- 
point cowection non-m~ormity reducedfo 0.8%. 



As described in the previous section, we have used 
a \\-ell collimated 20 pm diameter LWIR spot to 1 .O 
estimate the MlT of the LWlR breadboard 
imaging system 11-e haye built using the 10211s 1024 
pixel QWIP FPA. Fig. I5 shows the MTF of the 0.8 
iinagmg systen~ as a function of spatial frequenc3-. 
The MTF of the spot scanner optics at Nyquist 5;. 
frequency is 0.2, thus the MTF of the FPA should 0.6 
be > 0.5 at the N\quist freqx~enc! N ,  = 25.6 E 
Cyinxu. As mentioned earlier* the MTF of an ideal $ 
W A  (i.e., no pixel to pixel cross-talk) is 64% at 0.4 
N! quist tiequency. Thus, the pisel to pixel optical E 
and electrical cross-talk of this LWIR megayisel 
FPA is negligib1~- small. U'e have observed 0.2 
oscillations m many of ow MTF measwenlents. 
and this may be due to the U t e r e d  hi& 
frequency noise on the PSF due to pattern nolse. 0 

This becomes more pronounced at higher 0 5 10 15 20 25 

frequency \\-hen it approaches the noise floor. The Spatial Frequency (cydeslmm) 

source of this is most likely the ROIC and Figznu 15. Horizotztal a d  ver~icnl IfTF of rhe_\fV'IR ni~agtng q.stetl~ 
electronics. We do not think this is temporal in basedon a 1024~1024pixel QTIP IP_\m'IR car~~era 
origin since we have averaged 64 frames or more 
for the PSF measurement. At 15 Cylmm 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. 

- - - Horizontal 

--0--- Vertical 

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 dynamic range of the camera (i.e., 16,384). The preliminary data taken from a test set up has shown mean 
?-stem NEAT of 16 nlK at an operatirlg tein1)erilture of T = 72 K and bias VB = -I V. for a 300 K background. 

Video images nere 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 sho~vs 
one frame of a video image taken with a 9 pm cutoff 
1024x1024 pixel QWIP camera. In addition, the minimum 
resolvable temperature difference was ineasured by a single 
observer using seven bar targets ranging in spatial frequency 
from 0.1 cycles/mdli radian up to 1.33 cylm, which was the 
tkst target \\here no contrast could be measured (uncleas). 
While the collection of the data does not adhere to the 
genesally accepted requirements of haling ~lultipie obseal-ers. 
the data is consistent 1%-it11 tile NEAT mneasweinei1t and worth 
reporting. At the lowest spatial frequency, the minimum 
resolvable differential temperature (MRDT) was 16 mK. 

It is north notitlg that these data 11-ei-e taken froin the first 
1021x1024 QWIP FPAs we produced. Thus, we believe that 
there is a plenty of room for further improvement of these 
P A S  For exill111.3ie. an iIilp~eiiienta~on d an enhanced optical F & ~ ~ ~  16 Oize.fmiJle ?f %,jd@ i171nge t ~ x - ~ ~ n  I ~ J J  9 ,ul?~ 

cavity designed using transmission-line techmques with the clttoif 10261024pixel QTT7P ccmierrr 
electromagnetic boundary condtions 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 InGaAshP material system may improve the photoconductive gain signifimtIy [I 91. This will 
allow QWIP device structure to have more than the typical 50-periods without significant 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-talk, low l/f noise [6j, and possible high quantum 
efficiency, QWIP FPAs will be attractive to both spaceborne and terrestrial infrared applications. 

6. MWIR AND LWIR DUALBAND Q W  FOCAL PLANE ARRAYS 

There are many applications that require MWIR and LWIR dualband focal plane arrays. For example, a dualband focal 
plane array camera would provide the absolute temperature of a target with unknown emissivity, which is extremely 
important to the process of identifying temperature difference between missile targets, warheads, and decays. Dualband 
infhed 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 QWPs [l-61, it is an ideal candidate for large format dualband in6ared focal plane mays. 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 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 QWP device is transparent at other wavelengths, whch 
is an important advantage over cowentional 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 carriers 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 inK in the LWIR spectral band. 



Figure 18. 3-0 view of &Iband QWP ahice structure showi~g via comectsfor indepewknt 
access S fM.  d L  FIR 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 Mferent optical coupling techniques. The first technique uses a dual period Lamar 
grating structure. The second technique uses the multiple diffritction orders. In this ligM coupling technique, we have 
used a 2-D grating with single pitch. The first diffmction ordm (1,0), (0,1), (-1,0), (0,-1) couple infrared radiation into 
LWIR pixels and the second difhction orders (1,l) & (-1 ,I), (1 ,-I), (-1,-1) wuple infrared radiation into IWXLR 
pixels. The spectral responsivity of dualband QWIP is shown in Fig. 19. 2-D periodic grating structures were designed 
to wuple the 4-5 and 8-9 pm radiation into the detector pixels. The top 0.7 pm th~ck GaAs cap layer was used to 
fabricate the light coupling 2-D periodic gra&g. The 2-D grating reflectm on top of the detectors were then covered 
with Au/Ge and Au for Ohmic contact and retlectlon 

h 
3 1 After the 2-D grating array was defmed by the 

photohthograph! and d p  etching the MWlR detector $ 0.8 
pixels of the 320x256 pixel fwal plane arrays and the " 

\-ia hole to access the detector comuon aere g 0.8 
fabricated by dq etclung Uwot~gi~ the photosensitive 

'- 

GaAsfln,Ga~,As/AZ~Ga~~~As MQW la? ers into the 0.4 
0.5 {iru Wli doped GaAs kteriuediate contact la! er. 0.2 T11en LWIR pixels and the via hole to access the 
LWlR ptxe1.s B focal plane arm! s \\ere fabricated. A 0  
thick insulation layer \\as deposited and contact 
windows were opened at the bottom of each via hole 3 4 5 6 7 8 9 1 0 1 1  
and on top surface C>htulc contact metal \ms Wavelength (micron) 
evaporated and unuanted metal \\as remo~ed using a 

process. ~h~ pikh of the BA is 40 pm Figrrrae 19. Respor~srvity ofthe dimlbni~f QIUP device as a,ficticttori 

and the actual MWIlI. md LWIR pixel sizes are qf 11 m~cleitpth 

38x38 pu2 respectively. Fig. 20 shows the SEM 
picture of a single pixel, which clearly show 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 thee-inch GaAs wafer. Indium bumps 
were then evapomtal on top of the deteGtors 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 GSC-0006). Fig. 21 shows a fwal plane army hybrid. 



Figure 20. SEMptctwe of a &I band detecto~pbi. 

F w r e  21. Pictam a 32Ox256pikeZ cbualband QWIP focal plane 
array mounted don a 84pin lead less chip cader. 
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