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ABSTRACT 
A 9 pm cutof€ 640x512 pixel band-held quantum well infmed photacaelector (QWIP) camera has been demonstrated 
with excellent imagery. Based on the single pixel test data, a noise equivalent differential t e m p ”  (NETD) of 8 mK 
is expected at 6% operab’ng temperahHe with f72 optics at 300K backgtound. This focal plane atray has shown 
background limited performaace (BPLI) at 72K operating temperature with the same optics and backgmd coxxiitions 
In this paper, we discuss the development of this very sensitive long wavelength infrared (LWIR) camera based on a 
W M G a A s  Q W  f d  plane army and its performance in quantum efticieacy, NETD, uni€ormity, and operability. 
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1. INTRODUCTION 
A qua” well designed to detect infmvd (IR) light is 
called a quantum well infrared photodetector (QWIP). 
An elegant caudidate for QWIP is the square quantum 
well of basic quantum mechanics [I]. When the 
quantum well is sufficiently deep and narrow, its 
energy states are quantized (discrete). The potential 
depth and width of the well can be adjusted so that it 
holds only two energy states: a ground state near the 
well bottom, and a first excited state near the well top. 
A photon striking the well will excite an electron in the 
ground state to the first excited state, then an 
externally-applied voltage sweeps it out producing a 
photocurrent (Fig. 1). Only photons having energies 
corresponding to the energy separation between the 
two states are absorbed, resulting in a detector with a 
sharp absorption spectrum. Designing a quantum well 
to detect light of a particular wavelength becomes a 
simple matter of tailoring the potential depth and width 
of the well to produce two states separated by the 
desired photon energy. The GaAs/AlxGa1,As material 
system allows the quantum well shape to be tweaked 
over a range wide enough io enable iight detection at 
wavelengths longer than -6 pm. Fabricated entirely 
€tom large bandgap materials which are easy to grow 
and process, it is now possible to obtain large uniform 
FPAs of QWLPS tuned to detect light at wavelengths 
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Fig 1. schematic d” of the conduction b a d  in a bound-to- 
quasibound Q W  in an extanally apphed electric field. 
Absorption of IR photons can photoexcite electrons li-om the 
gnnmd state of the quantum well into the cmtinuum, 
causing a photocurreat Three dark cunent mechanisms are 
also shown: ground state tunnelmg ( lk thennaly assisted 
tunneling (2); and themimic emission (3). The inset shows 
a cross-section transmission electron micrograph of a QWIP 
sample. 



from 6 to 25 w in the GaAdAlxGal,As material 
system [2-51. 

Improving QWIP performanoe depends largely on 
minimizing the pamitic current that plagues al l  light 
detectors, the dark current (the m n t  that flows 
through a biased detector in the dark, i.e., with no 
photons impingiug on it). As we have discussed 
elsewhere [SI, at temperrrtures above 45 IC, the dark 
current of the Q W  is entirely dominated by classic 
thermionic emission of ground state electrons directly 
out of the well into the energy continuum. Minimizing 
this last cumponeat is critical to the commercial 
S ~ C C ~ S S  of the QWIP as it allows the bigMydesirable 
high-temperature camera 0Per;ltion. 

Therefore, we have designed the bound-toquasibound 
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Fig 2. Dark current of 8.5 pm peaked bound-twpsibound QWIP 
as a function of temperature. Data were taken with a 200 
pm diamekx test shucture and normalized to 2 5 6 5  pm2 
pixel. 

(11 quantum well by placing the first excited m e  exactly at the well top as shown in Fig. 1. Dropping the first excited 
state to the well top causes the barrier to thermionic emission (roughly the energy height from the g r d  state to the 
well top) to be -10 meV more in our baund-toquasibound QW than in the bound-to-cWnuum ane, theomidly 
causmg the dark current to drop by a factor o f 4  at a temperam of 70 K [2,3]. The dark m n t  as a function of 
t e m p t m e  of the 8.5 pm peaked bound-toquasibound QWIP is shown in Fig. 2. This compares well with the fixtor of 
-4 drop we experimentally obseme coIIIpared to the bound-to-continuum QWIP having the same peak wavelength. 

2. TEST STRUCTURE RESULTS 

Each riod ofthe multiquantum well (MQW) structure consists of a 45 dr well of GaAs (doped n = 5x10'' cm-3 and a 

absorptiion. Ground state electrons are provided in the detector by doping the GaAs well layers with Si. This 
photosensitive MQW st." is sandwiched between 0.5 pm GaAs top and bottom contact layers doped n = 5 ~ 1 0 ' ~  

grown on a semi-insdating GaAs substrate by molecular beam epitaxy (MBE). Then a 0.7 pt~ thick GaAs cap 
layer on top ofa 300 dr &.~Gao~As stopetch layer was grown in situ on top of the device stnmcture to fabricate the 
light coupling optical cavity. The MBE gmwn materiaI was tested for absorption efl6iciency using a Fourier Transform 
Miwed (FI'IR) spectrometer. Figure 3 shows the "d absorption quantum efEciency of this material at room 
tempera- The epit;ucially grow material was procesd into 200 pm diameter mesa test structures (area = 3 .24~10~  
cm2) using wet chemical etcbing, and M G e  ohmic contacts were evaporated onto the top and bottom contact layers. 

500 r barrier of A10.3Gao7As. Stacking many identical quantum wells (typicauy 50) together i"es photon 
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Fig3. Absorption quantum efficiency of the QWIP material at 

room tempexatwe. 

The detectors were back illuminated through a 45O 
polished facet [5] and a mponsivity spectrum is shown 
in Fig. 4. The respnsivity of the detector peaks at 8.5 
pm and the peak responsivity (Rp) of the detector is 83 
mA/w at bias VB = -1.1 V. The spectml width and the 
cutoff wavelength are L\uh = 100? and h, = 8.9 pm 
respectively. The measured absolute peak responsivity 
of the detector is small, up to about VEI = -0.5 V. 
Beyond that it increases nearly linearly with bias 

behavior of responsivity versus bias is typical for a 

efficiency ws 1.4% at bias VB = -1.1 V for a 45' 
double pass. The lower quantum efficiency is due to 
the lowex photoconductive gain at lower 0-g bias. 

reaching Rp = 420 mA/W at VB = -5 V. This type Of 

bound-toquasibound QWIP. The peak 
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Fig4. RespansivitY qect” of a bound-toquasibound LWIR 
QWIP test structure at temperature T = 77 IC The spectral 
response peak is at 8.5 pm ami the long wavelength cutoff 
i s a t 8 . 9 ~  

7 3. 640x512 FORMAT FOCAL PLANES 

Although random reflectors have achieved relatively 
high quantum efficiencies with large test device 
structures, it is not possible to achieve the similar high 
quautum efficiencies with random reflectors on small 
focal plane array pixels due to the reduced width-to- 
height aspect ratios. In addition, it is dif€icult to 
fabricate raudom reflectors for shorter wavelength 
detectors relative to very long-wavelength detecton 
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Fig4. RespansivitY qect” of a bound-toquasibound LWIR 
QWIP test structure at temperature T = 77 IC The spectral 
response peak is at 8.5 pm ami the long wavelength cutoff 
i s a t 8 . 9 ~  

Lower operating bias suppress the dark current. Due to 
lower readout multiplexer well depth (i.e., 11x106 
elemom) a lower dark current is mandatory to achieve 
a higher operating temperature and longer integration 
times. In backgmnd limited performance (BLIP) 
condition the noise equivalent t e m p e ”  difference 
(NETD) improves with the inmasing integration time. 
In this case, the highest operating temperature of 65 K 
was determined by the oooling capacity of the small 
Sterling cooler used in an Indigo Phoenix* camera 

The photoconductive gain g was experimentally 
detmmbd using 181 g = i i  /4eI,B f 1/2N, where B 
is the measzrrement bandwidth, N is the number of 
quantum wells, and in is the current noise, which was 
measured using a s~ectfum analvzer. The &to- 

conductive gain of the detector reached 0.98 at VB = -5 V. Since the gah of3WP- i~  inversely pmportionalto the 
number of quantum wells N, the better CompariMIn would be the well capture pmbabilily pc, which is directly related to 
the gain [SI by g = 1M%. The dculated well capture probabilities are 25% at low bias (i-e., VB = -1 V) and 2% at high 
bias (Le., V, = -5 V) which together indicate the excellent hot-electmn tmsport m this device structure. The peak 
detectivity is defined as =R, JXii~i , ,  , wlwe RP i s  the peak reqonsivity, A is the area oftbe detector and A = 
3 . 1 4 ~ 1 0 ~  an2. The measured peak detectivity at bias VB = -1.2 V and t e q ”  T = 65 K is 1x10’’ cm-. Figure 
5 shows the bias dependence of peak detectivity as a function of temperature. These detectors show BLIP at bias V, = -2 
V and taqemture T= 72 K for 300 Kbackgrowrd witb fl2 optics. 



Fig 6 .  Twelve 640x512 QWP focal plene arrays on a 3 inch GaAs 
wafer. 

After the 2-D grating array was defined by the 
lithography and dry etching, the photoconductive 
Q W s  of the 640x512 WAS were fabricated by wet 
chemical etching through the photosensitive 
GaAS/AI,Ga,,As multiquantum well layers into the 
0.5 pm thick doped GaAs bottom contact layer. The 
pitch of the FPA is 25 pm and the actual pixel size is 
23x23 pm’. The 2-D gratings on top of the detectors 
were then mered with AdGe and Au for Ohmic 
contact and reflection. Figure 6 shows twelve processed 
QWIP FPAs on a 3 inch GaAs wafer. Indium bumps 
were then evaporated on top of the detectors for Si 
readout circuit (ROC) hybridizatioa A single QWIP 
FPA was chosen and hybridized (via indium bump- 
bonding pmcess) to a 640x512 CMOS multiplexer (ISC 
9803) a d  biased at VB = -1.2 V. At temperatures below 
72 K, the signal to noise ratio of the system is limited 
by array non-uniformity, multiplexer readout noise, and 
photo current (photon flux) noise. At temperatures 
above 72 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 circuitq to saturate. Since the QWIP is a 
high impalanw device, it should yield a very high 
charge inkction couuliw etliciency into the integration 

capacitor 
Charge injection efficiency can be obtained from 131. 

tbe multiplexer. IXI fsct mea et d. [ZI ba~e demonstrated ihatge ineon-efficiencik approaching 90o/a 

where g, is the transconductance af the MOsFET a d  it is given by &n = eIm/kT. The Werential R- of the 
pixels at -1.2 V bias is 4 .3~10’~  Ohms at T = 65 K and detector capacim Cmis 3.0~10-‘~ F. The detector dark current 
Im = 1.5 PA uuder the same Operating conditions. According to equation (1) the charge injection efficiency q& = 90% at 
a flame rate of 30 Hz. The FPA was back-illwnhated through the flat thinned substrate: membrane (thickms w 1300 
A). This initial army gave excellent imsgeS with 99.92% of the pixels working (munber of dead pixels % 250) , 
demo” t ing  the high yield of GaAs technology. The opembility was defined as the penxntage of pixels baving noise 
equivalent dif€krent.iaI temperature less than 100 mK at 300 K background and in this case operability happens to be 
equal to &e pixel yield. 

We have used the following equation to calculate the noise equivaIent temperahrre diflhnce NED of the F’PA 

JAB NETD= 
DB (dp, /dT)sin2(8/2) 

where D i  is the blackbody detecthity, dPddTis the derivative of the integrated bbdcbody power with rapect to 
temperature, and 8 is the field of view angle [Le., sin2(0/2) = (4f2+1)”, where f is the f number of the optical system]. 
Figure 7 shows the NETa of the FPA estimated from test s&ucture data as a function of t e m p ”  for bias voltages VB 
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Fig7. Noise equivalent tanpesature difference “ID estimgted 
from test structure data as a function of temperrrture for bias 
voltage V, = -1.2 V. The bxkg”3 temperature TB = 300 
K and the area of the pixel A = (23 p)’. 

= -1.2 V. The background temperature TB = 300 K, the 
area of the pixel A = (23 pm)*, the f number of the 
optical system is 2, and the frame rate is 30 Hz. Figure 
8 shows the measured NETD of the FPA at an 
operating t e n q e ” e  of T = 65 y 16 msec integration 
time, bias VB = -1.2 V for 300 K background with €2 
optics and the mean value is 29 mK, This agrees 
reasonably with our estimated value of 10 mK based on 
test structure data. The net peak quantum efticiency of 
the FPA was 1.4% (lower focal plane anay quantum 
efficiency is attributed to lower photoconductive gain 
at lower operating bias) and this corresponds to an 
average of three passes of IR radiation (equivalent to a 
single 45” pass) through the photosensitive multi- 
quantum well region. It is worth noting that under 
BLIP conditicm the ~ o m c e  of the detectors is 
independent of the photoconductive gain, and it 
depends only on the absorption quantum efticiency. 
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Fig 8 NETD 2llstogram of the 327,680 pixels of the 640x512 
array showing a high dbimity of the F’PA. The 
unumxted non-unifarmity (= standard devhtidmean) of 
the F’PA is only 14% including 1% non-unifcmnity of ROC 
and 1.4% nondomity  due to the cold-stop not brig 
able to give the m e  field of view to all the pixels in the 
FTA. 

4. 640x512 PIXEL HAND-HELD CAMERA 

A 640x512 QWIP FPA hybrid was mounted onto a 330 
mW integral Sterling closedcycle cooler assembly and 
&aIled into an Indigo Phoenixm camera-body, to 
demonstrate a haud-held LWIR camera (shown in 
Fig. 9). The Phoenixm Mrared camera system has been 
developed by Indigo 
needs of the 
communities.  he systgm is comprised of a camera 
head and a selection of two video proassing back ends. 
The camera head was made of Indigo’s standard 
640x512 format readout ISC 9803, mated to a long- 
wavelength QWIP detector materials. Two video 
processing units are the Real Time Imaging Electronics 
@TIE) that provide conventional WTSC video as well 
as corrected parallel digital video aut at video rates and 
the Digital Acquisition System @AS) that provides 
high-speed (40 MHz)  raw digital data acquisition and 
output with limited real time video for system setup and 
focusing. The other e f e m t  of the camera is a 100 mm 
focal length germanium lens, with a 5.5 degree field of 
view. It is designed to be tmqxurnt in the 7-14 JW 
wavelength range, to be compatible with the Q W ’ s  

8.5 pm operation The digital acquisition resolution of the camera is 14-bits, which determines the in&” 
dynamic range of the camera (ie., 16,384). However, the dynamic range of QWIP is 85 Decibels. Its nominal power 
c”ptiun is less than 45 watts. 
The p d i ” y  data taken from a test set up has shown mean NETD of29 mK (the higher ”D is chae to the 65% 
traasmissiOn through the lens assembly, and system mise of the measurement setup) at an Operating temperature of T = 
65 K and bias VB = -1.2 V7 for a 300 K background. The uncomed photacurrent non-uniformity (which includes a 1% 
non-uniformity of the ROC and a 1.4% non-uniformity due to the aold-stop in front of the FFA not yielding the same 
field of view to all  the pixels) of the 327,680 pixels of the 640x512 FPA is about 14OA (= sigmalmean). The non- 
uniformity after two-point (17” and 27” Celsius) correction iqmves to an impressive 0.3% It is worth noting that these 



Fig 9. Picture of the 640x92 band-held 1% wavelength QW 
camera (QWIP PhoenixTM). 

dam were taken from the first 640x512 QWIP FPA 
which we producd Thus, we believe that there is a 
plenty of mom for further improvements of these FPA. 

Video images were taken at a frame rate of 30 Hz at 
tempe"?s as high as T = 70 K, using a ROC capacitor 
having a charge capacity of 11x10~ electrons (the 
maximum number of photoelectrons and dark electrons 
that can be counted in the time taken to read each 
detector pixel). Figure 10 shows one frame of a video 
image taken with a 9 pn cutoff 640x512 pixel QWIP 
P h O e n i x T "  camera. 

It should be noted that these initial unoptimized FPA results are far from optimum. The focal plane array performance 
data reported in this paper was taken with a bboratq measurement set up, E- based on the single pixel data 
show that these FPAs should be able to provide 7 mK NETD with 30 msec hitegration time, which can be achieved at 
1.1V bias. Focal planes are now being integrated with the close cycle stir- coolers. Then, these FPNdewar assemblies 

will be integrated with Phoenixm camera electronics. 
Thus, we expect QWIP Phoenixm camem to achieve the 

< 20 mK with shorter integration time (< 16 msec with 
high bias), and the perf-ormance of NETD < 10 mK with 
longer integration time at 30 Hz (30 msec integration 
with low bias). 

p e ~ 0 ~  of mTD 
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