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The paper compares the achievements of quantum well infrared photodé@¢iti?) technology

with those of competitive technologies, with the emphasis on the material properties, device
structure, and their impact on focal plane ar(&iPA) performance. Special attention is paid to two
competitive technologies, QWIP and HgCdTe, in the long-wavelength (IR/IR) and
very-long-wavelength IRVLWIR) spectral ranges. Because so far, the dialogue between the QWIP
and HgCdTe communities is limited, the paper attempts to settle the main issues of both
technologies. Such an approach, however, requires the presentation of fundamental limits to the
different types of detectors, which is made at the beginning. To write the paper more clearly for
readers, many details are included in the Appendix. In comparative studies both photon and thermal
detectors are considered. Emphasis is placed on photon detectors. In this group one may distinguish
HgCdTe photodiodes, InSb photodiodes, and doped silicon detectors. The potential performance of
different materials as infrared detectors is examined utilizing #@ ratio, wherea is the
absorption coefficient and G is the thermal generation rate. It is demonstrated that LWIR QWIP’s
cannot compete with HgCdTe photodiodes as single devices, especially at higher operating
temperature$>70 K). This is due to the fundamental limitations associated with intersubband
transitions. The advantage of HgCdTe is, however, less distinct at temperatures lower than 50 K due
to problems inherent in the HgCdTe materig-type doping, Shockley—Read recombination,
trap-assisted tunneling, surface and interface instabjlittegen though QWIP is a photoconductor,
several of its properties, such as high impedance, fast response time, long integration time, and low
power consumption, comply well with the requirements imposed on the fabrication of large FPA's.
Due to a high material quality at low temperatures, QWIP has potential advantages over HgCdTe in
the area of VLWIR FPA applications in terms of array size, uniformity, yield, and cost of the
systems. The performance figures of merit of state-of-the-art QWIP and HgCdTe FPA's are similar
because the main limitations come from the readout circuits. Performance is, however, achieved
with very different integration times. The choice of the best technology is therefore driven by the
specific needs of a system. In the case of readout-limited detectors a low photoconductive gain
increases the signal-to-noise ratio and a QWIP FPA can have a better noise equivalent difference
temperature than an HgCdTe FPA with a charge well of similar size. Both HgCdTe photodiodes and
QWIP’s offer multicolor capability in the MWIR and LWIR range. Powerful possibilities offered by
QWIP technology are associated with VLWIR FPA applications and with multicolor detection. The
intrinsic advantage of QWIP’s in this niche is due to the relative ease of growing multicolor
structures with a very low defect density. D03 American Institute of Physics.
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I. INTRODUCTION
Since the initial proposal by Esaki and Tsand the ad- The main motivation to replace HgCdTe is the techno-

vent of molecular bea,m epitaxjBE), interest in semicon-  |ogica) difficulties associated with this material. One of them
ductor superlatticetSL's) and quantum wellQW) structures  5"e weak Hg—Te bond resulting in bulk, surface, and in-

has increased continuously over the years, driven by t€ChnQa (5 . instanilities. Uniformity and yield are still unresolved

logical challenges and new physical concepts and phenorri‘ésues. Slow progress in the development of large photovol-

ena as well as promising apphca’gons. A new plass of m.atefaic HgCdTe infrared imaging arrays and the rapid achieve-
rials and heterojunctions with unique electronic and optical

. .“ments of novel semiconductor heterostructure systems have
properties has been developed. Here we focus on devices : . . .

L . o L made it more difficult to predict what types of arrays will be
which involve infraredIR) excitation of carriers in quantum

wells. A distinguishing feature of QW infrared detectors is Leoiggy :‘:f\‘/'ﬁﬁ;;g ];ut:tfmssysir\?v_zggll('c?gs:j' ::RO ' ;gsf:r-/
that they can be implemented in chemically stable wide- y " 9
tracker systems as well as reliable and affordable sensors

band-gap materials as a result of the use of intraband pro-.th | it ded which functi ffectively at
cesses. Among the different types of quantum well infrared'"! 'ONY 1l areé needed which can function eliectively a

photodetectordQWIP's), the technology of GaAs/AlGaAs temperatures higher than 20—30 K currently required by bulk
multiple-quantum-well (MQW) detectors is the most photon detectors. The only alternative to HgCdTe that has

mature? Rapid progress has been made recently in the pepeen available so far was extrinsic Si which operates at much
formance of these detectors. Detectivities have improved®Wer temperatures where a problematic three-stage cryo-
dramatically and they are now high enough for the fabricaooler Wou_ld be required. Improvement in survellla_mce sen-
tion of large(e.g., 640<486 and 646 512) focal plane ar- SOrS, and mterceptor seekers requires highly uqurm _and
rays(FPA') with a long-wavelength IRLWIR) imaging per-  Multicolor (or multispectral large-area IR FPA' operating in

formance comparable to that of state-of-the-art HgCdTdne LWIR and very-long-wavelength IR/LWIR) regions.
detector$—> Among the competing technologies there are the QWIP's

most often used in the production of IR photodetectors. OvelNGaAs/AlGaAs material systems.

the last 40 years it has successfully fought off major chal-  In this paper we discuss the performance of QWIP's as
lenges from extrinsic silicon and lead-tin telluride devices.compared to other types of IR detectors including both pho-
Despite that, however, it has more competitors today thaiton and thermal detectors. As the QWIP detector is a photon
ever before. These include Schottky barriers on silicon, SiGéetector, more attention is paid in our comparative studies to
heterojunctions, AlGaAs multiple quantum wells, GalnSbthis family of detectors, especially to HgCdTe photodiodes.
strain layer superlattices, high-temperature superconductor)Sb photodiodes and doped silicon detectors are considered
and especially two types of thermal detectors: pyroelectri¢d0o. The potential performance of different materials is ex-
detectors and silicon bolometers. It is interesting, howeveramined by utilizing then/G ratio, wherea is the absorption
that none of these is competitive in terms of fundamentatoefficient andG is the thermal generation rate.

properties. They may promise to be more easily manufac- The first part of the paper is devoted to different types of
tured, but never to provide higher performance or, with thedetectors operating as single devices. In the second part, such
exception of thermal detectors, to operate at higher or eveRPA issues as array size, uniformity, operability, multicolor
comparable temperatures. capability, and system prices are discussed. The discussion is
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TABLE I. Comparison of infrared detectors.

Detector type

Advantages

Disadvantages

Thermal(thermopile, bolometers, pyroelectric

IV-VI
(PbS, PbSe, PbSnre

Light, rugged, reliable, and low cost
Room temperature operation
Easier to prepare

More stable materials

Low detectivity at high frequency
Slow responséms ordey

Very high thermal

expansion coefficient

Large permittivity

Intrinsic 1I-VI (HgCdTe Easy band gap tailoring Nonuniformity over large area
Well developed theory & expt. High cost in growth and processing
Multicolor detectors Surface instability
1=V (InGaAs, InAs, InSb, InAsSbh Good material and dopants Heteroepitaxy with large
Advanced technology lattice mismatch
Possible monolithic integration Long wavelength cutoff limited
Photon to 7 um (at 77 K
Extrinsic Very-long-wavelength operation High thermal generation

(Si:Ga, Si:As, Ge:Cu, Ge:Hg
Free carriers
(PtSi, P$Si, IrSi)

Relatively simple technology
Low-cost, high yields
Large and close-packed 2D arrays

Extremely low-temperature operation
Low gquantum efficiency
Low-temperature operation

Type | Matured material growth High thermal generation
Quantum (GaAs/AlGaAs, InGaAs/AlGaAs3 Good uniformity over large area Complicated design and growth
wells Multicolor detectors

Type Il

(InAs/InGaSh, InAs/InAsSh
InAs/GaAs, InGaAs/InGaP,

Ge/Si

Quantum dots

Low Auger recombination rate
Easy wavelength control
Normal incidence of light

Low thermal generation

Complicated design and growth
Sensitive to the interfaces
Complicated design and growth

mainly concentrated on two competitive technologies, QWIRessary to prevent thermal generation of charge carriers. Ther-
and HgCdTe. In such a way, the paper attempts to settle thmal transitions compete with optical ones, making noncooled
main issues of both technologies. To present the materialevices very noisy. Cooling is the main obstacle to a more
more clearly for readers, many details are included in thevidespread use of IR systems based on semiconductor pho-
Appendix. todetectors because it makes them bulky, heavy, expensive,
and inconvenient to use.

Depending on the nature of the interaction, the class of
photon detectors is further sub-divided into different types as
. i shown in Table I. The most important are intrinsic detectors,

Spectral detectivity curves for a number of available IR gy rinsic detectors, photoemissivenetal silicide Schottky
detectors are shown in Fig. 1. The wavelengths of the tWoy5rierg detectors, and quantum well detectors. Depending
atmospheric windows, 3-fum [medium-wavelength IR o5 oy the electric or magnetic fields are developed, there
(MWIR)] and 8-14um (LWIR), are the most interesting are various modes such as photoconductive, photovoltaic,
(atmospheric transmission is .the. .h|ghest in 'Fhese W'”dOWBhotoeIectromagneti(PEM), and photoemissive ones. Each
and the room-temperature emissivity reaches its maximum ghaterial system can be used in different modes of operation.
A~10 um). It should be noted, however, that in recent years, g paper, we focus on photodiodes and photoconductive
interest in longer wavelengths has been steadily increasingatectors.
stimulated by space applications. _ The second class of IR detectors is composed of thermal

Depending on the detection mechanisms, the nature Qfgtectors. In a thermal detector the incident radiation is ab-

the interaction and material properties, various types of dez, peq to change the temperature of the material, and the
tectors have different characteristics. These characteristics

result in advantages and disadvantages when the detectors
are used in field applicatioris® Table | shows a comparison
of various IR detectors.

In the class of photon detectors, radiation is absorbed
within the material by means of interactions with free elec-
trons or those bound either to lattice atoms or to impurity Electrical area
atoms. The observed electrical output signal results from the
changed electron energy distribution. The response of photon
detectors per unit incident radiation power depends selec-
tively on wavelength. These detectors exhibit both perfect
signal-to-noise performance and a very fast response. To
achieve this, photon detectors require, however, cryogenic
cooling. Photon detectors with long-wavelength limits ex-
ceeding approximately @m are usually cooled. This is nec-

Il. FUNDAMENTAL LIMITS TO INFRARED DETECTOR
PERFORMANCE

Optical area

Radiation

Heterojunction contacts

Metallization

Substrate

L Reflector

FIG. 2. Model of a photodetector.

Downloaded 02 Mar 2006 to 148.81.117.137. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



4358 J. Appl. Phys., Vol. 93, No. 8, 15 April 2003 A. Rogalski

resultant change in a certain physical property is used tavhereG andR are the generation and recombination rates,
generate an electrical output. The detector is suspended af is the frequency band, ards the thickness of the detec-
legs which are connected to the heat sink. The signal dodsr.

not depend upon the photonic nature of the incident radia- The detectivityD* is the main parameter characterizing
tion. Thus, thermal effects are generally wavelength indeperthe normalized signal-to-noise performance of detectors and
dent; the signal depends upon the radiant pdweits rate of  can be defined as
changé but not upon its spectral content. This would mean R(AA )2

(| (0}

that the mechanism responsible for the absorption of radia- p* (3)
tion is itself wavelength independent, which is not strictly In

true in most cases. Three approaches are most widely applied  according to Eqs(1)—(3),13

in infrared technology: namely, bolometers, pyroelectric, and

thermoelectric effects. In pyroelectric detectors, a change in . _i(ﬁ) vz 2(G4+ R M2 4
the internal electrical polarization is measured, whereas in ~hcl| A, 2 L B

thermistor bolometers a change in the electrical resistance is For a aiven wavelenath and operating temperature. the
measured. In contrast to photon detectors, thermal detectoFl.T. hest gerformance an be o%taineo? b pmaximiéin
typically operate at room temperature. They are usually char- 9 P y 9

12\ i
acterized by modest sensitivity and slow respofimcause 77./ [t(G+R.)] which corres_ponds to th_e condition of the

. : . ; highest ratio of the sheet optical generation to the square root
heating and cooling of the detector is a relatively slow pro-

cess, but they are cheap and easy to use. They have foun f sheet thermal generation and recombination. This means

widespread use in low cost applications that do not requiré.at high quantum efficiency must be obtained in a thin de-

high performance and speed. Being unselective, they are fref1CE- For a given wavelength and operating temperature, the

qguently used in IR spectrometers. Uncooled FPA's fabricategerformance may be increased by reducing the total number

currently from thermal detectors have revolutionized the de—Of generation and recombination acts which ©R)

. Agt).

velopment of thermal imagef8:!* X(Ae . . .
elopment of thermal imagef$ In further considerations we puét,/A.=1. Assuming a

A. General theory of photon detectors single pass of the radiation and negligible frontside and

A photodetector is a slab of homogeneous semiconduct-)aCkSide reflection coefficients, the quantum efficiency and

tor with an actual “electrical” areaA,. It is coupled to a JEtectivity are
beam of infrared radiation by its optical ardg (Fig. 2. n=1—exp — at), (5)
Usually, the optical and electrical areas of the device are the
same or close to each other. The use of optical concentrators
may increase thé,/A. ratio.

The current responsivity of a photodetector is deter- . . .
mined by the quantum efficiency and by the photoelectric wherea is the absorption coefficient.

gaing. The quantum efficiency value describes how well theth' The dh{ghestl_de:[fcitlvll/tzy 1S or?talnted fd":.l'ZG/a' fF(())r62
detector is coupled to the radiation to be detected. It is usu- 1';52 conation (t-e _) reacnes 1ts maximum of &.
. This thickness is the best compromise between the re-

ally defined as the number of electron-hole pairs generateﬁ . ts of hiah ¢ ffici d low th |
per incident photon. The idea of photoconductive gaimas quirements ot high quantum etliciency and low thermal gen-

out forth by Ros# as a simplifying concept for the under- eratlonagln this optimum case=0.716 and detectivity is

standing of photoconductive phenomena and is now Widel)(?qual t

used in the field. The photoelectric gain is the number of A a \12

carriers crossing the contacts per generated pair and it is D*=0.45 m) : (7)

defined simply as the ratio of the photoelectron lifetime to

the transit time. This value shows how well the generated At equilibrium, the generation and recombination rates

electron-hole pairs are used to generate the current responge equal to each other, and we have

of a photodetector. Botly and g are assumed here to be N o) L2

constant over the volume of the device. D* :0'31h_(_) , (8)
The spectral current responsivity is equal to c\G

A o -
D =h—c(1—e H2(G+R)t] Y2 (6)

Considerations presented in Ref. 13 indicate

A
* =
D O'SIEk
where\ is the wavelengthh is Planck’s constant is the  \yhere 1<k<2, andk is dependent on the contribution of
light velocity, andq is the electron charge. Assuming that the \acombination and backside reflection.
current gain for photocurrent and noise current is the same, The ratio of the absorption coefficient to the thermal
the current noise due to the generation and recombin::xtiogeneration rate/G, is the fundamental figure of merit of

A7
Ri=+-09 (1) %) 1’2, ©

processes 13 any material intended for infrared photodetectors. It deter-
5 - mines directly the detectivity limits of the devices. This fig-
1,=2(G+R)AtAfqg7, (20 ure should be used to assess any potential material.
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An optimized photodetector should consist of the
following:**

(i) A lightly doped active(base region, which acts as an
absorber of IR radiation. Its band gap, doping, and geometry
should be precisely selected. The surface of the active region
must be insulated from the ambient by a material that does Sighal
not contribute to the generation of carriers; in addition, the radiation
carriers which are optically generated in the absorber should (
be kept away from the surfaces where recombination can
reduce the quantum efficiency.

(ii) Electric contacts to the base region which sense op-
tically generated charge carriers and should not contribute to
the dark current of the device,

(iii) A backside mirror for double pass of IR radiation.

Detector
C,, TH+AT

Supporting substrate

The above conditions may be fulfilled by using hetero-
junctions like N'—=p—p™ and P —n—n" with heavily doped
contact regiongsymbol “+” denotes strong doping; capital

letter, wider gajp Homojunction deviceslike n—p, n*—p, . L . . .
p*—n) suffer from surface problems; excess thermal generawheren‘ is the intrinsic carrier concentration ang; is the

tion results in increased dark current and recombinationmajority carrier concentration. The ultimate limit on carrier
which in turn, reduce the photocurrent lifetime in a direct gap semiconductor is given by band-to-

The total generation rate is the sum of the optical an(ﬂand recoml_)ingtion, by either radiative or Auger processes.
thermal generation rates umphreys |_nd!cate"or| that _the_van Roosbr_oeck—ShockIe)_/
theory of radiative recombination underestimates the radia-
G=Gip+Ggp- (10 tive lifetime due to noiseless photon reabsorption. As a re-
. . . sult, Auger recombination is the dominant process in narrow
To achieve high performance, thermal generation musgap semiconductors like HgCdTe ternary alloy, for example.

Se supp{ﬁssed to the IOV\fSt livel posst|.blel. This is usutﬁll The extrinsic semiconductor photoconductor is strictly a
one with cryogenic cooling. For practical purposes, eglajority carrier device.

L()jeial S|tu?t|o|n occurst,_ wh(?rnh thefm‘?" genetra;lontr:s ;ﬁduc; The background limited detectivity or, the so-called,
clow optical generation. 1he requirements for the therm photovoltaic” BLIP detectivity is given by®’

generation rate may be highly reduced in heterodyne sys-

tems, in which optical excitation by the local oscillator can A ( 7 )1/2

* o — —
dominate the generation, even in conditions of high thermal BLUP hcl2dg
% \p for photoconductors i§2 times lower that for photo-

generation. Optical generation may be due to the signal 0|5
background radiation. For infrared detectors, background ra-, . . L .
diodes. This is attributable to the recombination process in
hotoconductors which is uncorrelated with the generation

diation is usually higher compared to signal radiation. If ther-
mal generation is reduced much below the background IeveR o .

process contributing to the detector noise. The background
photon flux density received by the detector depends on its

the performance of the device is determined by the back
angular field of view(FOV) of the background and on its

ground radiation(BLIP conditions for background limited
infrared photodetector This condition may be described as %, : )

ability to respond to the wavelengths contained in the source.
nPp7 Plots of D, ,p as a function of wavelength fdrg ;p=300 K

=>Nih, (1) and for full 2r FOV are shown in Fig. 1.

FIG. 3. Thermal detector mounted via legs to heat sink.

(14)

whereny, is the density of thermal carriers at temperatlye
7is the carrier lifetime, andg is the total background pho- B. General theory of thermal detectors
ton flux density(unit cm 2s') reaching the detector. Rear-

ranging Eq.(11) we obtain the BLIP requirements Thermal detectors operate on the simple principle that,

when heated by incoming IR radiation, their temperature in-
7®g Ny creases and the temperature changes are measured by any
Gop: T>T= th s (120 temperature-dependent mechanism such as thermoelectric
voltage, resistance, and pyroelectric voltage. The simplest
i.e., the photon generation rate needs to be greater than thepresentation of the thermal detector is shown in Fig. 3. The
thermal generation rate. Either majority or minority carriersdetector with the emissivity is represented by a thermal

can be considered. capacitanceC;,, coupled via thermal conductan¢gy, to a
The direct band gap semiconductor photodiode is a miheat sink at a constant temperat(freln the absence of a
nority carrier device and in thermal equilibrium radiation input, the average temperature of the detector will
2 also beT, although it will exhibit fluctuations around this
nmin:n_" (13 value. When a radiation input is received by the detector, the
Nmaj temperature rise is found by solving the heat balance equa-
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tion. Assuming the radiant power to be a periodic function, 10 \‘ @, = 10"phicm’s
the change in the temperature of any thermal detector due to ?\ vy cDB =0
the incident radiative flux 8 EoNy N 8"
E S \
P 1012: VT Thermal
eb, E

(15

| T —
(Gtzh + wZCch) 12

tectors. Clearly it is advantageous to mak€ as large as

possible. To do this, the thermal capacity of the detector ;

(Cip) and its thermal coupling to its surroundingds,() must [a]

be as small as possible. The interaction of the thermal detec-  4p?

tor with the incident radiation should be optimized while

reducing, as far as possible, all other thermal contacts with

its surroundings. This means that a small detector mass anc

fine connecting contacts to the heat sink are desirable. 10
The characteristic thermal response time of a detector

may be defined as

3
q
Equation(15) illustrates several features of thermal de- E
£
Q

LERRLL B AL R Ll ]

(.
+

50 70 90 110 130
Temperature (K)

-
o
w
o

FIG. 4. Theoretical performance limits of LWIR photon and thermal detec-
—C.R (16) tors at zero background and background df Jhotons/cris, as a function
thT3th of detector temperatur@fter Ref. 19.

~Cin
Tth—G_m

whereRy,= 1/Gy,, is the thermal resistance. ) ) i
The values of the thermal time constant are typically in1a @nd the surrounding environment at temperailye |t is

the millisecond range. This is much longer than the typicafn€ ultimate limit of a detgcl:éor’s performance capability and
time of a photon detector. There is a trade-off between ser®" & 27 FOV is given by*®

sitivity AT and frequency response. If one wants a high sen- 8keaA(T2+T2)
sitivity, a low-f i 2 T4 blpop2

y, a low-frequency response is then forced upon the Vi= > K°Ry,, (19
detector. 1+ w27,

For further discussion we introduce the coeffici#t \yhereo is the Stefan—Boltzmann constant.
=AV/AT that reflects the efficiency with which the tem-  Tne fundamental limit of the sensitivity of any thermal
perature changes translate into the electrical output voltaggetector is determined by the temperature fluctuation noise,
of a detector. i.e., random fluctuations of the detector temperature due to

The voltage responsiviti?, of the detector is the ratio of  the fluctuations of the radiant power exchange between the
the output signal voltagaV to the input radiation power and getector and its surroundings. Under this condition we have

is given by at low frequencies ¢<1/7,)
R, =R 17) oy <A . 20
v (1+ wzrtzh)llzl " 4kT§Gth

In order to determine the detectivity of the detector, the

It is assumed here thatis independent of the wavelength, so
- >
noise mechanism must be known first. The Johnson noise {92t the spectraDy and blackbodyd™ (T) values are iden-

one of the major noises. Two other fundamental noises aré®a" _ _ .
important for assessing the ultimate performance of a detec- If the radiant power exchange s the dominant heat ex-

tor, namely the thermal fluctuation noise and the backgroun&hange mechanism, thg@ IS _the first derivative of the
fluctuation noise. Stefan—Boltzmann function with respect to temperature. In

The thermal fluctuation noise arises from temperaturéhat case, known as the background fluctuation noise limit,

fluctuations in the detector. These fluctuations are caused By have
heat conductance variations between the detector and the sur- €
rounding substrate with which the detector is in thermal con- D = e ——N
tact. 8ko(Tg+Tp)
The spectral noise voltage due to temperature fluctuayote thatD} is, as expected, independent/f
tions 518 Equations(20) and (21) assume that the detector re-
ceives the background radiation from all directions when the
o, AKT?Af 2R (19 temperature of the detector and background are equal, and
"1+ w27 th- from the forward hemisphere only when the detector is at
cryogenic temperatures. The highest possibfeto be ex-
The third noise is the background noise resulting frompected for a thermal detector operating at room temperature
radiative heat exchange between the detector at temperatuaed viewing a background at room temperature is 1.98

112
(21
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X 10 ecm HZ2W~1. Even if either the detector or back- 10?

ground were cooled to absolute zero, the detectivity would (a)

improve only by the square root of two. This is the basic 10’ LWIR

limitation of all thermal detectors. Photon detectors limited 300 K

by background noise have higher detectivities as a result of

their limited spectral responses. 10°
The performance achieved by any real detector will be &

X
inferior to that predicted by Eq(21). The degradation of = 0"

m]

w

-

performance will arise fronfi) encapsulation of the detector

(reflection and absorption losses at the winglofiv) effects Z

of excess thermal conductan@efluence of electrical con- 102

tacts, conduction through the supports, influence of any gas:

conduction and convectionor (iii ) additional noise sources. 10°
Typical values of the detectivities of thermal detectors at

10 Hz range from 19to 1° cm HZ? w1,

i1 ) s i PN NERE1 ] L2 2 ss0gl L2 1 (134

10 10° 10* 10" 1
Integration time (s)

C. Comparison of the fundamental limits of thermal
and photon detectors 10°

The temperature dependence of the fundamental limits (b)
of D* of photon and thermal detectors at different levels of 10" S e - MWIR
background are shown in Fig. 4. As seen the performance of ~ 300 K
intrinsic IR detectorgHgCdTe photodiodgsin the LWIR S e
spectral range is higher than that of other types of photon  4Q° RS
detectors. HgCdTe photodiodes with a background limited c ~ < Thermal
performance operate at temperatures beieB0 K. HgCdTe = AN
is characterized by a high optical absorption coefficient and '510
quantum efficiency and a relatively low thermal generation W
rate compared to QWIP’s and extrinsic silicon detectors. ~40?
Both QWIP and silicon detectors are extrinsic in their char-

acter and require more cooling than intrinsic photon detec-

Photon

-3
tors having the same long-wavelength limit. 10
The ultimate detectivity value for thermal detectors is T
much less temperature dependent than for photon detectors 4 0* 10° 107 107 1
At temperatures below 50 K and zero background, LWIR Integration time (s)

thermal detectors are characterizeddy values lower that . 5 Theoretical NEDT . f od i | and HacdT
.o eoretical comparison or uncoole: ermal an g e
?boosvee OE];OLV}X’I Rthgr:rcr)]ta?ln diféif::;sp;?gravigt?;rtig F;]eﬁ:g:grsncooled photon LWIRa) and MWIR (b) detectordafter Ref. 20.
ones. At room temperature, the performance of thermal de-
tectors is much better than that of LWIR photon detectors. It
is due to the influence of the fundamentally different types of  The relevant figure of merit for FPAS is the noise
noise (generation-recombination noise in photon detectorequivalent difference temperatul@EDT), which is the tem-
and temperature fluctuation noise in thermal detegtivat  perature change of a scene required to produce a signal equal
the dependences of the detectivity on the wavelength antb the rms noisésee Appendix AL It is of interest to com-
temperature are different in these two classes of detectorpare the performance of uncooled photon and thermal detec-
Photon detectors exhibit better performance at longtors in the MWIR =5 um) and LWIR (\ =10 um) spec-
wavelength infrared radiation and lower operating temperatral range. We have followed the procedure used in a paper
tures. Thermal detectors perform better in the very-longrecently published by KincF
wavelength spectral range. The temperature requirements to Figure 5 compares the theoretical NEDT of detectors
attain the background-fluctuation-noise-limited performancepperating at 290 K for F/1 optics dna 1 mil pixel size.
in general, favor thermal detectors at higher cryogenic temParameter values typical of micromachined resonant cavity
peratures and photon detectors at lower cryogenic temper&olometers given in Appendix Al are assumed in the calcu-
tures. lations. A N"—7—P" HgCdTe photodiode, first proposed by
The above relations, which are shown in Fig. 4 for aElliott and Ashley?!is chosen as a photon detector. The sym-
background of 18 photons/cris, are modified by the influ- bol 7 designates an intrinsic region containing-gype back-
ence of the background. It is interesting to note that in thisground dopant concentration of<8L0"* cm™2 with carrier
case the theoretical curves Bf for photon and thermal de- lifetime limited by the Auger 7 process. It is also assumed
tectors show similar fundamental limits at low temperaturesthat the detector node capacity is capable of storing the inte-
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TABLE II. Essential properties of LWIR HgCdTe photodiodes and QWIP3 at77 K.

Parameter HgCdTe QWIf-type)
IR absorption Normal incidence Eopticarl Plane of well required
Normal incidence: no absorption
Quantum efficiency =70% <10%
Spectral sensitivity Wide-band Narrow-bafWHM ~1-2 um)
Optical gain 1 0.430-50 wellg
Thermal generation lifetime ~1 us ~10 ps
RoA product (=10 um) 3000 cn? 10* Q cn?
Detectivity (\,=10 um, FOV=0) 2x 10" cm HZ?w™1 2x10° cm HA?2wW 1
grated charge provided by the detector dark current. 1. QWIP's VERSUS OTHER TYPES OF INFRARED

Figure 5 shows that the ultimate performance of un-PHOTODETECTORS
cooled HgCdTe photon detectors is far superior to that of
thermal detectors at wide frame rates and spectral bands. Current-cooled IR detector systems use materials such as
Also any other tunable band gap alloy, such as type-Il INnAsHgCdTe, InSb, PtSi, and doped Si. As far as IR applications
GalnSb superlattices, could be useful in the development gire concerned, QWIP is a relatively new technology. The
uncooled photon detector technoldtf? The ultimate perfor-  first GaAs/AIGaAs QWIP was demonstrated by Levine
mance of InAs/InGaSb strain layer superlattice photodiodest al** in 1987. Among these cooled IR detector systems,
with optimally doped base regions is comparable with that oPtSi FPAs are highly uniform and easy to manufacture but
HgCdTe photodiodes in the temperature range between 3d0ey have very low quantum efficiency and can only operate
K and 77 K2 in the MWIR range. The InSbh FPA technology is mature with

Comparing both curves for thermal detectors in Fig. 5,very high sensitivity and it also can operate in the MWIR
we can see that for long integration times excellent perforspectral range. Doped Si has a wide spectral range from 0.8
mance can be achieved in the LWIR region with NEDT val-to 30 um and operates only at very low temperatures. PtSi,
ues below 10 mK for frame rates of 30 Hz. However, forInSb, and doped Si detectors do not have wavelength tun-
snapshot systems with an integration time below 2 ms, thability or multicolor capabilities. Both QWIP’s and HgCdTe
available NEDT is above 100 mK even in the LWIR region. offer high sensitivity together with wavelength flexibility in
In the MWIR band thermal detectors has obvious perforthe MWIR, LWIR, and VLWIR regions, as well as multi-
mance limitations at any frame rate. color capabilities. HgCdTe can also operate in the short-

TABLE Ill. HgCdTe photodiode architectures used for hybrid FR&fter Ref. 25.

Configuration Junction formation Company

n-onp VIP lon implantation forms-onp diode inp-type DRS Infrared Technologies
HgCdTe, grown by Te-solution LPE on CdZnTe (formerly Texas Instrumenks
and epoxied to silicon ROIC wafer; over the edge
contact

n-p loophole lon beam milling forms-type islands inp-type GEC-Marconi Infrared
Hg-vacancy-doped layer grown by Te-solution (GMIRL)

LPE on CdZnTe, and epoxied onto silicon ROIC
wafer; cylindrical lateral collection diodes

n*-onp planar lon implant into acceptor-dopeeype LPE film Sofradir (Societe Francaise de
grown by Te-solution slider Detecteurs Infrarouge
n*-n"-p planar homojunctions Boron implant into Hg-vacanetype, grown by Rockwell/Boeing

Hg-solution tipper on 3" diam. sapphire with
MOCVD CdTe buffer; ZnS passivation

P-onn mesa 1. Two-layer LPE on CdZnTe: IR Imaging Systems, Sanders
Base: Te-solution slider, indium-doped — A Lockheed Martin
Cap: Hg-solution dipper, arsenic-doped Company(LMIRIS)

2. MOCVD in situ on CdZnTe
lodine-doped base, arsenic-doped cap

P—on-n mesa 1. Two-layer LPE on CdZnTe or Si: Raytheon Infrared Center of
Base: Hg-solution dipper, indium-doped Excellence(RIRCOE,
Cap: Hg-solution dipper, arsenic-doped formerly SBRQ and Hughes
2. MBE in situon CdZnTe or Si Research Laboratories
Indium-doped base, arsenic-doped cap (HRLs)

P—on-n planar buried heterostructure Arsenic implant into indium-doped N-n or N-n-N Rockwell/Boeing

film grown by MBE on CdZnTe
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FIG. 7. Absorption coefficient for various photodetector materials in spec-
Bound state tral range of 1-14um.

(b)

FIG. 6. Band diagram of demonstrated QWIP structui@s: bound-to- o .
extended andb) bound-to-miniband. Three mechanisms creating dark cur- A miniband transport QWIP contains two bound states

rent are also shown ife): ground-state sequential tunnelit, intermedi- ~ With the higher energy level being resonant with the ground
ate thermally assisted tunnelitt@), and thermionic emissio(8). The gray ~ state miniband in the superlattice barrjsee Fig. @)]. In
shading indicates extended states through which current flows. this approach, IR radiation is absorbed in the doped quantum
wells, exciting an electron into the miniband and transporting
it along the miniband until it is collected or recaptured into
another quantum well. Thus, the operation of this miniband
wavelength IR(SWIR) region, while QWIP has to go to a QWIP is analogous to that of a weakly coupled MQW
direct band-to-band scheme for SWIR operation. Table Ibound-to-continuum QWIP. In this device structure, the con-
compares the essential properties of HgCdTe and QWIP de¢inuum states above the barriers are replaced by a miniband
vices at 77 K. of superlattice barriers. The miniband QWIP’s show a lower
Different HgCdTe photodiode architectures have beerphotoconductive gain than bound-to-continuum QWIP’s be-
fabricated that are compatible with backside and frontsideause photoexcited electron transport occurs in the miniband
illuminated hybrid FPA technology. The most important ar-where electrons have to be transported through many thin
chitectures are included in Table Il which summarizes theheterobarriers resulting in a lower mobility.
applications of HgCdTe photodiode designs by the major  The light-coupling scheme is a key factor in QWIP FPA
FPA manufactures today. performance. Different light-coupling mechanisms are used
All QWIP’s are based on “band gap engineering” of in QWIP’s. A distinct feature oh-type QWIP’s is that the
layered structures of wide-band-gé&elative to thermal IR  optical absorption strength is proportional to an incident pho-
energie materials. These structures are designed in such tn’s electric-field polarization component normal to the
way that the energy separation between two selected statesguantum wells. This implies that a photon propagating in the
the structure matches the energy of the infrared photons to k@rection normal to the quantum wells, whose polarization is
detected. Several QWIP configurations have been reporteghtirely in the plane of the quantum wells, is not absorbed.
based on transitions from bound-to-extended states, boundherefore, these detectors have to be illuminated through a
to-quasicontinuum states, bound-to-quasibound states, ad®° polished facet. For imaging, it is necessary to be able to
bound-to-miniband states. couple light uniformly to two-dimensional2D) arrays of
Figure 6 shows two detector configurations used in thehese detectors, so a diffraction periodic gratfngr other
fabrication of two-color QWIP FPAs. The major advantage similar structure(such as random reflectofs,corrugated
of the bound-to-continuum QWIFFig. 6@)] is that the pho-  reflectors?® lattice mismatch strain material systems, and
toelectron can escape from the quantum well to the conp-type material®) is typically fabricated on one side of the
tinuum transport states without being required to tunneldetector to redirect a normally incident photon into propaga-
through a barrier. As a result, the voltage bias required tdion angles more favorable for absorption.
efficiently collect the photoelectrons can be reduced dramati-  Kinch and Yariv® presented the first investigation ever
cally, thereby lowering the dark current. Furthermore, sinceof the fundamental physical limitations of individual
photoelectrons do not have to tunnel through them, thenultiple-quantum-well IR detectors as compared to ideal
AlGaAs barriers can be made thicker without reducing theHgCdTe detectors at,=8.3 um and 10um. The dark cur-
photoelectron collection efficiency. It appears that the darkent in the QWIP is typically four to five orders of magnitude
current decreases significantly when the first excited state isigher than in a direct-gap semiconductor with the same
dropped from the continuum to the well top, bound-to-band gap and operating at the same temperature. For tactical
quasibound QWIP, without sacrificing the responsivity. background fluxes, this enables the operation of a direct-gap
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FIG. 8. Absorption coefficient spectra measured &300 K for different

QWIP samples described in Table III. FIG. 9. o/G ratio versus temperature for LWIR {= 10 um) photon detec-

tors.

semiconductor at temperatures about 50° higher while offer- ) o
ing the same performance as the QWIP. This issue can bélue in the MWIR spectral region is betweex 20° cm™*
alleviated somewhat by the use of resonant structures, whicand 3< 10° cm™%; in the LWIR region it is about T0cm™*.
enable IR absorption for significantly thinner QWIP's at the ~ Sinceais a strong function of the wavelength, the wave-
expense of band spectral response, but the improvement lgngth range in which an appreciable photocurrent can be
minimal. The dominant factor favoring HgCdTe in this com- generated is limited for a given semiconductor. Near the ma-
parison is the excess carrier lifetime, which fortype terial's band gap, there is tremendous variation causing a
HgCdTe is above Js at 80 K, compared to about 10 ps for three order of magnitude variation in absorption. In the re-
the AlGaAs/GaAs superlattice. Several other pa?ﬂ 534 gion of the material's maximum usable wavelength the ab-
have been devoted to this issue. sorption efficiency drops dramatically. For wavelengths
) longer than the cutoff wavelength, the valuesaofre too
A. a/Gy, ratio small to give appreciable absorption.
The considerations presented in Sec. Il A indicate that Figure 8 shows the infrared absorption spectra obtained
the ratio of the absorption coefficient to the thermal generafrom differentn-doped, 50-period GaAs/AIGa . As QWIP
tion rate, a/Gyy,, is the fundamental figure of merit of any structures. The measurements were carried out at room tem-
material intended for IR photodetectors because it directlyperature using a 45° multipass waveguide geometry. The
determines the detectivity limits of the devices. spectra of bound-to-bound continuuniB-C) QWIP’s
Figure 7 shows measured intrinsic absorption coeffi{samples A, B, and Care much broader than those of bound-
cients for various narrow-gap photodetector materials. Th&o-bound(B-B) (sample B or bound-to-quasibountB-QB)
absorption coefficient and the corresponding penetratio®@WIP’s (sample F. Correspondingly, the value of the ab-
depth vary among different semiconductor materials. It issorption coefficient of B-C QWIP’s is significantly lower
well known that the absorption curve for direct transitionsthan that of B-B QWIP’s. This is due to the conservation of
between parabolic bands at a photon energy higher than trascillator strength. The values of the absorption coefficient at
energy gapEg, obeys a square-root law 77 K, peak W(avelengthp, cutoff wavelength\ ., and spec-
tral width A\ (full width at half-a,) are given in Table IV. It
a(hv)z,@(hv—Eg)l’Z, (22) appears that the Iow-temper%ture absorption coefficient
whereg is a constant. As seen in Fig. 7, the absorption edgex,(77 K)~1.3¢,(300 K) and a,, (AMMN)/Np is a constant

TABLE V. Structure parameters for differentdoped, 50-period AlGa, _,As QWIP structuresafter Ref. 2.

Well Doping

width Barrier Composition density Intersubband Np N¢ AN ANN ay(77 K) 777 K)
Sample A) width (A) X (10*8 cm3) transition (um) (um) (um) (%) (cm™1) (%)
A 40 500 0.26 1.0 B-C 9.0 10.3 3.0 33 410 13
B 40 500 0.25 1.6 B-C 9.7 10.9 2.9 30 670 19
C 60 500 0.15 0.5 B-C 13.5 14.5 2.1 16 450 14
E 50 500 0.26 0.42 B-B 8.6 9.0 0.75 9 1820 20
F 45 500 0.30 0.5 B-QB 7.75 8.15 0.85 11 875 14
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FIG. 10. o/G ratio versus cutoff wavelength for different types of photon

detectors operated at 77 K. defined as the ratio of the number of photoexcited electrons

collected by the readout integrated circdROIC) to the

number of photons incident at a detector surface. HgCdTe
(Np is the well's doping. Typical values of the absorption has high optical absorption and a wide absorption band irre-
coefficient in the LWIR region are between 600 and 800spective of the polarization of the radiation, which greatly
cm™ ' at 77 K. Comparing Figs. 7 and 8 one may notice thatsimplifies the detector array design. The quantum efficiency
the absorption coefficients for direct band-to-band absorptiogbtained routinely is around 70% without an antireflection
are higher than those for intersubband transitions. (AR) coating and is in excess of 90% with an AR coating.

The o/G ratio versus temperature is shown in Fig. 9 for Moreover, it is independent of the wavelength over the range

different types of tunable materials with the hypothetical enfrom less than Jum to near the cutoff of the detector. The
ergy gap equal to 0.124 eWE10 um). The procedures wide-band spectral sensitivity with a near-perfecenables
used in the calculations at/G for different materials are greater system collection efficiency and a smaller aperture to
given in Appendixes A2—A5. It is apparent that HgCdTe isbe obtained. This makes FPAs useful for imaging, spectral
by far the most efficient detector of IR radiation. One mayradiometry, and long-range target acquisition. It should be
also notice that QWIP is a better material than extrinsic sili-noticed, however, that the current LWIR staring array perfor-
con. Figure 9 is complimented by Fig. 10, where @&  mance is mostly limited by the charge handling capacity of
ratio in different materials is presented as a function of thahe ROIC and the backgrour(darm optics.
wavelength at 77 K. Due to intersubband transitions in the conduction band,
then-type QWIP detection mechanism requires photons with
a non-normal angle of incidence to provide proper polariza-

HgCdTe has a direct-band-gap energy that translates 6P for photon absorption. The absorption quantum effi-
high radiative efficiency and may be tailored to absorb IRCIENCY is relatively smallabout 25% with a 2D grating.
radiation at a wavelength of interest. When operating in theo"c® QWIP is a photoconductive detector, the responsivity
photovoltaic mode, the optical gain is close to unity and thdS Proportional to the conversion efficiency—that is, the
responsivity is directly proportional to the quantum effi- product of the absorption quantum efficiency and the optical

ciency[see Eq.(1)] of the photodiode. In this section is gain. The optical gain of typical QWIP structures varies from
0.2 (in the case of 30-50 welldo more than 1. This indi-

cates thaty is typically below 10% at the maximum re-

B. Quantum efficiency

100 10 sponse, rapidly falling off in the direction of both short and
HgCdTe long wavelengths. Figure 11 compares the specjralfl a

< 80 A.=92um 18§  HgCdTe photodiode to that of a QWIP. A higher bias voltage
> ; S‘ﬁ”g 5 pn z is used to boosy. However, an increase in the reverse bias
8 60~ H =9.4 um 8 .§ voltage also causes an increase of the leakage current. This
%’ 40 I/ FWHM =14 um | . & limits any potential improvement in the system performance.
E /,/ 5 New grating designs are under study .to imprayesuch as
E a0l / 1 § an .enhfrgczed QWIP, antenna gratings, and corrugated
3 . <] gratings>™

0 e aieee - ) , 0 The strong dependence of the LWIR QWIP sigtaid a

2 4 6 8 10 12 14 weaker, but still significant dependence of the MWIR signal

Wavelength (um)

on the polarization of the light is very important in future

FIG. 11. Quantum efficiency versus wavelength for a HgCdTe photodiodd €CONNaissance systems, because it offers the capability of
and GaAs/AlGaAs QWIP detector with similar cutoffs.

discriminating between different polarization stat®she
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102+ _ RoA values of LWIRp—on-n HgCdTe photodiodedabricated by LPEinto

three regions: good diodes, diodes affected by point defects, and diodes
affected by metallurgical defectafter Ref. 42.

|
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A (um . e
(kM) The dependence of the base region diffusion limRgé
FIG. 13. Dependence of tH,A product on the long wavelength cutoff for product on the long-wavelength cutoff fpronn HgCdTe
LWIR p—on-n HgCdTe photodiodes at temperature87 K. The solid lines  photodiodes at temperatures’7 K is shown in Fig. 13. The
are calculated on the assumption that the performance of photodiodes is d%lid lines are calculated by assuming that the performance

to thermal generation governed by the Auger mechanism in therbgge . . . .
region of photodiodes with thickness=10 zm and dopingNy=5x 104 of the photodiodes is determined by thermal generation gov-

cm™3. The experimental values are taken from different pageiter Ref. ~ €rned by the Auger mechanism in thetype base region
39). with a thicknesg=10 um and dopingNyg=5x 10" cm™3.
At 77 K, the highest experimental data are still about 5 times
lower than the ultimate theoretical predictions. As the oper-

first polarization sensitive QWIP thermal imager has beerating temperature of the photodiodes is lowered, the discrep-
assembled® ancy between the theoretical curves and experimental data

It should be stressed that, so far, most efforts in the areicreases, which is due to additional currents in the junc-
of QWIP’s are focused on tactical applications, where theions.
structure designs and the doping are optimized to increase Many additional excess mechanisms affect the dark cur-
the operating temperature and suit the readout charge harent of HgCdTe photodiodésThey arise from nonfunda-
dling capacity. It is well known that using a smaller numbermental sources located in the base and cap layer, the deple-
of quantum wells and bound-to-continuum structures, intion region and the surface. As the operating temperature is
creased optical gain and improved detector performance &wered, the thermal dark current mechanisms become
low temperatures are possible. Tidrow presetftedhigh-  weaker and allow other mechanisms to prevail. In practice,
performance QWIP consisting of only three quantum wellshonfundamental sources dominate the dark current of the
with the conversion efficiencies up to 29% at a bias voltaggresent HgCdTe photodiodes, with the exception of specific
of —0.8 V and a peak wavelength of 8.bm. cases of near room temperature devices and the highest qual-
ity 77 K LWIR and 200 K MWIR devices. The main leakage
mechanisms of HgCdTe photodiodes are: generation in the
depletion region, interband tunneling, trap-assisted tunnel-

In ideal photodiodes the diffusion current is dominant,ing, and impact ionization. Some of them are caused by
therefore their leakage current is very low and insensitive tastructural defects in thp-n junction. These mechanisms re-
the detector bias. Leakage current is the primary contributiomeive much attention now, particularly because they deter-
of unwanted noise. Figure 12 shows typical current-voltagemine ultimately the array uniformity and yield and cost for
characteristics of a HgCdTe photodiode at temperatures besome applications, especially those with lower operating
tween 40 and 90 K for a 12m cutoff detector at 40 K. The temperatures.
leakage current is less than T0A/cm? at 77 K. The bias- In Hg, _,Cd, Te photodiodes witkx~0.22, the diffusion
independent leakage current makes it easier to achieve betteurrent in the zero-bias and low-bias regions is usually the
FPA uniformity, as well as to reduce the detector bias-controtlominant current down to 60 #:*° At medium values of
requirements during changes in photocurrent. reverse bias, the dark current is mostly due to trap-assisted

C. Dark current and RyA product

Downloaded 02 Mar 2006 to 148.81.117.137. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 93, No. 8, 15 April 2003 A. Rogalski 4367

Zero >PC
Etch-pits/diode »TE
107 1 10 100 1000
Ba STAT ~PC
~. o - Data 40K
K o - Data 77K
10° D o A - Data 120K } oT
— ~, E
g |
510‘5
FIG. 16. The current mechanisms of QWIP: DT is the direct tunneling, TAT
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10°
1 between K 10° Q and 1x10° Q at 40 K contained no vis-
Etch pit density (cm?®) . . o . . .
ible defects(Hg interstitials and vacancigsDislocations,
twins and subgrain boundaries in LWIR -p HgCdTe pho-
T todiodes primarily produce bias dependent dark current,
£ E @ Leakage current dominated ] while Te precipitation and associated dislocation multiplica-
I L O Photocurrent dominated ] tion produces bias dependent ndfde.
< Dislocations are known to increase the dark current and
T 10" . the 1f noise current. The reverse bias characteristics of
é) i 3 HgCdTe diodes depend strongly on the density of disloca-
< B tions intercepting the junction. Johnsenal*' showed that
2 i in the presence of high dislocations densities K& prod-
3 10k (b) e Slope ~EPD™ 3 uct decreases as the square of the dislocation density; the
.§ - o i onset of the square dependence occurs at progressively lower
; o ] dislocation densities as the temperature decreases, which is
= e 1 shown in Fig. 15a). At 77 K, RyA begins to decrease at an
10— i etch-pit densityEPD) of approximately 10 cm™2, while at
105 106 107 108 109 p X ) pp y

40 K RpA is immediately affected by the presence of one or
more dislocations in the diode. The scatter in @ data at

FIG. 15. Influence of the dislocation density on the parameters of HgCdTdarge EPD may be associated with the presence of an in-
photodiodes(a) RyA product versus EPD, showing the fit of model to data, creased number of pairs of “interacting” dislocations in

for a 9.5um array(at 78 K), measured at 120, 77, and 40 K at zero FOV; ; . ; ; ; _
(b) 1/f noise current at 1 Hz vs dislocation density measured at 78 K for asome of those diodes; these pairs are more effective in re

10.3.um HgCdTe photodiode arra§/2 FOV) (after Ref. 41. ducing theRyA than individual dislocations.
In general, the Thoise appears to be associated with the

presence of potential barriers at the contacts, interior, or sur-
tunneling. Trap-assisted tunneling dominates the dark currerfice of the semiconductor. Different models have been pro-
also at zero bias below 50 K. At high values of reverse biasposed to explain experimental data including the modulation
bulk band-to-band tunneling dominates. At low tempera-of the surface generation current by the fluctuations of the
tures, such as 40 K, significant spreads in By product surface potential and the influence of trap-assisted tunneling
distributions are typically observed due to the onset of tunacross a pinched-off depletion regiddohnsoret al*! pre-
neling currents associated with localized defects. Moreoveisented the effect of dislocations on thérdise. Figure 1)
HgCdTe photodiodes often have an additional surface-relateshows that, at low EPD, the noise current is dominated by
component of the dark currefiparticularly at low tempera- the photocurrent, while at higher EPD the noise current var-
tures. ies linearly with EPD. It appears that dislocations are not the

Chenet al*? carried out a detailed analysis of the wide direct source of the /hoise, but rather increase this noise

distribution of theR, values of HgCdTe photodiodes operat- only through their effect on the leakage current. THenbise
ing at 40 K. Figure 14 shows the cumulative distributioncurrent varies a$%’® (wherel is the total diode currejt
function R,y obtained in devices with a cutoff wavelength similar to the fit of data taken on undamaged diodes.
between 9.4 and 10,6m. It is clear that while some devices The average value of thByA product at 77 K for a
exhibit a fair operability withR, values spanning only two 10-um cutoff HgCdTe photodiode at 77 K is around 3Q0
orders of magnitude, other devices show a poor operabilitgn? and drops to 3@ cn? at 12 um &2>44-46At 40 K, the
with R, values spanning more than five to six orders of mag-R,A product varies between 1Gnd 16 Qcn? with 90%
nitude. Lower performance, witR, values below XK 10° Q0 above 18 Qcn? at 11.2um.
at 40 K, is usually due to gross metallurgical defects, such as In comparison with HgCdTe photodiodes, the behavior
dislocation clusters and loops, pin holes, striations, Te incluef dark current of QWIP’s is understood better. Figure 16
sions, and heavy terracing. However, diodes vi8ghvalues  shows the current mechanisms in a QWIP. At low tempera-

Dislocation density (cm®)
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10° excited state to the top theoretically causes the dark current
300 K to drop by a factor of=6 at 70 K. This compares well with
FOV =2zn the fourfold drop experimentally observed foru@ cutoff
QWIP's#’

The value of the QWIP dark current could be adjusted
using different device structures, doping densities, and bias
conditions. Figure 17 shows theV characteristics for tem-
peratures ranging from 35 to 77 K, measured in a device at
the 9.6um spectral peak. It shows typical operation at 2 V
applied bias in the slowly varying region of current with bias
between the initial rise in current at low voltage and the later
rise at high bias. Typical LWIR QWIP dark current is about
L 104 Alem? at 77 K. Thus, the same current in a>224
I R S R Mmz pixel*” will be in the nanoampere range. Comparing

5 4 3 2 1 0 1 2 3 4 5 Figs. 12 and 17 we can see that a fu& QWIP must be

Bias voltage (V) cooled to 60 K to have a leakage current comparable to that

o ) of a 12.um HgCdTe photodiode operating at the temperature
FIG. 17. Current-voltage characteristics of a QWIP detector having a peahigher by 5o

response of 9.6um at various temperatures, along with the 300 K back- e L. . . .
ground window current measured at 30 K with an 180° F@kter Ref. 48. Additional insight into the difference in the temperature

dependence of the dark currents is given by Fig. 18. Figure
18 shows the current density versus inverse temperature for a
tures (T<40 K, \;=10 um), the dark current is mostly GaAs/AlGaAs QWIP and a HgCdTe photodiode, both with
caused by defect-related direct tunneling. In the medium opx =10 uwm. The current densities of both detectors at tem-
erating range between 40 and 70 K.& 10 um), thermally  peratures lower than 40 K are limited by tunneliigmpera-
assisted tunneling dominates. In this case, electrons are thetre independeitHowever, the current density of the QWIP
mally excited and tunnel through the barriers with assistancé lower than that of the HgCdTe photodiode. The thermionic
from defects and the triangle part of the barrier at high biasemission regime for the QWIP=40 K) is highly tempera-
At temperatures higher than 70 K\ {=10 um), thermally  ture dependent, and “cuts on” very rapidly. At 77 K, the
excited electrons are thermionically emitted and transportedWIP has a dark current which is approximately two orders
above the barriers. It is difficult to block this dark current of magnitude higher than that of the HgCdTe photodiode.
without sacrificing the photoelectrofisansport mechanisms A QWIP typically operates at a bias voltage from 1 to 3
of thermionically emitted current and photocurrent are simi-\v depending on the structure and the number of periods. For
lar). Minimizing thermionically emitted current is critical to the voltage divided by the dark current density, tRgA
the commercial success of the QWIP as it allows highly deproducts are usually larger than”10 cn? and 1 Qcn?
sirable high-temperature camera operation. Dropping the firsthen operated at 40 K and 77 K, respectivBlhese val-
ues indicate a very high impedance.
In low-background and low-temperature operating con-
ditions, a QWIP operates very similarly to extrinsic bulk
" photoconductors. Electrons in the subbands of isolated quan-
o QWIP, A = 40x40 pm tum wells can be visualized as electrons attached to impurity
® HgCdTe PV, A = 44x44 ym* states in bulk semiconductors. The photogenerated electrons
depart from the doped, active QW region and leave behind a
space-charge buildup. Thus, in order to operate a QWIP
steadily, it requires a sufficient dark or background photocur-
rent to replenish the depleted QW's. This is not an issue for
QWIP’s operating at high background or high temperature
conditions since refilling the space-charge buildup is easily
provided. However, at a low operating temperature and a low
background, the high resistivity of the barriers in the active
region impedes electrons from entering the detector from the
opposite electrode. As a result, a lower responsivity at high
—rs — optical modulation is observed. To overcome this problem, a
new detector structure, the blocked intersubband detector
10°L__. . . o (BID) has been proposéf.In this structure, the active re-
1'0 50 30 ' 40 50 gion of BID’s consists of QW's separated by thin barriers,
1000/T (K") which creates subminibands due to the large overlap of sub-
level wave functions. Thus, space-charge buildup will get

FIG. 18. Current density versus temperature for a HgCdTe photodiode an_QUiCkW refilled by electrons \{ia sequential reson_ant tunnel-
a GaAs/AlGaAs QWIP with =10 um (after Ref. 49. ing along the ground-state minband from the emitter contact
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FIG. 19. LWIR detector detectivity versus temperature for GaAs/AlGaAs 107 — — diffusion

QWIP’s andp—on-n HgCdTe photodiodegafter Refs. 2 and 51 - - . - diffusion + tunneling

layer. To suppress the current of the device, a thick blocking 6 8 10 12 xg;?m) 16 18 20 22

barrier is placed between the active region and the collector.
FIG. 20. Dependence of detectivity on the long wavelength cutoff for GaAs/

AlGaAs QWIP’s andn*—p HgCdTe photodiodes at temperature37 K.
The dashed lines are calculated fedoped QWIP’s. The theoretical lines
We can distinguish two types of detector noise: radiatiorfor photodiodes are calculated assuming the Auger-limited diffusion current

. PP . i . . . mechanism(dashed linesand diffusion and tunneling mechanisrtgash-
noise gnd intrinsic noise. Radiation noise mt_:ludes s_lgnatljIotteol lines (after Refs. 2 and 51
fluctuation noise and background fluctuation noise. For infra-

red detectors, background fluctuation noise is higher com-

pared to the signal fluctuation noise. In photodiodes, the shq}qgh the advantage decreases as the temperature is re-

naise Is usually the major type of noise. ~ . duced. The best example of a region where QWIP’s could
In the case of QWIP’s, the major source of noise is the, e a performance advantage is low temperatures. As we

dark current, which is a generation-recombination one. DU 5 see from Fig. 19, at temperatured5 K QWIP's offer

to high levels of the dark current, the Johnson noise is ”eéuperior performance at a 74 peak wavelength relative

glected in most cases, especially at high temperatures of ops HgCdTe at 10.6xm.

eration. At a lower temperature and at smaller pixel sizes, the  gince 1987 rapid progress has been made in the detec-

Johnson noise becomes comparable to the dark noise. OWi@Qity of long-wavelength QWIP’s, starting with bound-to-
to stable surface properties, very low fbise is observed in

QWIP's.

For FPA's pattern noiséwhich results from local varia-
tion of the dark current, photoresponse, and cutoff wave- -
length is the major limitation of array performance, espe-

D. Detectivity

FOV = 30°, Scene temperature = 300 K

p-on-n HgCdTe Auger limited photodiodes
N, =5x10" cm®, t= 10 um

n’-on-p HngTe Auger limited photodiodes

cially at low temperatures. This type of noise may be 200 N, = 5x10° e’ = 10 um

considered as a nonuniformity appearing across the array. | \ N e P cconductors

This nonuniformity does not vary with time and reflects the & r-on-p PbSnTe Auger limited photodiodes
intrinsic properties of an FPA. The fixed pattern noise is EI

lower in QWIP arrays than in HgCdTe arrays due to a higher = 100l
material quality and better-controlled cutoff wavelength.

Figure 19 compares the detectivitiesmbnn HgCdTe
photodiodes with those of GaAs/AlGaAs QWIP’s. The theo- -
retical curves corresponding to HgCdTe photodiodes are cal-

Extrinsic silicon
Q=10"

L ! I ! | L 1 ] I

culated on the assumption of constant cutoff wavelengths of % 5 110 15 20
10 wm and 11um. The VLWIR results for HgCdTé14.8 Cutoff wavelength (um)

pm at 80 K and 16.2um at 40 K and QWIP at 16um show
the intrinsic superiority of HgCdTe photodiodes. The deteC-peration of different types of photon detectors. In the calculations FOV
tivity of HgCdTe is roughly an order of magnitude higher, =30° andTz=300 K are assumegfter Ref. 31.

I 1 L L 1 I L

FIG. 21. Estimation of the temperature required for background limited
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LR B R B ELL IR IR UL RS processegsmore than then-type one. Including the influence
of tunneling, the comparison of detectivity is more advanta-
geous for GaAs/AlGaAs QWIP’s in the spectral region be-
low 14 um and at temperatures below 50(&ee Fig. 20

-
(=]
S

E. Background-limited performance

Noise (mV)

Dark current noise

gl

The BLIP temperature is defined as the temperature at
which the dark current equals the background photocurrent,
at a given a FOV and background temperature. In Fig. 21,

. the calculated temperature required for background limited

10 wl vl sl ol v b vl 1 e . . . .

10° 10" 107 10" 10%  10°  10° operation with a 30° FOV is shown as a function of the
Photon irradiance (photons/cm’s) cutoff wavelength. We can see that the operating temperature
_ _ _ of “bulk” intrinsic IR detectors (HgCdTe and PbSnJes
::a{f?érszéf.Ns(g.Se performance of typical HgCdTe photodiodes and QWIPhigher thgn for other type_s O_f photon detectors. HgCdTe qe_
tectors with performance limited by background operate with
thermoelectric coolers in the MWIR range. On the other
bound QWIP’s characterized by a relatively poor sensitivityhand, LWIR detectors (8 \,<12 um) operate at=100 K.
and culminating in high performance bound-to-quasiboundHgCdTe photodiodes can operate at temperatures higher than
QWIP’s with random reflectors. All the QWIP data are clus- extrinsic detectors, silicide Schottky barriers, and QWIP’s
tered between 8 and 13* cm HZ'4W at operating tem- can. However, the cooling requirements for QWIP’s with
peratures of about 77 K. Gunapala and Bantlassert that ~cutoff wavelengths below 1m are less stringent than those
the highest possiblB* obtained using random gratings, for for extrinsic detectors and Schottky barrier devices.
example, is about 2 10'* cm HZ/W. This appears to be Figure 22 shows both photon and dark current noise
consistent with the data including the enhanced QWIR/oltage for an 8.5em cutoff QWIP and a 12sm cutoff
formed by both patterning the multiple quantum wells andHgCdTe FPA. For the purposes of comparison, the measure-
reducing the number of wells. ments are normalized to the same dark current levels by ad-

The above performance comparison of QWIP’s withjusting the readout gain. Due to a lower quantum efficiency
HgCdTe in the low temperature range is less favorable foand higher dark current, QWIP detectors become BLIP only
photodiodes in the case of -p structures. At low tempera- at photons fluxes in excess ofx2l0'® photons/cris. By
tures, thep-type HgCdTe material suffers from some nonfun- comparison, LWIR HgCdTe photodiodes are BLIP down to a
damental limitations (contacts, surface, Schockley—Readphoton flux of 1x 10'° photons/cris. This indicates their

Passivant Metallization

Loophole interconnect

Radiation

Metal pad

Si readout chip

FIG. 23. Hybrid IR FPA interconnects technique between a detector array and silicon multipégxedium bump techniqueb) loophole technique, an@)
scanning electronic microscopy photo of FPA.

Downloaded 02 Mar 2006 to 148.81.117.137. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 93, No. 8, 15 April 2003 A. Rogalski 4371

100 HgCdTe detectors. When using opaque materials, substrates
A=10 um must be thinned to 10—-2@m in order to obtain sufficient
90 T, = 300K quantum efficiencies and to reduce the cross talk.
A= (50 Hm)z Progress in the area of LWIR HgCdTe photodiodes has
80 £12: Af = 60 Hz been relatively slow. In October 1992, in the U.S.A, a con-
! sortium was formed(with DARPA's support to develop
70+ p-onn double-layer heterostructure HgCdTe photodiode
5 FPAs and two color array$ MBE makes HgCdTe more
u=10 favorable for producing high-quality FPA%. Currently,

(o))
o
I

128x128, 256x 256, and 32256 LWIR arrays are com-
mercially available, and such large formats as$480 on
silicon substrate have been demonstrafedliso prototype
MWIR/LWIR two-color assemblies with 128128 (Ref. 56

and 256x 256 (Ref. 57 pixel formats have been produced to
acquire IR imagery. It should be noted, however, that array

NEDT (mK)
(4]
o
[

N
o
I

301 size, uniformity, reproducibility, and yield are still difficult
issues, especially for low-temperature and low-background
201 operation.
The relatively new QWIP technology has been devel-
10 u=10* oped very quickly in the last decade. Large-size LWIR

GaAs/AlGaAs FPAs with up to 648480 (640< 512) pixels

10° 1 (')10 ] L 10" have been demonstrafed>®-54with excellent uniformity
. g and operability.

Detectivity (cmHz"™/W) Among the cooled IR detector systems, only HgCdTe

. . . . _and QWIP offer wavelength flexibility and multicolor capa-

FIG. 24. Noise equivalent difference temperature as a function of detectlv-b.l.t. Tables V and VI ize th t stat f th

ity. The effects of nonuniformity are included for=10"2 and 10°* (after flues. fables v an summarize the present status o e

Ref. 2. performance of both detector systems.

A. Uniformity

privileged position in the area of strategic and space appli-  As was discussed by Levifeat detectivities approach-
cations, where longer-range detection at low backgroundﬁ1g| values above 18 cm HZ9W (see Fig. 2% FPA perfor-

and sensitivity to longer wavelengths is required. mance is uniformity limited and thus essentially independent
of detectivity. An improvement in nonuniformity from 0.1%
IV. FOCAL PLANE ARRAY PERFORMANCE to 0.01% after correction could lower the NED3ee Appen-

The combination of existing high-performance arraysdix 1) from 63 to 6.3 mK.
and highly developed silicon integrated circuits in hybrid IR~ The nonuniformity value is usually calculated using the
array/silicon planes have proved to be useful for thermal imstandard deviation over the mean, counting the number of
aging systems with the thermal and spatial resolution unoperable pixels in an array. For a system operating in the
matched by any competing technologies at present. In hybridWIR band, the scene contrast is about 2%/K of the change
FPAs, detectors and multiplexers are fabricated on differentn the scene temperature. Thus, to obtain a pixel to pixel
substrates and mated with each other by flip-chip bondingariation in the apparent temperature less than, e.g., 20 mK,
(see Fig. 23 In this case the detector material and the mul-the nonuniformity in response must be less than 0.04%. This
tiplexer may be optimized independently. Other advantagets nearly impossible to achieve in the case of an uncorrected
of hybrid FPAs are the near 100% fill factor and the in- response of the FPA; therefore, a two-point correction is
creased signal-processing area on the multiplexer chip. Thigpically used.
detector array can be illuminated either from the frontside  FPA uniformity influences the complexity of an IR sys-
(with the photons passing through the transparent silicotem. Uniformity is important for accurate temperature mea-
multiplexep or from the backsidg(with photons passing surements, background subtraction, and threshold testing.
through the transparent detector array substréttegeneral, Nonuniformities require the development of compensation
the latter approach is most advantageous, as the multiplexetgorithms to correct the image; but, by consuming a number
will typically have areas of metallization, as well another of analog-to-digital bits they also reduce the dynamic range
opaque regions that may reduce the effective optical area aff the system.
the structure. In HgCdTe hybrid FPAs, photovoltaic detec-  Tactical IR FPAs usually require operation in the LWIR
tors are formed in a thin HQCdTe epitaxial layer on transparwindow with a small number of applications in the 3B
ent CdTe or ZnCdTe substrates. In HgCdTe flip-chip hybridwindow. The distance between the sensor and the target is
technology, the maximum chip size is on the order of 18typically short, allowing the use of imaging sensors with
% 18 mnt.%2 In order to overcome this problem, the PACE large FPA's where precise radiometry is not critical. Imaging
(Producible Alternative to CdTe for Epitakyechnology is arrays can usually tolerate some percentage of dead or de-
being developed with sapphire or silicon as the substrate fayraded pixels without the jeopardizing mission performance.
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TABLE V. Performance specifications for LWIR HgCdTe FPA&fter SOFRADIR and SBRC data sheets

Parameter SOFRADIR SBRC
Format 12&128 320<256 256x256

Cut on—cut off(um) 7.7-10.3 7.7-9.0 8.5-11.0
FPA temperaturéK) < 85 <90 77 (up to 100
Detector pitch(um) 50 30 30

Fill factor (%) >70

Charge handling capacity >118x10° e~ 12 or 36 8<10° e~ (min)
Frame ratgHz) to 300 to 400 to 120

D* peak rmsT;,/pitch (average 1.1x 10

(cmHZ?2wW™1)

Pixel NETD (average 10 mK for 275 Hz 18

NEI (photons/crf s) (max 1.52x 10%
Typical FOV fI2 fI2

Fixed pattern noise 7% RMS

Crosstalk(optical and electrical(%) 2

Array operability (%) 99 99

Tactical backgrounds in the IR windows are relatively high Nonuniformity is a serious problem in the case of
with about 18° photons/cris reaching the detector. VLWIR HgCdTe detectors. The variation of across a
The admissible nonuniformity depends on the requireHg; _,Cd, Te wafer causes a much larger spectral nonunifor-
ments of the operability. A higher requirement on the opermity (e.g., at 77 K the variation oAx=0.2% givesA\.
ability usually leads to a lower uniformity and vice versa. A =0.064 um atA,=5 um, but AN.=0.51 um at 14 um),
typical uncorrected-response nonuniformity in QWIP FPAswhich cannot be fully corrected by two or three point
is 1%—3% with the operabilitythe fraction of good pixels  corrections’? Therefore the required composition control is
higher than 99.9%. For a 128128 15um array fabricated much more stringent for VLWIR than for MWIR.
by Jet Propulsion Laboratorgee Table V), the uncorrected In the case of QWIP’s, extending the cutoff wavelengths
standard deviation is 2.4% and the corrected nonuniformityo VLWIR is relatively easy since there is little change in the
is 0.05%. For a large 640486 9.um FPA the uncorrected material properties, growth, and processing. However, a se-
noise nonuniformity is about 6%, and after a two-point cor-rious requirement for maintaining the device performance is
rection improves to an impressive 0.04%For an FPA of to lower the operating temperature. Due to lower quantum
the the same format demonstrated by Lockheed Martin, opwell barriers, the dark current of thermionic emission domi-
erability higher than 99.98% was describ&dt is very hard  nates at lower temperatures. In order to achieve performance
for HgCdTe to compete with QWIP’s in the area of high equivalent to that of a 1@m cutoff QWIP at 77 K, the
uniformity and operability of large-array formats, especially temperature needs to be lowered to 55 K for gutb-cutoff
at low temperatures and in the VLWIR region. and to 35 K for a 19um cutoff (see Table VI and Fig. 19
High uniformity and high operability, as shown in the
above examples, demonstrate the maturity of GaAs growth
and processing technology. In this context, the nonuniformity.
and operability have been an issue for HQCdTe, although thg‘ NEDT
values published recently for Sofradir and SBRC arrays are The noise in HgCdTe photodiodes at 77 K is due to two
as high as 99%. As we compare the performance of botBources: the shot noise from the photocurrent and the
types of FPA's(see Table V and V| the array operability is Johnson noise from the detector resistance. It can be ex-
higher for QWIP’s(above 99.9% pressed &S

TABLE VI. Properties of JPL Qum and 15um GaAs/AlGaAs QWIP FPAdafter Refs. 5 and 59—61

Parameter Ne=9 um Ne=15um
Array size 256256 (Ref. 61 320%256 (Ref. 5 640%x 486 (Ref. 60 128%x128 (Ref. 59
Pixel pitch (um) 38%38 30%x30 25%x25 50x50
Pixel size(um) 28X28 28x28 18x18 38x38
Optical coupling 2D periodic grating 2D periodic grating 2D periodic grating 2D periodic grating
Peak wavelengtium) 8.5 8.5 8.3 14.2
Cutoff wavelength, 50%um) 8.9 8.9 8.8 14.9
Operability (%) 99.98 99.98 99.9 >09.9
Uncorrected nonuniformity%o) 5.4 5.6 2.4
Corrected uniformity, 17—27 °@%o) 0.03 0.04 0.05
Quantum efficiency%o) 6.4 6.9 2.3 3

D* (cm HZ2wW 1) 2.0x 10 (70 K) 2.0x 10" (70 K) 1.6X 10 (55 K)
NEDT with f/2 optics(mK) 23 (70 K) 33 (70 K) 36 (70 K) 30 (45 K)
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_\/ 4k T4 40— r .
= 2qlppt R Af, (23) - (@) Low noise QWIP 10.10
Py 20 periods, 45° facet 1
where k is the Boltzmann constant arl is the dynamic %
resistance of a photodiode. Assuming that the integration g .
time 7, is such that the readout node capacity is kept half
full, we have = i £
= 0.05 8
c
Af= ! (24) 8
2 Tint 3 ——Responsivity 1
x + Gain \
and then )
| \/(2|+4de)1 (25) ohszg 0%
= — . - =92 um .
n Vo™ R 27 o O e
At tactical background levels, the Johnson noise is muchg 1x10™ 77K
smaller than the shot noise from the photocurrent. In the casef -
where the number of electrons collected in a frame is limited g
by the capacity of the ROIC charge well, which is often true, 5
the signal to noise ratio is given By % 5%10°
()
S qNW/ZTint NW ‘6
N_ = ? (26) o T ’
) (qu) 1 1 2 34
q— N T S SR S S S S
27 | 27 R R 0
Bias voltage (V)

Assuming that the temperature derivative of the back-
ground fluxd can be written to a good approximation as  FiG. 25. Peak responsivity, gaie), and peak detectivityb) of a low-noise

QWIP versus bias voltag@fter Ref. 62.

b hc @7

dT  \kT3
and using Eq(26), the NEDT is equal to E: Ny /27t :E & -

2KT2N N (qu) 1 279
- 5 a9\ ——
NEDT hcy2N,, 28 27 | 27y
L= . and the NEDT is

In the last two equationsh=(\;+\,)/2 is the average -
wavelength of the spectral band betweenandX ,. 2kTeN [g

If one assumes a typical storage capacity 8f10’ elec- NEDT=———\ (32

w

trons, A =10 um, andTz=300 K, Eq.(28) yields NEDT of

19.8 mK. Comparing Eqgs(28) and (32) one may notice that the

The same estimate can be made for QWIP. In this cas alue of NEDT in a charge-limited QWIP detectors is better

. 2 .
the Johnson noise is negligible compared to the generatiorli- an that of HgCdTe photodmdes by_ a factor o2 since
recombination noise therefore, a reasonable value afis 0.4. Assuming the same operation

conditions as for HJCdTe photodiodes, the value of NEDT is

1 17.7 mK. Thus, a low photoconductive gain actually in-
In= \/4qg(|ph+'d)m’ (29 creases thes/N ratio and a QWIP FPA can have a better
) NEDT than an HgCdTe FPA with a similar storage capacity.
where the dark current may be approximated by The above deduction was confirmed experimentally by a
E, research group at Fraunhofer 1A£.%* The photoconduction
1q=1g ex% T (300  mechanism of a photovoltaic “low-noise” QWIP structure is

indicated in the inset of Fig. ZB), where four zone§l)—(4)
In the above expressionk; is the dark currentl, is a con-  of each period are shown. Because of the period layout, the
stant that depends on the transport properties and the dopinmigtector structure has been called a four-zone QWihe
level, andE, is the thermal activation energy, which is usu- first two zoneg1 and 2 are analogous to the barrier and well
ally slightly less than the energy corresponding to the cutofiof a conventional QWIFsee Fig. 6a)]. Two additional
wavelength of the spectral response. It should be alsaones are present in order to control the relaxation of the
stressed thag, |,,, andl, are bias dependent. photoexcited carriers: namely, a capture z¢Bleand a tun-
The signal-to-noise ratio for a storage-capacity-limitedneling zone(4). The tunneling zone has two functions; it
QWIP is given by blocks the carriers in the quasicontinuuicarriers can be
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well fill, pitch 30 um) as a function of operating temperatyegter Ref. 5.

FIG. 26. NEDT improvement due to the skimming architectfite, 25 um
pitch, T,=300 K).

40 ms. It is the best temperature resolution ever obtained in

- . _ the LWIR regime.
captured efficiently into a capture zonand transmits the Considerations carried out in the Appendix 1 indicate

carriers from the ground state of the capture zone into th‘?nat for a given frame time and maximum storable charge,

excitation zone of the subsequent period. In this way, thene \yay 1o increase the performance of LW staring systems is
noise associated with the carrier capture is suppressed. to reduce the dark current in order to get photon limited

[Figure 25 summarizes the performance of a typical 204y gtem performance. Boit al® described their unique ap-
period low-noise QWIP with a cutoff wavelength of Q. j4ch of using two stacks of identical QWIP's and a new

The peak responsivity is 11 mV at zero bigghotovoltaic  gimmed architecture accommodating the large dark current
operation and about 22 mA in the range betweer2 and e getector. The QWIP at the top stack produced a higher
—3 V. Between—1 and —2 V, a gain of about 0.05 is 0b- ,o44cyrrent than that of the lower stack. Therefore, using a
served. The detectivity has its maximum arounl.8 V.and  pjqqe readout arrangement, the dark current of the QWIP at

about 70% of this value is obtained at zero bias. Due to th%e top stack may be subtracted by the bottom stack without
asymmetric nature of the transport process, the detectivity, yificing much of the photocurrent. With this detector

strongly depends on the sign of the bias voltage. This behasy,cqyre, the FPA should be able to operate at much higher

loris in 'strong.contrast with a.conventlonal QWIP where thetemperatures and with a longer integration time. After the

detectivity vanishes at zero b!as. . selection of the optimum subtraction rates the expected
Based on the photovoltaic low-noise four-zone QWIPNEDT is 10 mK at 85 K fom .= 9.3 wm andf/1 optics. This

~64
structure, the Fraunhofer grdtip® has manufactured a performance is usually achieved with standard QWIP’s at 65
256X 256 FPA camera operating at 77 K with theuéd cut- (see Fig. 2B

off wavelength. The camera exhibits record-low NEDT val-
ues of 7.4 mK with 20-ms integration time and 5.2 mK with

16095 T T
50 9 am
n Std MCT,
40 techno. -
| Improved > - i
MCT techno. X
i a
% 30 9.5 um 5
= T 9 um 2
2 0l 5
Z 20 Z N ]
101
r 0 I 1 i
0 . . . . [ 28 31 34 37 40 43 46
75 80 8 90 95 100 105 110 115 NEDT (mK)
FPA temperature (K)
FIG. 29. NEDT histogram of a 640486 QWIP FPA §.=8.8 um) at
FIG. 27. NEDT of a 12&128 HgCdTe FPA {/2 optics, 50% well fill, operating temperature of 70 K, bias voltage-62 V at 300 K background
pitch 50 um) as a function of operating temperatuagter Ref. 67. with f/2 optics(after Ref. 6.
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Two other solutions can be envisaged for the reduction A B L B

of the dark current(i) to decrease the focal plane operating N, Theoretical

temperature, andii) to decrease the cutoff wavelength by 107L N —— 3442um |

adjusting the detector material composition. The second so- vl s e 44-48um ]
C .. N 4-4.

lution allows one to increase the focal plane operation tem-
perature without degrading the performance.

Figure 27 compares the performance of two Sofradir ___
HgCdTe staring arrays. One of these arrays is sensitive be-X
tween 7.7um and 9um, the other between 7 4m and 9.5
um. Higher performance with improved technology has been i 1?2
obtained using, on the one hand, the reduced-dark-current€
detector technology and, on the other hand, a new readout

. --=- 3.4-4.8 ym
-:=+= 7.8-10 um

Measured

circuit architecture maximizing both the charge handling ca- I v TCM2800 (MWIR) (95K)\Q‘ h
pacity and the responsivif§.At a constant temperature, the I ® Other MWIR (78K)
performance is higher fax.=9 um due to the fact that the I O LWIR (78K)

dark current is lower and the integration time can be in-
creased. As a consequence, the focal plane operation tem- 10°F | T T
perature of the improved arrays with=9 um can be in- 10° 10° 107 10°® 10°
creased up to 105 K and up to 102 K for arrays with Charge-handling capacity (e)
=9.5 um (NEDT<18 mK in this examplp

Figure 28 shows the measured and estimated NEDT as a FIG. 30. NEDT versus charge handling capacifter Ref. 72.
function of the temperature for a 8@&n QWIP FPA. In

comparison with a representative HQCdTe KP#y. 27), this

parameter exhibits a etrong temperature dependence. At tergl—es’ the resistance of the field effect transi$&ET) should
peratures<70 K, the signal-to-nois€SNR) ratio of the Sys- o gma|| compared to the diode resistance at its operating
tem is limited by the multiplexer readout noise and the shof,sint Generally, it is not difficult to fulfill this inequality for
noise of the photocurrent. At temperature30 K, the tem-  \nyr HgCdTe staring designs where diode resistance is
poral noise due to the QWIP’s higher dark current becomeisarge RoA product in the range of more than 10 cn?),

the limitation. As mentioned earlier, this higher dark currenty ¢ it may be very important for LWIR designs wheRg is

is due to thermionic emission and thus causes the chargg,q (RoA product about 1DQ cn? ). LWIR HgCdTe pho-

storage capacitors of the readout circuitry to saturate. todiodes operate with a small reverse bias near zero volts. In
Figure 29 presents a NEDT histogram of a BMB6 s case, a large bias is desirable but its value depends

QWI,P FPA (\.=8.8 um) at an operation temperature of 70 strongly on the material quality of the array. For very high-
K, bias voltage of=2 V, background temperature of 300 K 4, /5jity | WIR HgCdTe arrays a bias of1 V is possible.
with /2 optics. The mean value of the NEDT histogramis 36 ©  The pias applied to a QWIP array is usually higher than

mK. The uncorrected nonuniformitystandard deviation/ 4 applied to a HgCdTe array and is around 2—3 V. How-
mean of this unoptimized FPA is only 5.6% including the g the readout power consumption is similar for QWIP

1% nonuniformity of the readout circuit and the 1.4% non- 54 HgCdTe and is negligible compared with that of the
uniformity due to the fact that the cold stop is unable to give,s4qout electronics. The power dissipation in an imaging

the same field of view to all the pixels in the FPA. 640X 480 QWIP FPA is, for example, lower than 150 niv.
Comparing the values of NEDT for both types of FPAS ; ragits from the very high impedance of the QWIP. This

(see also Tables V and )(_Iwe can see that the performance impedance is in the G range at 77 K for a pixel size of

of LWIR HgCdTe arrays is generally better. However, up 054y o4 wm?.32 It makes the readout design very easy in

now the best temperature resolution in the L)NJR band hagerms of achieving high efficiency. The injection efficiency
been obtained with four zone QWIP structu?&s? of a 9-um cutoff 640486 QWIP array is, for example,
99.5%°® However, Singh and co-workéfs’® uncovered a
possible problem connected with the offsaip to~1 V) in
the low-temperature current-voltage characteristicmzero
One of the simplest and most popular readout circuits focurrent at zero bigsThis observation indicates the presence
IR FPAss is the direct injection(DI) input, where the dark of a time-constant effect due to the charging of a capacitance
current and photocurrent are integrated into a storage capaitt the QWIP detector. QWIP’s behave lilRC circuits, with
ity. In this case, the bias varies across the array by abowt resistance in series with a capacitance. The presence of
+(5-10 mV due to the variations in the transistor thresh-large offsets or large dynamic resistance could cause difficul-
olds. At 80 K, HgCdTe diodes show very small changes ofties in matching the impedances of the FPA and ROIC, es-
the leakage current with small changes in reverse bias negecially at low biases and certainly at low temperatures.
zero volts(see Fig. 12 The goal is to fit a capacitor as large The DI input circuit is not generally used for low back-
as possible into the unit cell, particularly for high tactical grounds due to injection efficiency issues. The strategic ap-
applications, where signal-to-noise ratios can be obtaineglications often have low backgrounds and require low noise
through longer integration times. For high injection efficien- multiplexers interfaced to high-resistance detectors. The in-

C. Charge handling capacity and integration time
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put circuit commonly used for strategic applications is theyield and device reliability may be reduced due to oxide
capacitative transimpedance amplificatidCTIA) input  gamage from hot carriefS.For example, a storage capacity

circuit.”* Increased injection efficiency is also possible with of 5x 10 electrons requires that the total current density of
buffered DI. The latter two input circuits also accentuate they yatector with a 38 30 um? pixel size be lower than 27

1/ noise and the operability but they require higher power to,uA/cmz with a 33-ms integration tim#& If the total current

operate. density is in the 1 mA/cfrange, the integration time has to

At high backgrounds, it is often impossible to handle thebe reduced to 1 ms. In LWIR HgCdTe FPAS the integration
large number of carriers generated over frame times that arg

fime is usually below 10Qus. Since the noise power band-
compatible with the standard video frame rates. The user i y W P

S. . . .
. . . width Af=1/2;,,, a short integration time causes extra
forced to integrate for only a fraction of the full frame time. _ . ety 2 9
noise during integration.

Off-FPA integration c_nf §ubframes is then u.sed to attain a LWIR QWIP FPAS using conventional ROIC's typically
level of sensor sensitivity commensurate with the detector-

limited FPA detectivity and not the charge-handling-limited operate at 6(.)_.65 K. Due fo the Sm_a”ef quantum eff|C|en_cy
sensor detectivity. of a QWIP, filling the charge capacitor is not a problem in

Figure 30 shows the theoretical NEDT versus chargd"9n-Packground applications. QWIP’s allow a longer inte-

handling capacity for HgCdTe FPA's assuming that the in,[edg.ration time, which yields relatively low values of NEDT. At.
gration capacitor is filled to half the maximum capadity higher temperatures, however, the dark current of QWIP’s is

preserve dynamic rangender nominal operating conditions high and fills the charge capacitor very quickly. The current
in different spectral bandpasses: 3.4—&m@, 4.4—4.8um. subtraction and switched capacitor noise filtering capabilities
3.4-4.8 um, and 7.8-10um. The mea’sured data for Of ROIC’s permit a low NEDT at higher operating tempera-

TCM2800 at 95 K, other PACE HgCdTe FPA's at 78 K and tUres. In this case, however, the readout circuit is compli-
representative LWIR FPAs are also shown. We can see th&ated, which I|m|t§ the array size. _ _ _
the measured sensitivities agree with the expected values. _ The goal of third-generation imagers is to achieve sensi-

The well charge capacity is the maximum amount of thellVity improvement corresponding to aNEDT of_ about 1 mK.
charge that can be stored in the storage capacitor of each celln® analysis of Eq(A2) (see Appendix Al indicates that
The size of the unit cell is limited to the dimensions of the the required charge storage capacity in a 300 K scene in the
detector element in the array. In the case of a large LWIRLWIR region with the thermal contrast of 0.04, is abové 10
HgCdTe hybrid array, a mismatch between the thermal exelectrons. This high charge-storage density within the small
pansion coefficients of the detector array and the readout ca#ix€l dimensions probably cannot be obtained with standard
force the cell pitch to 20um or less to minimize lateral CMOS capacitorggAIthough the reduced oxide thickness of
displacement. However, the development of heteroepitaxidhe submicrometer design rules gives a large capacitance per
growth techniques for HgCdTe on Si has opened the possHnit area, the reduced bias voltage, as illustrated in Fig. 32,
bility of a cost-effective production of significant quantities largely cancels any improvement in the charge storage den-
of large-area arrays through the utilization of large-diametegity. Ferroelectric capacitors may provide much higher
Si substrates. charge storage densities than the oxide-on-silicon capacitors

Figure 31 shows the charge handling capacity versus cefiow used, however, such technology is not yet incorporated
pitch. We can see that for a 380 um? pixel size, the stor- into standard CMOS foundries. Norte al > suggested us-
age capacities are limited to the range of 1 8B’ elec- ing stacked hybrid structures as an interim solution at least to
trons depending on the design feature. At a @B-feature if  incorporate the desired charge storage density in the
the oxide is thinned to 150 A to recoup capacity, the readoutletector—readout—capacitor structures.
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D. Cost pecially for low-background applications. It means that the
The cost of a FPA depends strongly on the maturity Ofcost of the development QWIP technology and QWIP pro-

the technology and varies with the production quantity indUCtlon will be less than in the case of HgCdTe.
different companies. So far, large-size LWIR FPAs have
been developed in R&D laboratories only, without mass proe
duction experience. According to Sofradir, a continuous ef- _ _ o _
fort in the industry has decreased the cost of HgCdTe detec- In our discussion the reliability issue has been omitted
tors by a factor of 5 to 16* The cost of making high- due to the fact that statistical data on this subject are not
performance cooled components can be broken down intgvailable. In several applications, especially military sys-
three parts of about equal weight: the chigetector and tems, there is a considerable demand for high reliability to
ROIC), the Dewar, and the integration and teStén addi- ~ €nsure both the success of the mission and minimal risk to
tion, the user must add the cryogenic machine cost. This codhe user. Two reliability challenges affect both FPAS: sur-
is not negligible compared to the other ones. Even if the/Ival in high-temperature system-storage environments and
detection circuit is free of charge, the total cost would onlyWithstanding repetitive thermal cycles between ambient and
be reduced by about 15%—20%. This explains why the cost’yogenic temperatures. In HgCdTe, as well as in QWIP
of PtSi and QWIP detectors is not markedly less than that of PAS, indium bumps are used to hybridize both types of
photon detectors of the same complexity, even though thdetectors with a S|I|con.mult|plexer. However, certain prob-
raw material§Si or GaAs are much cheaper than in the case€MS c¢an be expected in the case of QWIP arrays, because

of HgCdTe. Moreover, since a PtSi requires a very Wideindium bumps are known to form many different alloys with
|g—v compounds.

optical aperture to obtain acceptable performance and since , - . .
QWIP requires lower operating temperatures than other pho- __Very '?rge FPAS may exceed the limits of hybrid reli-
bility engineered into contemporary cooled structures. Hy-

ton detectors, a possible reduction in the purchase price % ) .
L . . . rids currently use mechanical constraints to force the con-
counterbalanced by a significant increase in operating COSttraction of thgtwo components to closely match each other
HgCdTe detectors have been the center of a major indus-, . - )
9 ) SI'h|s approach may have limits when the stress reaches a

try during the last three decades. The technology is relatively . .
mature in the MWIR region with a size up to 10240242° )f)omt whgre the chip fra.\ctyres..Three approaches offer an
opportunity to resolve this issue:

\l/)vlijtthltrri)rnem ii )glinierdegsstlilzgoo?\t/xlj i:{ré)hr?salr(ee i?gg%r;etﬂtes (i) Elimination of the thick substrate that limits the de-
ore p L . P q tector active region from deforming at the slower rate of the
mastering of the thinning operation needed to withstand theréilicon readout
mal cycling(differential thermal expansion between CdznTe (ii) Subdivision of the array into a number of regions.
and silicon. It seems that, in the future, Si substrates will be (iii) Use of silicon as the substrate for the growth of the
used, because they offer many well-known advantages 3fatector material
comlparled to Ibqu CdznTe sr‘bstratléa; much larger ?flze The process sequence for making HgCdTe photodiodes
available at lower cost, a thermal expansion coefficienty Gwip's on silicon substrates would ultimately be sim-

matching that of Si readout chips, higher purity, and compatyifieq hecause of the maturity level of the existing silicon

ibility with automated wafer processing/handling methodol-tecnnology. However, the major difficulties inherent in this
ogy due to their superior mechanical strength and ﬂa}nessapproach are the followintf

Promising results have been achieved in the SWIR and " () | ess area would be available for readout circuitry.
MWIR spectral region. During the last four years the defect (i) Mmicrolens arrays would be required to regain the fill
density for MWIR layers of HgCdTe grown by MBE on tactor.
silicon substrates decreased from 2000 érto below 500 (i) Material quality may not be adequate for low-
cm™ 2.2 Currently, MWIR arrays with pixel operability of |eakage detectors, particularly in the case of LWIR HgCdTe
98% can be produced from this material. For comparison, thﬁhotodiodes.
operability of CdZnTe is typically about 99% or higher. De-  (jv) Silicon integrated circuits are processed @00
fect densities in the LWIR material grown on silicon sub- griented silicon, but the preferred orientation for HgCdTe
strates continue to limit performance but they have been regrowth on silicon is near thé&11) orientation.
duced by an order of magnitude in the past decade. A less demanding approach to the elimination of the
In comparison with HgCdTe FPASs, the industry has thick detector substrate is to use the loophole or high-density
much less experience in QWIP FPAs; therefore, improvewertically-integrated photodetector device structures already
ments can be expected, especially since this technology is ptacticed by GEC Marconi and DRS, respectively. In this
an earlier stage of development. The major challenge is tapproach, HgCdTe material is glued to the readout and con-
improve the device performance by means of tuning the detacts are made through a thin lay@0—-20 um) after the
vice and grating designs. Because of the maturity of GaAsubstrate is removddee Fig. 28)]. Another approach is to
growth technology and the stability of the material systemremove the substrate after hybridization with indium bumps.
no investment is needed for developing QWIP substratesSubstrate removal is a standard practice with very large hy-
MBE growth, and processing technologyFour-inch QWIP  brid InSb arrays (10241024 pixel$. This approach has
wafers are commercially availabf® Development of LWIR  been recently adopted for QWIP arrdys’’ After epoxy
and multicolor HgCdTe detectors is extremely difficult, es-backfilling of the gaps between the array and the readout

. Reliability
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Currently, multispectral systems rely on cumbersome

Unit cell
\ I | “ e u imaging techniques that either disperse the optical signal
T . w l  eop— . across multiple IR FPAs or use a filter wheel to spectrally
pBarier Barer ] select the image focused on a single FPA. These systems
oy - [ g = contain beam-splitters, lenses, and bandpass filters in the op-
[ come o 3 | | e = ' tical path to focus the images onto separate FPAS corre-
@ v w (b) * sponding to different IR bands. Also complex alignment is
' e | |« Uit el »| required to map the multispectral image pixel for pixel. Con-
{ - L] . — 5 sequently, these approaches are expensive in terms of size,
rsosoter —— complexity, and cooling requirements.
:j:jx;somg N ;:wmmg X At present, the efforts are being made to fabricate a
S P [ o 2 - single FPA with multicolor capability to eliminate the spatial
| ca 3 < I % | alignment and temporal registration problems that exist
w sw tw sw whenever separate arrays are used, to simplify optical design,
© (d) and reduce size, weight, and power consumption.
|« Unit cell N Considerable progress has been recently demonstrated
. Bl by research groups at Hughes Research Laboratory
_‘Jﬁ%‘_ _'»ﬁ%%“ (Raytheon,”®~8 Lockheed Martin (BAE Systemy® -84
— — 2 Rockwell® Leti®® and DRS® in multispectral HgCdTe de-
e SW-Absorber '"{"" 5 tectors employing mainly MBEalthough LPE and MOCVD
 rindow 0 2 L are also usedfor the growth of a variety of devices. The
| caze < g | QWIP technology also demonstrates considerable progress in

©) Sw w the fabrication of multicolor FPA$:>3%°886-0peyices for
the sequential and simultaneous detection of two closely

spaced subbands in the MWIR and LWIR radiation bands
FIG. 33. Cross section views of unit cells for various back-illuminated hgye been demonstrated.
dual-band HgCdTe detector approach@sbias-selectable—p—n structure

reported by Raytheo(Ref. 78, (b) simultaneous—p—n design reported by ~ A. Dual-band HgCdTe
Raytheon(Ref. 80, (c) simultaneoupp—n—n—p reported by BAE Systems ] ] ]
(Ref. 83, (d) simultaneousi—p—p—p—n design reported by LetiRef. 85, In backilluminated dual-band detectors, the photodiode

and (e) simultaneous structure based pron-n junctions reported by  \ith the longer cutoff wavelength is grown epitaxially on top
Rockwell (Ref. 59 (after Ref. 9). of the photodiode with the short cutoff wavelength. The
shorter-cutoff photodiode acts as a long-wavelength-pass fil-

multiplexer, the substrate is thinned to form a very thin mem-€r for the longer-cutoff photodiode.

brane(=~1000 A). This allows not only the elimination of the Both sequential mode and simultaneous mode detectors
thermal mismatch between the silicon readout and the Gaa&@'€ fabricated from multilayer materials. The simplest two-
based detector array but also the complete elimination of the°!0"r HgCdTe detector, and the first to be demonstrated, is
pixel-to-pixel cross talk, and finally, significant enhancementh® bias-selectabla-p-n back-to-back photodiode shown in

of the optical coupling of IR radiation to QWIP pixels. Fig. 33a). The sequential-mode detector has a single indium
bump per unit cell that permits sequential bias selectivity of

the spectral bands associated with the operating tandem pho-
todiodes. When the polarity of the bias voltage applied to the
Multicolor capabilities are highly desirable for advance bump contact is positive, the tdhW) photodiode is reverse
IR systems. Systems that gather data in separate IR spectkihsed and the bottortBW) photodiode is forward biased.
bands can determinate both the absolute temperature and thbe SW photocurrent is shunted by the low impedance of the
unigue signatures of the objects in the scene. By providingorward-biased SW photodiode, and the only photocurrent to
this new dimension of contrast, multiband detection also enemerge in the external circuit is the LW photocurrent. When
ables advanced color processing algorithms to further imthe bias voltage polarity is reversed, the situation reverses;
prove the sensitivity above that of single-color devices. Mul-only the SW photocurrent is available. Switching times
tispectral detection permits rapid and efficient understandingvithin the detector can be relatively short, on the order of
of the scene in a variety of ways. In particular, two-color IR microseconds, so the detection of slowly changing targets or
FPA's can be especially beneficial for threat-warning appli-imagers can be done by switching rapidly between the MW
cations. By using two IR wave bands, spurious informationand LW modes.
such as background clutter and sun glint, may be subtracted One bump contact per unit cell, as for single-color hy-
from the IR image, leaving only the objects of interest. Mul- brid FPA's, is a big advantage of a bias-selectable detector. It
tispectral IR FPA's can also play many important roles inis compatible with existing silicon readout chips. The prob-
ground and planetary remote sensing, astronomy, etc. Thuems with bias selectable devices are the following: their
the effective signal-to-noise ratio of two-color IR FPAs construction does not allow independent selection of the op-
greatly exceeds that of single-color IR FPA's for specific ap-timum bias voltage for each photodiode, and there can be
plications. substantial MW crosstalk in the LW detector.

V. MULTIBAND FPA's
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FIG. 34. Spectral response curves for two-color HJCdTe detectors in various dual-band combinations of MWIR and LWIR spectfaitéaRes. 3.

Many applications require true simultaneity of the detec-indium bump contacts required for each unit cell with the
tion in the two spectral bands. This has been achieved in size of 50um. Band 1(2.5-3.9um) had the operability of
number of ingenious architectures schematically shown, afte99.9%, with 23 inoperable pixels. Band(2.9—4.6um) had
Reine¥ in Figs. 33b)-33e). All these simultaneous dual- the operability of 98.9%, with 193 inoperable pixels. Quan-
band detector architectures require an additional electricalm efficiencies of 70% were observed in each band without
contact to the underlying layer in the multijunction structurethe use of an antireflection coating. TRgA values for the
of both the SW and LW photodiodes. The most importantdiodes ranged from 8.2510° to 1.1x 10° Q) cn? atf/2 FOV.
distinction is the requirement of a second readout circuit inThe NEDT for both bands is shown in Fig. 35 as a function
each unit cell. of temperature. The camera used for these measurements had

Integrated two-color HgCdTe technology has been undea 50 mm /2.3 lens. Imagery was acquired at temperatures as
development for nearly a decade with steady progress anuigh as 180 K with no visible degradation in image quality.
now boasts a wide variety of pixel siz€30—61um), array Recently, Rockwell has developed a novel simultaneous
formats (64< 64 up to 32(x 240) and spectral-band sensitiv- two-color MWIR/LWIR FPA technology based on a double-
ity (MWIR/MWIR, MWIR/LWIR, and LWIR/LWIR). Figure  layer planar heterostructur®LPH) MBE technology[see
34 shows examples of the spectral response from differerfig. 33€)]. To prevent the diffusion of carriers between two
two-color devices. Note that there is minimal cross talk be-bands, a wide-band-gapdm-thick layer separates these ab-
tween the bands, since the short-wavelength band absorksrbing layers. The diodes are formed by implanting arsenic
nearly 100% of the shorter wavelengths. One might questioas ap-type dopant and activating it with an anneal. This
whether the additional processing and complexity of buildingresults in a unipolar operation for both bands. The implanted
a two-color detector structure might adversely affect the perarea of band 2 is a concentric ring around the band 1 dimple.
formance, yield, or operability of two-color devices. Test Because the lateral carrier-diffusion length is larger than the
structure indicates that the separate photodiodes in a twgixel pitch in the MWIR material and band 1 junction is
color detector perform exactly as single-color detectors irshallow, each pixel is isolated by dry-etching a trench around
terms of the achievabl®,A product variation with wave- it to reduce the carrier cross talk. The entire structure is
length at a given temperature. For example, fill factors ofcapped with a layer of a material with a slightly wider band
128x128 MWIR/MWIR FPAs as high as 80% were gap to reduce surface recombination and simplify passiva-
achieved using a single mesa structure to accommodate twimn. Two-color 128128 FPAs with low background lim-

25’ ° 10" T T T T T T T T
1 - —@— A=8.7um(78K)@1.7x10" em’s”
[ ~ - 14 22 bt
i = - e AS4.TUM(78K)@4.5x10™ cm®s
204 o = *—] - - A=8.7um(78K)@1.0x10" om?s? | ]
o~ o -
% " H £
E 151 o0 §
'5 £107
W 10 8 - — -
Z ® MWIR 1 3 i Zo
5L s MWIR 2 3
a \ 2
0 1 { ! | 1 .
84 o7 10 123 136 149 162 Rl T 80 90 100 110120 130 150 170 185 200
Temperature (K) Temperature (K)

FIG. 35. NEDT for a two-color camera having 50 mff2.3 lens, as a FIG. 36. Detectivity of two-color MWIR/LWIR 128128 HgCdTe FPA
function of the operating temperatuafter Ref. 38. (after Ref. 56.
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FIG. 39. Simultaneous images from 26856 MWIR/LWIR QWIP FPAs.
Note appearance of the filter and the soldering iron in the two béafter
Ref. 86.

FIG. 37. Structure of a two-color stacked QWHdter Ref. 86.

tures were grown, separated by another ohmic contact. The
stack sensitive to long wavelengtiieed QWIP, A.=11.2

um) is grown above that sensitive to shorter wavelengths
tained for the MWIR(3-5 um) regime atT <130 K and for (blue QWIP,\ .= 8.6 um). Each QWIP is a 20-period GaAs/
LWIR (8—10um) at T~80 K (see Fig. 3B The pixels ex- Al Ga,_,As MQW stack in which the thickness of the Si-
hibit BLIP performance up to 120 K for the two bands. The doped GaAs QW'dwith a typical electron concentration of
FPA also exhibits low NEDT values: 9.3 mK for the MW g5y 1017 cm3) and the Al composition of the undoped
band and 13.3. mK for the LW band, similarly to good- Al,Ga,_,As barriers(~550—600 A is adjusted to yield the
quality single-color FPAs. desired peak position and spectral width. The gaps between
FPA detectors and the readout multiplexer were backfilled
with epoxy. The epoxy backfilling provides the necessary
mechanical strength to the detector array and a readout hy-
brid prior to the array’s thinning process.

Most QWIP arrays use a 2D grating, which is very
wavelength dependent, and the efficiency gets lower when
integrations® 6 the pixel size gets smaller. Lockheed Martin used rectangular

o . . and rotated rectangular 2D gratings for their two-color

Devices capable of simultaneously detecting two SEPA LW FPAs Although random reflectors have achieved
rate wavelengths can be fabricated by vertically stacking dif-r elatively high. quantum efficiencies with a large test device
ferent QWIP layers during epitaxial growth. Separate biaSstructure it is not possible to achieve similarly high quantum
voltages can be applied to each QWIP simultaneously via the ’

doped contact layers that separate the MQW detector heter{%IchCIenCIes with _random rgflectors on small FP’.A‘. p|x<_eI§ due
. . o the reduced width-to-height aspect rafids.addition, it is
structures. Figure 37 shows schematically the structure of

two-color stacked QWIP with contacts to all three c)hmic_g'lfflcult to fabricate random reflectors for shorter-wavelength

contact layers. The device epilayers were grown by MBE o detectors, when compared to long-wavelength detectors, due

a 3-in. semi-insulating GaAs substrate. An undoped Gaall the fact that feature sizes of random reflectors are linearly

layer, called an isolator, was grown between two AIGaASproportionaI_tp the peak wavelength .Of. the_detectors. The
stop layers, followed by an Au/Ge ohmic contact of a 0.5_quantum efficiency becomes a more difficult issue for QWIP

. multicolor FPAs than for single-color ones.
pm-thick doped GaAs layer. Next, two QWIP heterostruc- Typical operating temperatures for QWIP detectors are

in the range of 40—100 K. The bias across each QWIP can be
adjusted separately, although it is desirable to apply the same

ited detectivity performance (¥®cm 2s1) have been ob-

B. Multiband QWIP’s

Sanders was the first to fabricate two-color, 5666
bound-to-miniband QWIP FPAs in each of four important
combinations: LWIR/LWIR, MWIR/LWIR, near IR
(NIR)/LWIR, and MWIR/MWIR—with simultaneous

,\4007 bias to both colors. As is shown in Fig. 38, the responsivity
% 300/ of both QWIP’s is around 300-350 mA/W. The spectral re-
13 sponse is relatively narrow so that a detector designed for the
2 i \ LWIR band only detects light in that band with little or no
é 200 QB\I;\;fP gv?/?p “spectral cross talk” with a detector in the MWIR band. It
3 appears that the complex two-color processing has not com-
3 100 promised the electrical and optical quality of either color in
e L ; the two-color device since the peak quantum efficiency for
Ot e L | each of the 20-period QWIP’s was estimated to~b&0%.
6 7 8 9 10 N 12 13

For comparison, a normal single-color QWIP with twice the

Wavelength (um) number of periods has a quantum efficiency of around 20%.

FIG. 38. Typical responsivity spectra at 40 K and a common bias of 1.5 VA PiXel operability for each COl(_)r i997% in compa_rison to
recorded simultaneously for two QWIP’s in the same pidter Ref. 86. a value higher than 99.9% routinely achieved for single-color
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8-9 um QWIP case of the interlace readout schetne., odd rows for one
— — 14-15 um QWIP color and even rows for the othemwhich uses a existing
single-color CMOS readout multiplexer. However, the disad-
vantage is that it does not provide the full fill factor for both
wavelength bands.
The device structure shown in Fig. 40 consists of a 30-
period stack’500 A AlGaAs barrier and a 60 A GaAs wgll
» - . of the VLWIR structure and a second 18-period sté&l0 A
N i AlGaAs barrier and a 40 A GaAs weglbf the LWIR struc-
' ture separated by a heavily doped @us-thick intermediate
GaAs contact layer. The VLWIR QWIP structure has been
FIG. 40. Conduction band diagram of a LWIR and a VLWIR two-color designed to have a bound-to-quasibound intersubband ab-
detector(after Ref. 93. sorption peak at 14.5m, whereas the LWIR QWIP structure
has been designed to have a bound-to-continuum intersub-

QWIP’s. The NEDT value was 24 mK for the blue QWIP band absorption peak at 84m, because the photocurrent

and 35 mK for the red QWIP. The difference was attributed‘r’il\r;gI thsemiiﬂéocr:]maeg dotfot?r?ols_\évg tﬂgv\l/cf\/\zt;ucf)ur;%r?roef :ES-
to the poor transmission properties of the optics in the 11.é y P P

device structure.
um band. Fi 41 sh h tic side Vi f interl
To cover the MWIR range, a strained layer of thed |Lgur§ Ga,i /C:A\\I}Ié;ASCFIi?a'IIP S| ;ﬁwew ozgn n grda_lce
InGaAs/AlGaAs material system is used. InGaAs in the®Ya!-ban S S - Two different perioaic

MWIR stack produces a high, in-plane, compressive straifdrating structures were designed to independently couple the

which enhances the responsii?2 The MWIR/LWIR 8—9 um and 14-15um radiation to detector pi.xels in the
FPAs fabricated by Sanders consist of an gié- GaAs/ ©€ven and odd rows of the FPA. The top Quift-thick GaAs
AlGaAs QWIP on top of a 4.f«m strained InGaAs/GaAs/ CaP Iaye_r was used to fabricate the light-coupling 2D. peri-
AlGaAs heterostructure. The fabrication process allowed filldic gratings for 8-Q.m detector pixels, whereas the light-
factors of 85% and 80% to be achieved for the MW and Lwcoupling 2D periodic gratings of the 14-1am detector
detectors, respectively. The first FPA's with this configurationPixels were fabricated using LWIR MQW layers. In such a
had an operability in excess of 97% and NETD valuesvay, this grating scheme short circuited all the detector sen-
greater than 35 mK. The excellent imagery in each color igitive to the 8—9um radiation in all odd rows of the FPA.
shown in Fig. 39. Note the appearance of the filter and théext, the LWIR detector pixels were fabricated by dry etch-
soldering iron in the two bands. ing the photosensitive GaAs/AlGaAs MQW layers into the
Recently, Gunapalat al””*3have demonstrated the first 0.5-um-thick doped GaAs intermediate contact layer. All
8-9 and 14—15%um two-color imaging camera based on a VLWIR pixels in the even rows of the FPA were short-
640x 486 dual-band QWIP FPA, which can be equippedcircuited. The VLWIR detector pixels were fabricated by dry
with dual or triple contacts to access the CMOS readout muletching both MQW stacks into the Ogm-thick heavily
tiplexer. A single indium bump per pixel is usable only in the doped GaAs bottom contact layer. After epoxy backfilling of

n’ GaAs contact layers "

ARows _Light coupling
i | gratings

Columns

bl

— e 14-15 um FIG. 41. Structure cross section of the
VLWIR e interlace dual-band FPAafter Ref.

93).

Even Odd Even . 0dd

>
L 22pm
LWIR GaAs/AlGaAs
. Au/Ge metal contacts . multi-quantum well layers

\\\‘ Heavily doped GaAs . VLWIR GaAs/AlGaAs

multi-quantum well layers
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TABLE VII. Performance specifications for two-color long wavelength 8486 QWIP FPAs(after Ref. 93.

Parameter LWIR pixel$8—9 pm) VLWIR pixels (14—-15um)
Array size 640486

Pixel pitch (m) 25%25 25%x25

Pixel size(um) 23%x23 2223

Optical coupling 2D periodic grating 2D periodic grating
Operating temperaturg) 40 40
Differential resistancé()) at f/2 FOV 2.0x 10 7.0x 101

Peak wavelengtlium) 8.4 14.4

Peak responsivitymA/W) atVg=—2 V 509 382

Cutoff wavelength, 50%um) 9.1 15.0
Operability (%) 99.7 98.0
Uncorrected nonuniformity%) 5.4

Corrected uniformity, 17-27 °@%b) 0.03

Quantum efficiency%o) 12.9 8.9
Uncorrected nonuniformity of; (%) 2 1

D}g (cmHZ2W™ 1) atfl2 FOV 2.9x10%° 1.1x10%°

NEDT with /2 optics(mK) 29 74

the gaps between FPA detectors and the readout multiplexdhe signal-to-noise ratio of the VLWIR detector pixels is lim-
the substrate was thinned and finally the remaining GaAsited by the array nonuniformity, multiplexer readout noise,
AlGaAs material contained only the QWIP pixels and a veryand photocurrent noise.
thin membrang~1000 A). This allows the whole structure The performance of these dual-band FPA's was tested at
to adapt to the thermal expansion, eliminates thermal misa background temperature of 300 K, witlf2 cold stop, and
match between the silicon readout and the detector arragt a 30 Hz frame rate The results are described in Table VII.
eliminates pixel-to-pixel crosstalk, and finally, significantly The estimated NEDT of the LWIR and VLWIR detectors at
enhances the optical coupling of IR radiation to QWIP pix-40 K is 36 and 44 mK, respectively. Due to BLIP, the esti-
els. The FPA was back illuminated through a flat thinnedmated and experimentally obtained NEDT values of the
substrate membrane. LWIR detectors do not change significantly at temperatures
The 640<486 GaAs/AlGaAs gave excellent images below 65 K. The experimentally measured values of LWIR
with 99.7% of the LWIR pixels and 98% of VLWIR pixels NEDT equal to 29 mK are lower than the estimated dses
working, demonstrating the high yield of GaAs technology.Fig. 42a)]. This improvement is attributed to the light-
The 8—9um detectors have shown background limited per-coupling efficiency of the 2D periodic grating. However, the
formance(BLIP) at 70 K (at a background temperature of experimental VLWIR NEDT valué¢see Fig. 4fb)] is higher
300 K with af/2 cold stop. The 14—15um detectors show than the estimated value. It is probably the result of ineffi-
BLIP at 45 K with the other operating conditions unchangedcient light coupling in the 14—1mxm region, readout multi-
At temperatures below 70 K, the signal-to-noise ratio of theplexer noise, and the noise of the proximity electronics. At
LWIR detector pixels is limited by the array nonuniformity, 40 K, the performance of both types of detector pixels is
multiplexer readout noise, and photocurrent ndfeethef/2  limited by the photocurrent noise and the readout noise.
cold stop. At temperatures above 70 K, the temporal noise At present, a joint Goddard/Jet Propulsion Laboratory/
due to the higher dark current of QWIRthermionic emis- Army Research Laboratory proposal to develop a four band,
sion) becomes the limitation. At temperatures below 40 K,hyperspectral, 640512 QWIP array is funded by the Earth

60 000 T T T T T 80000 T A,l- 15 T
A=8.1.ym Optics = 2
Optics = /2 Bapggmunuaow
60000
400001~ 1 FIG. 42. The uncorrected NEDT his-
0 ® tograms of 8—9um detector pixelga)
g g 40 000+ and 14-15um detector pixelgb) of
= o 640X 486 dual-band FPA. The mean
© i o NEDT are 29 mK for LWIR FPA and
20 000 n 74 mK for VLWIR FPA (after Ref.
20 000 93).
0 0
(@) 0 10 20 30 40 (b) 0 50 100 150 200
NEDT (mK) NEDT (mK)
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Science Technology Office of NASX. The four bands of

the QWIP array are fabricated in a manner similar to the
two-band system described abogsee Fig. 41 The four-

detector bands are delineated by a deep groove etch to co
tact a specific band, while shorting out the other three-band
layers. Experiments are in progress to determine the opti
mum coupling surface treatment and both grating and corru
gation methods are being considered. BRI Ty

The three-year effort will focus on expanding the spec-
tral imaging capability of the integrated QWIP, utilizing a FIG. 43. (a) This clearly shows the tip of the nose is warmer than the

- : urrounding tissue due to the enhanced metabolic acfi@itgiogenesisof
new Sunpower, Inc. Cryocooler, and developlng a “neai skin cancer(b) Shows a face with no skin cancer on the nose. Usually,

variable etalon to produce a hyperspectral image from 3 t@gse and ears are cooler relative to the other parts of the face, because those
15.4 um. The four IR bands are 3—&m, 8.5—-10um, 10—12  extend out of the bodyafter Ref. 5.

um, and 14-15.4m. These bands are spectrally subdivided
into approximately 200 bands. The technical goals are listed
below:

(i) array size: 51640, 23um pixels,

(i) 4 IR bands(1) 3-5 um, (2) 8.5-10um, (3) 10-12
um, (4) 14-15.4um,

(iii ) format: each band contains 12840 pixels,

(iv) operating temperature: 43 Kmechanical cryo-
coolep,

(v) f/4, fully reflective optics,

(vi) FOV: 25.7°,

(vii) wavelength resolution: 0.02m at 3 um to 0.05
um at 15.4um,

(viii) resolving power \/AN: >100 in all bands,

(ix) NEDT<0.020 K,

(x) frame rates up to 30/s, variable integration time,

wherer is the ratio of the photocurrent to the dark current
and u is the nonuniformity. The first term in the square
brackets is the temporal noise and the second term is the
fixed pattern noise.

In general, higher quantum efficiency improves all of
these figures of merit. The minimum NEDT can be achieved
by having a smalleg. Higher gain increases the photocur-
rent and, therefore, the speed. However, the resulting higher
g—r noise reduces the sensitivity. Since the gain is given by
the ratio of the electron lifetime to the transit time, higher
lifetime increases the photocurrent with respect to the dark
current(i.e., the value of) and therefore is able to increase
the operating temperaturd §, ,p is its value whemr=1). A
’ short transit time, in turn, increases the photocurrent and the
(xi) D*>10' cm HZ%W at 3 um to D*>2x 10" cm dark current in equal proportion, and therefore does not af-

HZY2/W at 14 um. : ) )
Assuming successful development of the Hyperspectrafldem the operating temperature. If high speed and high oper-
T D ting temperature are essential, high quantum efficiency and
QWIP Imager, this instrument is intended to fly on the g P gn g y

) . gain is required. However, high quantum efficiency does not
NASA ER-2 (U2 Plang to perform high altitude remote .-« NEDT once the detection is background limited.,
sensing of a variety of earth science parameters. r>1).
The presented results indicate that QWIP’s have shown QWIP technology is accepted as the commercial stan-
much progress in recent years in terms of their applicationg, g fo, high-performance and large-format LWIR detection.

in the multibar_1d i_ma_lging problem. it is the niche_in which unapalaet al>®" presented large-format QWIP cameras
they .have an intrinsic advantage due to. the relative ease ﬁolding forth a promise for many applications in the 6—18
growing multiband structures by MBE with very low defect um wavelength range in science, medicine, defense, and in-
density. dustry. Possible applications are medical imagifig®® fire
fighting?®”  monitoring  volcano  activitie3®” IR
astronomy, 8" national and tactical missile defers¥;%’

monitoring heat emission in certain geological areas, hyper-

Since the initial demonstration of QWIP FPAs in the late SPectral imagin§9 and preventive maintenance. More infor-
1980s, there has been a worldwide sustained effort in develhation concerning medicine, astronomy, and defense is gath-
oping the detector into a mainstream IR technology. Theered below.

QWIP 2000 workshop held in July 2000 in Dana Point, CAa_ Medicine
(see Infrared Physics and Technologyol. 42, No. 3-5,

2001 covered many team efforts in bringing the technology _Fauc_iet al % described the history of infrared imaging in
into the commercial market. clinical trials. The advent of QWIP technology, the availabil-

The preferable range of QWIP FPA applications resultdy Of high-speed and large-memory personal computers, and
from their advantages. The metrics of a FPA are its sensitivin® Shift of clinical modality from anatomical imaging to
ity («1/NEDT), the operating temperatute Tg,;p), and the functlo_nal imaging open a new area of IR imaging fo.r
speed (<1/7,,) determined by the integration time,;. screening and diagnosing purposes. High thermal resolution

NEDT (see Appendix ALcan be given b3/ is an essential requirement for medical imaging. The most
5 demanding applications are those that involve the measure-
g( 1

2 .
14 2] 42 ment of neuronal control of blood perfusion. The camera
r performance for these applications requires a sensitivity of

VI. QWIP APPLICATIONS

12

1
NEDT= = , (33

C

N

Downloaded 02 Mar 2006 to 148.81.117.137. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



4384 J. Appl. Phys., Vol. 93, No. 8, 15 April 2003 A. Rogalski

& (since QWIP’s are thin-layer structures, thermal mismatch
may cause certain difficulties; 10241024 pixel devices are
planned.

The first astronomical observations with a QWIP FPA
were described by Gunapalet al>®” An 8-9-um 256
X 256 QWIP-based astronomical wide-field multicolor cam-
era built at the Jet Propulsion Laborato@dPL) has been
designated for operation at tf prime focus of the Palo-
mar 5-m telescope. Operation at the prime focus affords a
very wide FOV; 2 minutes of arc compared to 10—30 sec-
FIG. 44. Comparison of a composite near-infrared image obtained byonds of arc for traditional ground-based MWIR instruments.

2MASS (a), with an 8.5um LWIR image(b) obtained with a QWIP FPA at Figure 44 compares the composite near-infrared in’(aye
primary focus of the Palomar 5-m hale telescope. The S106 region display; . . .
vigorous star formation obscured behind dense molecular gas and cold du§btalned by 2MASS, with an 8.am LWIR image (b) ob-

and extended nebular emission from dust heated by starlight. Thermatdined with a QWIP FPA at the primary focus of the Palomar
infrared imaging can be used to assess the prevalence of waB®0 K) 5-m hale telescope. These images demonstrate the advantage
dusty disl_<s surroundipg the stars in such regions. Formation of these disksﬁf Iarge format, stablélow 1/f noise LWIR QWIP FPA’s in
an evolutionary step in the development of planetary systelftsr Ref. 5. surveying obscured regions in search for embedded or red-
dened objects such as young forming stars.
The JPL camera is designated to house up to three QWIP

about 15 mK measured with 2 50 mm lens at a 20-ms devices® the existing 256 256 pixel 8.5um device, a
integration time. QWIP is the only large format detector with 640x 512 pixel, 12.5zm device, and a 10.3m device of
great Stabl“ty that fulfills this requirement. Moreover, the unspecified format. This arrangement will allow simulta-
cost of a similar HgCdTe array is at least 10 times the cost ofeous three-color imaging and enable rapid selection of in-
a comparable QWIP detector. The overall camera systefgresting objects based on their MWIR colors. The selection
cost will, as a result, increase by a factor of 2, which be-of three bands is motivated by the properties of both the
comes very important from the point of view of producing a astronomical objects and the Earth’s atmosphere. It has been
cost-effective medical imaging system. found that many objects enshrouded in dust, exhibit a strong

It has been found that cancer cells exude nitric oxidegijlicate absorption. The strength of this absorption peaks at
which causes changes of the blood flow in the tissue surg 7 ym. The transmission of the atmosphere is, in turn, char-
rounding a cancer that can be detected by a sensitive thermatterized by a strong ozone feature at 9.5—1n0 Water
Sensor. Recently, a midformat QWIP has been used in aﬂapor produces strong absorption at Wave]eng:[ﬁs_Lm and
instrument called BioScan System for dynamic area telethercQ, absorbs wavelengths13um. To obtain the best sensi-
mometry (DAT).>%" DAT involves the accumulation of hun- tjyity, a compromise solution has been chosen to design
dreds of consecutive IR images and fast Fourier transfornw|p’s with the peak response at 8.5, 10.3, and 12n%
analysis of the biomodulation of skin temperature and micro-  |tig expected that QWIP’s may have an even greater role
homogeneity of skin temperature, which measures the perfup play in space-borne missions because of their higher op-
sion of the skin’s Capillaries. The BioScan System can b%rating temperatures. Examp|es of such m|Ss(N@ST and
also used in breast tumor detection, brain surgery, skin cannterstellar Probewere described by Resslet al®®
cer detection, and leprosy treatment. In general, cancerous An impressive program of QWIP FPAs applications at
cells have a high metabolic rate and these cancerous celiffe NASA/Goodard Space Flight Center was presented by
recruit new blood supply; one of the characteristic of a ma-jhabvald® The future of QWIP’s at Goddard is diverse and
lignant lesion. Therefore cancerous tissues are slightlgill unfolding. The Hyperspectral QWIP Imager was devel-

warmer than the neighboring healthy tissues. Thus, a sensgped to perform high altitude remote sensing.
tive thermal imager can easily detect malignant skin cancers

(see Fig. 4R

C. Defense

The missile defense systems performed either in the en-
doatmosphere or exoatmosphere. Endoatmospheric intercep-

QWIP’s are attractive for use in astronomy because theyors and airborne surveillance sensors used for tactical appli-
offer good sensitivity, are very stable, are large-size devicesations typically observe warm targets with high background
that can be easily manufactured, and their operating temperaradiance. Such applications require accurate measurement
tures are relatively high when compared to standard extrinsiand subtraction of background irradiance to detect the target
silicon photoconductors used for astronomy goédsg., signal. In contrast, exoatmospheric interceptors and space-
Si:As). Because of the narrow spectral range, QWIP’s with abased surveillance sensors used for strategic applications
cutoff wavelength of 1Qum operate at 25—30 K and are able typically engage cool targets with low-background irradiance
to satisfy stringent dark current requirements, such as thodevels. The targets are often far away and unresolved at the
imposed on the Next Generation Space Teles¢bi®ST).*®  early stage of detection. In strategic applications, where the
Other important properties of QWIP’s atg extremely low  scene is a space background and the targets are at relatively
1/f noise andii) easy mating to existing CMOS multiplexers low temperatures, LWIR and VLWIR are very important

B. Astronomy
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Wavelength (um
Hot plume 9t (BM) o4 hard body

The operating temperature and cooldown time constitute

FIG. 45. Blackbody spectral radiant emittance at various temperdiftes a major consideration in such systems as missile seekers.
Ref. 5. Reconnaissance systems, however, require medium to large

format FPA's and use closed-cycle cooling to reach operating

temperatures of 77 K. The extra time and power needed to
bands. Improvement in surveillance sensors and interceptdswer the temperature.g., 65 K for LWIR QWIP operation
seekers requires highly uniform large-area, multispectral IRs not significant if the integrated dewar/cooler assembly is
FPAs covering the LWIR and VLWIR regions. The restric- designed well. In spite of theoretical speculations, it has not
tions imposed on pixel uniformity in strategic IR FPAS are been shown conclusively that running a modern closed-cycle
much more severe, because dead or degraded pixels couldoler at temperatures below 77 K degrades the life expect-
cause the target to be missed completely, and absolute radincy of the cooler.
ometry, not imagery, is the method by which most target A QWIP RADIANCE camera was used by the research-
information is obtained. The space-based FPAs are usuallgrs at BMDO in a unique experiment to discriminate and
designed with larger pixels, roughly equal to the blur spot ofidentify clearly a cold-launch vehicle against its hot plume
the optics. Taking into account the advantages of QWIP techemanating from rocket engines. The temperature of cold-
nology (large and uniform arraysthe Ballistic Missile De-  |launch vehicles is usually about 250 K, whereas the tempera-
fense OrganizatiotBMDO) supported extensive efforts to tures of the hot plume emanating from the launch vehicle
develop highly sensitive large FPA's based on QWHE°”  may reach 950 K. Figure 45 indicates that the-photon
flux ratio of blackbodies at 250 K and 950 K, respectively is
about 25000, whereas the same photon flux ratio a5
is about 115. Therefore it is very clear that one must explore
longer wavelengths for better discrimination between cold-
body and hot plume because the highest instantaneous dy-
namic range of IR cameras is usually 12 Hitg., 4096 or
less. Figure 46 shows the image of Delta-1l launch taken
with a QWIP RADIANCE camera.

D. High-frequency detection

Certain applications that were previously not feasible
with HgCdTe detectors, the maximum electrical bandwidth
of which remains approximately at 3 GHZ2® are now pos-
sible with QWIP’s. When a C@®laser local oscillatofLO)
with HgCdTe detector is used for molecular spectroscopy,
for example, the molecular line of interest must be within
roughly 3 GHz of a C@ emission line. Because these emis-
sion lines are typically separated by at least 30 GHz, the vast
, majority of the frequency space between 9 andit is
# undetectable. A similar problem occurs when a HgCdTe de-
tector is used as a front-end mixer in coherent laser commu-

FIG. 46. Image of a Delta-Il launch vehicle taken with the LW QWIP njcations, where the maximum digital transmission rate is
RADIANCE during the launch. This clearly indicates the advantage of LW ;

QWIP cameras in the discrimination and identification of a coId-IaunchapprOXImately.1 Gb/S_.
vehicle in the presence of a hot plume during early stages of la(aftér In comparison with HgCdTe-based technology, GaAs/

Ref. 5. AlGaAs QWIP’s offer several advantages: higher electrical
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-20r —— ] dyne experimenjsan additional microwave excitation is ap-
r Heterodyne ] plied to the QWIP. Letf,g; and f g, denote the two IR
- 3 frequencies and 5, the microwave frequency. The IR
~o ] heterodyne frequency is thefye;=|fr1—fir2|, While the
............ 3 ~ downconverted signal frequency f$ner—f wavel- IN this
Up & down converted ] heterodyne detection technique very higf, frequencies up
] to 82.16 GHz have been achieved. The measured optical het-
! ] erodyne signal(squarep and the up- and downconverted
] mixing signal (dotg are shown in Fig. 48 as a function of
C heterodyne frequencyf .y for a bias voltage of 2 V. The
_1002 L 1 dashed and dotted lines are the expected roll-off behaviors
1 10 100 due to the resistance-capacitan&C) time constant of the
Heterodyne frequency (GHz) device and the photocarrier lifetime.

FIG. 48. Direct infrared heterodyn@quares and mixed heterodyne fre-
guency with microwave frequendyots signal vs heterodyne frequency for Market data
a bias voltage of 2 V. The dashed and dotted lines show the expected roll-o#'

behavior. The incident power from the two infrared sources and the micro- From a market perspective the QWIP technology is still
wave source is normalized to about 0.2 and 0.3 mW, respectively. The de- ’

vice temperature is 80 Kafter Ref. 100, in its infancy, although it is on the brink of acceptari€®.
The QWIP detector process methodology developed at JPL,
culminating in the fabrication of midformat (256256), por-

bandwidth, greater robustness and tolerance to high levels &bPle LWIR cameras, has been transferred to the commercial
LO power, and monolithic compatibility with GaAs HEMT €nvironment through QWIP Technologies LLC under agree-
amplifiers?®1%°The intrinsic high-speed capability is due to Ment with Caltech. At present, QWIP Technologies LLC is
the inherently short carrier lifetime~5 ps. involved in high-volume llI-V-material processes developed

In optical mixing experiments described in Ref. 101, afor the ceIIuIar communications industry. The first product is
CO, laser and a lead-salt tunable diode laéEDL) were the QWIP-Chip, a 328256 format QWIP FPA spectrally
used as the sources of IR radiation. The,d&er frequency ~Centered at 8.um with a 30um pitch. Production ramped
was fixed, while the TDL frequency was tuned by varying itsUP t0 100 QWIP-Chips per month by the first quarter of
operating temperature. Liat al1°? carried out experiments 2001. Also QWIP Technologies has begun low rate initial
with an intermediate frequendyF) of up to 26.5 GHz. production of its second product in the QWIP-Chips line, a

Far beyond 26.5 GHz a direct measurement of the |F840X512 QWIP FPA.
signal is very difficult because of two impediments; namely, ~ The high-performance military market is currently domi-
the lack of a sufficiently sensitive preamplifier-analyzer com-hated by other, more expensive technologies. This stance is,
bination and the difficulty in making a low-loss, broadbandhowever, changing in favor of larger staring arrays and less
circuit that can be used to couple the weak IF signal from thé€Xpensive imagers, like those using QWIP FPAS.

QWIP. To extend the frequency range, Létiall% used a In the U.S. alone, billions of dollars are spent annually
microwave mixing technique shown schematically in Fig.On various types of imaging systems. In 2001, over _$2 billion
47. The technique is based on the nonlinearity present in th&as spent on IR imaging systems, and the market is forecast
I-V curves of QWIP's associated with the transport of elect0 grow by 31% annually between 1999 and 2@8ée Fig.
trons in the absence of IR radiation. Because of this nonlin#9- In 1996, IR FPA market was predominantly military
earity, the microwave signal is rectified and the measure§80% compared to 20% commeroiallt is expected to
change of the bias voltage is the response. As is shown ifhange to 66% military and 34% commercial by 2004.

Fig. 47, apart from two IR beanias in conventional hetero-

Signal (dBm)

&%
S
S

VIl. CONCLUSIONS

6 The intention of this paper has been to compare the

N ] achievements of QWIP technology with those of competitive
% 5 Total system_ .-~ technologies, with the emphasis on the material properties,
'g 4 . - device structure, and their impact on FPA performance, es-
9 -7 pecially in LWIR and VLWIR spectral regions.
'.-:: 3 -zl At present, HgCdTe is the most widely used variable-gap
b ’/-" semiconductor that has a privileged position both in the
22 - = LWIR as well as VLWIR spectral ranges. The above discus-
% 1 T Titis_ﬂsf.rf/ sion leads to a conclusion that LWIR QWIP cannot compete
(14 — | with HgCdTe photodiode as single devices, especially at

10999 2000 2001 2002 2003 2004 higher operation temperaturés70 K), due to the funda

mental limitations associated with intersubband transitions.
However, the advantage of HgCdTe is less distinct at tem-
FIG. 49. Sensors and systems revenues from 1999 to @it Ref. 104, peratures below 50 K due to the problems inherent in the

Year
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HgCdTe materialp-type doping, Shockley-Read recombina- Powerful possibilities of the QWIP technology are asso-
tion, trap-assisted tunneling, surface and interface instabilieiated with VLWIR FPA applications and multicolor detec-

ties). tion. Three-band and four-band FPASs have been demon-
Comparing photovoltaic HgCdTe and QWIP technolo-strated.
gies, we arrive at the following conclusions: Until now, efforts in the area of QWIP technology have

(i) Two major issues that impede the performance ofbeen limited to increasing the operation temperature for tac-
QWIP’s should be overcome: optical conversion efficiencytical applications. The discussion presented in this paper in-
and dark current. dicates, however, that more effort should be directed toward

(i) In the case of HgCdTe, the improvement in the arraydeveloping QWIP for VLWIR strategic applications.
uniformity is necessary. Despite serious competition from alternative technolo-

(i) QWIP seems to have more potential for LWIR and gies and _progress slower than expectc_ed, HgCdTe is unlikely
VLWIR FPA operation(also with multicolor detection to be seriously challenged as far as high-performance appli-

The main drawback of LWIR QWIP FPA technology is cations(requiring multispectral capability and fast _respdnse
that the device performance is limited to long integration@® concerned. The recent successes of competing detectors

time applications and low operating temperature. The mairr°°l€d cryogenically are due to technological, not fundamen-
advantages are linked to the performance uniformity and t&2! issues. The steady progress in epitaxial technology can

the ease of fabrication of large size arrays. The large indué_ﬂ?ke Hgﬁdh'l_'ehdevices ”?“Ch more afforda?lz irz:gh_lt_e future.
trial infrastructure in IlI-V material/device growth, process- e much higher operation temperature of HgCdTe, com-

ing, and packaging brought about by the extensive applicaPared to low-dimensional solid devices, may become a deci-

tion of GaAs-based devices in the telecommunications' © argument in this case.

industry gives QWIP’s a potential advantage in producibility

and cost. The only known use of HgCdTe, to date, is IR

detectors. The main drawback of LWIR HgCdTe FPA tech-APPENDIX

nology is the unavailability of large size arrays necessary fog ngise equivalent difference temperature

TV and larger format. o ) o _
Even though QWIP is a photoconductor, several of its __Detectlwty provides only a !lmlted insight into the_ sw.t—

properties, such as high impedance, fast response time, |o|z?§?|llty of IR detectors for speqﬁc IR systems. T_he objectllve

integration time, and low power consumption, comply wel criterion of performance of imaging devices is the noise

with the requirements imposed on the fabrication of largefduivalent difference temperatu(8lEDT); i.e., the differ-
FPAs. Due to a high material quality at low temperatures,ence in temperature of an object required to produce an elec-

QWIP has potential advantages over HgCdTe in the area &Ec signal equal to the rms noise voltage. While normally

VLWIR FPA applications in terms of the array size, unifor- F\Igggrht of ?ﬁ a system paratn;eter, dtetectlor NEDLEqus_yS;em
mity, yield, and cost of the systems. QWIP FPAs combine are the same except for system fosses. IS de-

the advantages of PtSi Schottky barrier arr@yigh unifor- fined as
mity, high yield, radiation hardness, large arrays, lower)cost Vo (dT/9Q) AT
with the advantages of HgCdTéigh quantum efficiency T (aVo/aQ)  MAVY (A1)

and long-wavelength responsé is also anticipated that the ) ) ) )
inherent QWIP polarization sensitivity can be exploited in IR WhereVn is the rms noise and Vs is the signal measured for
imaging systems to discriminate between targets and decoyg‘.e temperature differencsT. It can be shown thaf®

The performance figures of merit of state-of-the-art ~ NEDT=(rC 7,BUP\/[\TW)—{ (A2)
QWIP and HgCdTe FPAs are similar because the main limi-

tations come from the readout circuits. Performance is, howXhereC is the thermal contrast which in the MWIR band at

ever, achieved with very different integration times. The very300, K'is 3.5%-4% compared to 1.6% for' the.LWIR band.
N,, is the number of photogenerated carriers integrated for

short integration time of LWIR HgCdTe devicdsypically ) S i
below 300us) is very useful to freeze a scene with rapidly one integration timey, :
moving objects. Due to excellent homogeneity and low pho- N, = 7A4t;»Qs - (A3)
teIet;tncaI gain, QWIP devices achieve an even bfetter NEDTThe percentage of BLIByg,p, is simply the ratio of photon
the integration time, however, must be 10—-100 times longeltnoise to composite FPA noise:
and typically is between 5 and 20 ms. The choice of the best ’
technology is therefore driven by the specific needs of a sys- N;Z)hoton ) 12
tem. Observation of the global market for the last few years  7gLip=| 5 — | - (Ad)
indicates that even though LWIR HgCdTe photodiodes ex- Nonoton™ Nepa2

hibit intrinsically higher performance than that of QWIP de- It results from the above formulas that the charge han-
tectors, the market tendencies for the future @eigCdTe  dling capacity of the readout, the integration time linked to
for small formats(e.g., 12& 128), small pitch, high frame the frame time, and dark current of the sensitive material
rates, and low integration times, aril) QWIP for large  become the major issues of IR FPAs. The NEDT is inversely
formats (e.g., 640<480 and larger low frame rates, and proportional to the square root of the integrated charge, and

large integration time. therefore the greater the charge, the higher the performance.
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The distinction between integration time and FPAsAt low frequenciesAT,=(4kT?R,Af)Y2 It appears that
frame time must be noted. At high backgrounds it is oftencorrelated double sampling of this limitation with an inte-
impossible to handle the large amount of carriers generategrated timer,,, gives°
over a frame time compatible with standard video rates. Off- 2KT2[1— expl — Tim/Rtthh)]rz

FPA frame integration can be used to attain a level of sensor AT =
sensitivity that is commensurate with the detector-limited Ctn

D* and not the charge-handling-limiteaf* . where it is assumead f=1/R,,C,,. Comparing Eq.(A11)
with a signal fluctuation change given by

1—ex;{— Tint )
RinCin

2kT2 :|l/2 1

(Al1)

Rin, (A12)

a. Photon detectors AT= ( 3—$> AT

The sensitivity of an IR system can be expressed in a
variety of ways:® In this paper we follow the paper recently one obtains
published by Kinct?

The limiting factor of detector sensitivity is the fluctua- NEDT:[ ,
tion in the relevant carrier concentration since this deter- Ctn[ 1~ €Xp( = 7int/RinCin) ] (dP/dT)&*iB)
mines the minimum observable signal. This fluctuation is
envisioned by assuming that the detector current is integratetthere @P/dT) is the differential change in radiated power

on a Capacitive node, g|V|ng a variance per scene temperature Change in the spectral region of inter-
1o est. The integration time should fulfill the condition,
NY2=g (Ta+18) Tint ’ (A5) ~ 2Ry, Gy, to avoid image smearing. The maximum value of
q Ri, is given by the radiative coupling with the upper limit
whereg is the gain,l 4 is the detector dark currerity is the ~ €dual 4X 10° K/W for a 1 mil pixel size. For micromachined
background flux current, ang,, is the integration time. (es_onant cavity bqlometers Wlm optics, there is a f|n|.te
The noise equivalent flukalso named as the minimum limit of detector thickness. Typically=3000 A. For 1 mil
observable signaiis given by pixel size a volumetric specific heat is about 2 Ji¢tn
gA® 77 A=NY2, (AB) 2 GaAs/AlGaAs QWIP's

where 7 represents the overall quantum efficiency of the de-5. Thermar generation
tector, including the internal quantum efficiency. Using last

two equations, the noise equivalent flux can be described arjcho-rhe carrier generation rate from the QW's due to optical

nons may be obtained8%
o 90T a/l) P

n
N1/2 (A7) Gphon= NQW—SZ, (A14)
T
Because whereNgyy is the number of QW'spy; is the 2D density of
AT carriers originating from the excited subband state, aisl
Ad= dbo7dT (A8) the lifetime of electrons in the upper state. It can be shown
B that
if we substitute the above, we have for the noise equivalent . 32
difference temperature _ 2mm* kT _ Vo~ Ef
Ne=Lp BT ex T (A15)
1+14/lg)®
nepT= I olo)Pe (A9)
(ddg/dT)NM2 __ AhepABedlp (A16)
where @®gz/dT)/dg=C is the scene contrast. For unlim- qZEphonll

ited available capacity\'? varies agg, andA® and NEDT | these equationd,,, is the mean well spacingn* is the
are independent of the gag However, for a limited maxi-  electron effective maskis the Boltzmann constarton is
mum well capacityN, both bandwidth(Af) and NEDT will  the phonon energy, arid is a dimensionless integral close to
very asg. These parameters depend on specific system anglin the 8—12um range for a quasibound upper state. More-
detector quantities such as area and bandwidth, where bangyer, AE s the cutoff energy defined a&E.,=hc/\,
width is defined as\f=1/27. =V, —E; (V, is the barrier energy of the QW, and is the
cutoff wavelength, 1/e,=1/e..—1le; (€., and ¢ is the di-
electric permittivity at infinite and zero frequency, respec-

b. Thermal detectors tively),
In the case of a thermal detector, the limiting tempera- n..h2
ture fluctuation is given by Er—E,=—0—, (AL7)
2 4am*
AKT?RyAf _ . . ,
ATo=\——T 52 (A10) is the Fermi energy of the well, amil; is the 2D carrier
1+ w7, density in the ground state. It should be noted g,
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does not depend o, and is therefore a more fundamental
guantity of a QWIP, in contrast tng, and 7. The following
parameters have been assumad:=0.067,, €,=63¢,
Ephon=36 MeV,ng; =2x 10" cm™2, and Nyy=50.

b. Quantum efficiency

An unpolarized double-pass quantum efficiealya 45°

angle of incidencgis equal to
1—exp—2al)

5 , (A18)

7

wherel is the total active superlattice length. The factor of 2

A. Rogalski 4389

i 1/2
TlAl
n+p/y

Aoy

* _r
21/2hC t1/2

(A22)

The resulting Auger generation achieves its minimum
for p=y"%n;. Sincey>1, the highest detectivity of Auger
limited photodetectors can be achieved with a ligkiype
doping.

The requiredy?n; p-type doping is difficult to achieve
in practice for low-temperature photodetectt@t® control of
hole concentration below thex510™ cm™2 level is difficult)
and thep-type material suffers from some nonfundamental
limitations such as contacts, surface, and Shockley—Read
processes. These are the reasons why the low-temperature

in the expon.ent of Ec(Al8) accounts for a double pass apd detectors are typically produced from lightly dopedype
the factor 2 in the denominator accounts for the unpolarizegh, ~iarials. In contrasp-type doping is clearly advantageous

beam.
As Levine has discussed, the behaviorpofesults from

the fact that the net quantum efficiency is composed of twq, + _ p andP*

components. One is the optical absorption quantum effi
ciency 7, (e.g., the fraction of the unpolarized incident pho-
tons which are absorbed by the intersubband transititime
other factor is the probabilitp, that a photoexcited electron

will escape from the quantum well and contribute to the

for LWIR and near room-temperature detectors.

Rogalski and Ciupd have compared the performance of
—n LWIR HgCdTe photodiodes. It appears,
that for the lowest doping levels achievable in a controllable
manner in the base regions of photodiodég,€5x 10"
cm 3 for n*-p structure, andNy=5x10" cm 3 for P*
—n structure the performance of both types of photodiodes
is comparable for a given cutoff wavelength and tempera-

photocurrent, rather than being recaptured by the originating, .o

well. That is, we can express the totaley quantum effi-
ciency n as

7= Nale- (A19)

For bound-to-continuum transitionp, varies from 34% to
52% at low bias and increases toward unity at high bias.

3. HgCdTe photodiodes

The Auger mechanism is more likely to impose funda-
mental limitations to the LWIR HgCdTe detector

4. InSb photodiodes

InSb photodiodes are generally fabricated by impurity
diffusion and ion implantation. Epitaxy is not used; instead,
the standard manufacturing technique begins with bulk
n-type single-crystal wafers with a donor concentration of
aboutN4g=10" cm~3. The Shockley—Read recombination
centers are an intrinsic characteristic mtype InSb. The
electron and hole lifetimes are equal because-tgpe ma-

08 H it . . . . .
performance’® Assuming a nondegenerate statistic, the Au-terial there is a single set of recombination centers. The elec-

ger generation rate is equal to

s8],

wheren andp are the electron and hole concentratior]s,
and 7y, are the intrinsic Auger 1 and Auger 7 recombination
times, andy= 7,/ 7, is the ratio of Auger 7 an Auger 1
intrinsic recombination timesr,, is given by

n 1

= p =

P

Y

Ga (A20)

1+2u
1+u

kT

E
3.8x 10_186§(1+,(L)1/2(1+2,U,)GXF{ —9}

i
T =
A (M /m)|F 1F 5| 2(KT/E)¥2

in s, (A21)

where u=mg/mj is the ratio of the conduction to the
heavy-hole valence-band effective massgss the relative
static dielectric constant, arféy, andF, are the overlap in-

tegrals of the periodic part of the electron wave functions.

The value of[F;F,| is taken as a constant equal to 0.2. The

tron and hole carrier lifetimes of high-quality material at
temperatures below 130 K obey the expresSidn

4.4x108
r=———, ins (A23)
Ng
The thermal generation can be described by
G niz A24
th=Ngr (A24)

5. Extrinsic photoconductors

At the low temperature of operation of impurity photo-
conductors(when KT<Ey and n<Ng, Np), the thermal
equilibrium free-charge carrier in amtype extrinsic semi-
conductor with a partially compensated singly ionized level

is equal tdtH112
2 ed -5
ex .

nth=nmaj=7

Nd_ Na
Na

Eq
kT

(A25)

vy term is of high uncertainty. According to Casselman andHereN. is the density of states in the conduction baNgljs

Petersetf® for Hg,_,Cd,Te over the range 0.56X <0.40
and 50 K=T=<300 K, 3<y=<6.
The Auger-dominated detectivity is equal to

the donor concentration\, is the compensating acceptor

concentration, andey is the bonding energy of the donor
relative to the conduction band.
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The majority carrier lifetime is determined by the den-

sity of empty (ionized donor levels and, for low tempera-
tures, such that,,,;<N,<Ng, is given by

7=(ovnNa) 7 (A26)
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