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Abstract

The performance of Ga/@AIGaAs  quantum well infrmxl photodetectors (QWI P) spccit’icd

in terms of background limited temperature Tb and specific de[edvily  D* h~s km txdculatcd

bused on realistic detector parameters. It is found that for a detector with an external quantum

efficiency q of 6.970, Tb is 76 K fol’ a lo pm c~t~ff wav~~englh.  This V~lIJ~ of Tb agl~cs with

the recent experimental result and is significantly higher than tie previous estimation by Khch

and Yanv. If q is unity, the projected 7’b can b as high w 88 K with a D* Of 2.2 x 10] 1

cm~Jlz~, For a lower temperature operation, D* increases to 7.5 x l.O] ~ cm~HdW at 77 K,

comparable to that of a HgCdTe detector.
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Although quantum well infrared technology is progressing rapidly in rcccnt years, 1 the

ultimate performance of a GaAs/AIGaAs quantum well infrared photodetector (QWIP) has been

Pcrczivcd to bc much lower than that of a HgCdTc detector. This impression is based on the

assumption that, being a majority carrier device, the carrier lifetintc of a QWIP is cxtrcmcIy

shoxt which causes the thermal generation rate Gti much Mgher d~~~ ~ in~insic detcct~r.

Combined with irs relatively low external quantum efficiency V, the operating tcmpcraturc of a

QWIP would be much lower than that of a HgCdTc detector. In particular, Kinch and Yariv2

estimated the temperature for background limited performance (BLIP) to be 58 K for a cumff

wavclcmgth Xc of 10 pm, 50 K lower than that of a good quality HgCdTc tk!hxlor.

With the advancement of quantum well infrared technology, however, some of the

restrictions in the original estimation based on an unoptimizcd QWIP have been overcome by

better detector designs and better light coupling schemes. For example. tiul Of ~ QWIP LXM M

substantially reduced by lowering the doping density ~& by increasing the barrier thicknesS,3 or

by placing an electron energy filter next to a QWP  to form an int’ramd hot-electron transistor

(IHET).4 Concurrently, q can be increased significantly using an improved griiting coupler?’6

Recently, BLIP is achieved by an 11-IET with XC = 9.8 pm without a grating coupler at a

temperature of 77 K,’ significantly higher than the previous cstinmtion.  Therefore, it is useful to

reexamine the performance limitation of a QWIP in light of the recent development and project

its potential performance. In this work, wc will provide an cstima[ion ~ur the background limited

tcmpcraturc Tb and the dark current limitccl specific defectivity D* of a QWIP with different kc

based on realistic detector chamct.cristics,

It is well known that the thermal generation rate Gl~, defined as nUINL/z, plays tin
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2 where N is the number of’ quantumimportant role in determining the sensitivity of a detector,

well periods in a QWIP, L is the length of one quantum WCI1 period, and ‘t is the lifetime of a

photoelectron. n~ is tic volume density of thermally generated ckxtrons approximate y given by2

(1)

where T is the operating temperature, H is the barrier height, EF is the Fermi energy and El is

the ground state energy. Here, we assume a QWTP with only onc bound state in rhc WC1l and

ignore the presence of thermally assisted tunneling (TAT) process.~’g From Eq. (1), in addition

to lowering EP, n~) and hence Gti can hc reduced by increasing the barrier thickness, provided.

that the factor NL/t is independent of L, which is found to hc the ca.sc.9 The tkx that ~ is

10 that optical phonon emissionindependent on L is consistent wilh the theoretical considcm[ion

time is proportional to L duc tn normalization of the initial continuum state wavefunction.

Physically, it means that a photoelectron spends more time in the barrier where recombination

is not possible. Since NLh is independent on L, Oh is inversely proportional M L us long M the

photoelectrons arc delocalized. one concern of increasing L is thut the optical absorption might

be mduccd since the oscillator strength is also dependent on the wavci’unction  nw-rnali~.ation

length. However, the increase

oscillator strength reduction,

of the density of the continuum states exady compensates the

and hence the optical absorption for each quantum WCII is

independent on the barrier thickness, 11

For example, considering a QWIP with N = 30, Nd = 5 x 1017 cm-3, well width W = 50

A, barrier thickness B = 500 & Al molar rtitio x = 0.25, the lmrriw height H and the Fermi

energy Ep are equaI to 187 and 8.9 meV, respectively. Using Eq, (l), n[ll is calculaux.1 m bc 2.1
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x 109 cm-3 at 77 K. Note that at this doping level and the assumed L, n~h is about thrw orders

of magnitude lower than the minority carrier concentmtion (= 1.5 x 1012 cm”3) of u good quality

HgCdTe detector, which had been ignored in the previous tislimation. To detelminu the lifctirnc

t, the opto-electronic properties of an IHET having the speciticd QWIP as the emitter arc

characterized.’ At the emitter voltage VC = - 1 V, the emit[er dark current density J~e is 6.5 x 10-4

A/cm2, from which the transit time (=NL/vd) is calculated to be 88 ps. At the same time, from

the photocurrent  measurement, g is determined to be 1.0 at this bias, which gives z a value of

88 ps. This value of ~ is significantly larger than the previous cstinl;ltion of 8.5 ps,2 Iwl is closer

to the recent experimental result of 50 ps for a higher doping sample.g  The larger ~ is due to the

larger L for the present QWIP ( 550 ~ vs 330 ~ assumed in ref. 2 ), a higher mwsumd gain (

1,0 instead of an assumed value of 0.5 ) and a lower measured Vd ( = JdC/nuie = 1.9 x 106 cm/s

instead of an assumed value of 1 x 107 
cm/s ) at the stated Vc. Combined with the calculated nul,

Gti is estimated to be 4.1 x 1015 e-/cm2/s, rmly a factor of 10 larger than a good quality HgCdTe

detector, rather than five orders of magnitude larger as estimated previously.2 The discrepancy

of the two estimations is mainly duc [o Lhe fhct that the shorter lifetime 01’ a QWIP (104 shorter)

as emphasizd  previously is largely compensated by the smaller carrier cmwcnm.ttiou (103

smaller), leading to a comparable thermal generation mm. Here, wc note that although G~h

determines the sensitivity of individual detectors, it does not contain all the inform~ticm regarding

10 system performance. For a given GUI, a detector with a smaller n~h and a shorter r will have

the advantages of a smaller power consumption, a larger ROA va.htc and a higher speed.

In order to determine whether the estimated Gul is low enough for dcitx[ur applications.

it needs to be compared with the optkul generation rate GOP (= TO), where q is the cxkmud
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quantum efficiency and @is the optical flux. From the photoctment measurement of the spcci ficd

QWIP, kc is measured to bc at 9.8 pm with an absorption width of 1.7 pm. from which 0 is

calculated to be 2.3 x 1016 ph/cm2/s for u 300 K background and a field of view F(IV or 36°.

From the optical absorption mmsuttmcnt, ?l is determined to bc 6.9 % at the absorption  peak

using a 45° light coupling angle at the mesa edge wit.hou[ an ttntircllection cotiling.  Hence, G{)l,

is equal to 1.6 x 1015 c“/cm2/s, a factor of 2.6 IOWC14 than Gtll. Thcrcforc, the spccilicd QWIP is

no[ BLIP at 77 K under the present experimental condilion. This cstitni~ti(m  is close m dw

measured lath of dark current to window phototxm-ent of 3.0 at tic stated ‘VC.7

However, Gth can be further reduced by using an IHET structure. With an electron energy

high pass filtcr,~” the dark current with energy up to EC can be totally suppressed, whew F.c is

the electron energy cowesponding to & For the electrons with E > EC, a fraction of electrons,

which is referred M the collection efficiency f,12 will he collected at the collector. “rhe value of

f depends on a number of factors. For example, it depends on lhe hw-electron population in the

ballistic peak and in the phonon replicas after the lmt-electrons travel across the base, 12 the

relative position betwwm the filter bwricr height and the hot-electron distribution, and Lhc

impurity scattering rate. Since the value of f is not the focus of this work, wc conmnt  here with

the fact that the absolute value of ~ does not affect Tb bccausc the fihcr suppresses both the dark

current and the photocurnmt  equally for E > EC. In the present case, EC is 7.5 mcV higher than

H, so that nlh is reduced by another facmr of 3.1 at 77 K, and GUI is equal to 1,3 x 1015 c-/cm2/s,

only about ti factor of 3 larger than that of HgCdTe detector. The rcduccd n~h allows lhc IHE’I’

operated in BLIP condition at VC = -1 V, which is confirmed cxpcrimcntally.’ At Iowcr VC, Tb

increases to 80 K.
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Encouraged by the agreement hctween the ptwent txstimation and the cxpcrimcnt, wc

extend our estimation on Tb to detectors with different kc. In order to determine G(J1,, we ohtaincd

& and the absorption Iinewidth for diffcmnt well width W and Al molar ratio x bawd on our

previous calculations.1‘ ‘J%C theoretical result together witi our cxperimcn[al  data is shown in

Fig. 1. The theory predicts accurately lhc optical propenies of a QWIP. in order M simplify the

discussion, wc will assume a constant W of 50 A in the cstirnation of Tb. For a Iixtxi W, q will

be fixed under the same experimental conditions since the oscillator strength is indcpcndcm on

x. 11 From the optical properties of the QWIP and the assumed TI = 6.9 %, G,)P can he calculated

under the speci13ed experimental conditions.

On the other hand, with T and L assumed to bc constan~ Gil) can be obtained from

(1) for different x. Thc background l.imitcd temperature as a func~ion of Ac at which Gop =

Eq.

%

for both the QWIP (labeled as TM) and the lHET (labclccl as T~) is shown in Fig. 2. The theory

shows that TM is generally higher than “i’bc except for short & whore the rcxmnanl stw becomes

quasi-bound. In such case, an absorption width of 1.2 pm duc to impurily broadening is assumed

in the theory. Fig. 2 also shows the cxpwimenud data for detectors with oplimimxl structures at

the respective & For cletecter A lubclcd in Fig. 2, W is equul to 50 & Nd = 1.2 x 1018 cm-3,

B = 500 ~ and the quantum WC1l banicr is equally divided into three layers of different x: 0.28,

0,305 and 0.3310 suppress the TAT curnmt at the QWIP. The absorption width of [his structure

is relatively wide (2 pm) because of the lack of parity symmetry, and [hc kC of this detector

measured at the emitter (9.4 pm) is slighdy longer than that mcasumd at the coltcctor (8.8 pm).

Detector B is the same detwtor discussed above as an cxatnple. For dtxcctor C, W = 66 & Nd

= 5 x 1017 cm-s, B = 500~, and x = 0.15, and for tic dcl~t~r D, w = 60 A, Nd = ~ ~ 10I7 ~m-
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3, B = 500 A, and x=0.15. The larger W adopted for longer LC is to improve TI at the ttbsorption

peak through the increase of the oscillator strength.
1] However, the integrated absorption strength

will remain the same due to the ciecreuse of the absorption width as shown in Fig, 1, thcrcforc,

the present estimation is still applicable. Fig. 2 indicates that the present simple calculation

provides a good estimation for both Tbc and TW Nevmthcle.ss, the gtip between “l”M uud l’~ is

usually larger than the theoty predicted due to the presence of TAT curren~ which is not included

in the theory.

With a grating coupler, q is expected to be enhanced. Jn Fig. 2, wc provide an estimation

for Tb if q can be increased to unily. No@ tia[ even for a 36° FOV1 ‘b~ can be M high ~$ 88

K for a 10 pm cutoff, 30 K higher than the pmious  estimation and is clo.scr to a value of 82

K estimated by Liu ba.scd on a model calculation. 13 Compuwd with HgCdTc cictcctors, the Go[)

of an IHET is usually lower becwse of the narrower absorption width, lead”mg to a lower Tb. But

for any given bandwidth required by an application, one can usually design an H4ET that can

match this brmdwidth, md hcncc having a Tb $imilar 10 HgCdTe de~ct~rs.

In addition to Tb, one can also estimate the dark current limited 1)* for the dlwtor a~

the operating temperature equal 10 Tk. In evalua~g  D*, wc ntxd to know the collection

efficiency f for a pmicular detector. Here, we assume f = 1, which may be achieved by using

R very narrow base to confine tie photoelectrons in tic ballistic peak4 togcdmr witi u gtudcd

high pass filter.7 Fig. 3 shows the theoretical D* for different q. If q = 1, D* is equal to 2,2 x

1011 cm~Hfl at 88 K and 7.5 x IO” cm~HZIV at 77 K, compmablc m u D* of 2 x 10]2

14 Fig 3 also shows the cxpcrimcntd dutiI at TbC withcm~Hz/W for a HgCdTe detector at 77 K. . .

q = 6.9 %. The data arc lower than the theoretical curve since f is designed m lw lCSS than 1 in
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these dek!ctors. As noted previously,7 a large D* may not translate to a better lbctil plane way

jwfornmnce  sinoo a detector with f = 1 will gcncratc mo Iargc the current lcvci for signal

integration. Instead, the present dctcctcm are optimimd for the 10WCS1 noise cquiva-knt

temperature difference for the currently available readout circuits.

In summary, wc have refuted the notion that the performance of a QWIP is ncceswrily

inferior to a HgCdTc detector. In fwt, the thermal gtx-wrntion rate and tic quantum Micicnc y of

a QWIP can be made close to that of a HgCdTe detector, and hence a QWIP offers cmnparablc

performance for infrared detection even on the individual detecmr level, as demonstrated by

Lundqvist  et al. rcccnt~y.s At longer wavclcngt.h regime, tlw prcpamtion of HgCdTc detector

arrays becomes inatmsingly difficuk buwuse of material nonuniformity. In this case, the higher

GaAs mnterhil quality of QWW urmys becomes critkwl. For a cutoff of 15.4 }un, the present

calculation shows that with a quantum efficiency of 0.5, tie dw.ectivity

59 K is 1.2 x 101 ~ cm~Hz/W, sufficient for most space applications.
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Captions

FK3, 1 A plot of cutoff wavelength kc and absorption width of a QWLP M a function 01’ bmkr

Al molar ratio x for diffcmnt well widths. l%e figure also shows the cxpcrimcnmi optical

properties of four QWIPS with W = 66 ~ (diamonds), 60 ~ (circles), 50A (.squwwsk and 44 ~

(triangles).

FIG. 2 A plot of background limited tcmpwature for the emitter T& and tic collector TM as tl

function of cutoff wavelength XC for two values of quantum efficiency 0.069 and 1.0. The plot

also shows the experimental TbC (circles) and Tk (triangles) using 4S0 light coupling angle with

a field of view of 36°.

FIO. 3 The theoretical dark cument limited detcctivity D* m a function of cumff’wavekmgth kc

at the operating temperature equal to Th for different vahms of quantum efficiency. In this plot,

the collection cfflcicncy f is assumed to be unity. The plot also shows the measured collector

defectivity using 45° light coupling angle.
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