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Quarterly Progress Report
(covering the )eriod of August I - October :31. 1991)

DARPA IR Detector Contract under Navy Grant #NOO14-91-J-1976

Project Title: Development of Ultra-Low Noise, High Sensitivity Planar Metal
Grating Coupled AlGaAs/GaAs Multiple Quantum Well Detectors for Focal

Plane (FPA) Staring IR Sensor Systems

i. INTRODUCTION

Since the beginning of this DARPA sponsored IR detector project, we have made significant
progress toward achieving the original project goals. WVe have designed and fabricated two
new types of IR detectors using step- bound-to-miniband (SBTM) and bound-to-miniband
(BTM) transition multiple-quantum-well (MQW)/superlattice (SL) ba Iier structures grown
by MBE technique. The SBTM IR detector uses a slightly strained I,10.0 7Gao.93As quantum
well with short-period Ao.,,Gao.6As/GaAs superlattice barrier grown on a GaAs substrate,
and the BTM IR detector uses an enlarged InoA7Gao.53As quantum well with sholt-period
superlattice Ino.,4sAlo.52As/InO.,17Gao.s3As barrier grown on an InP substrate. The results
showed that the dark current for the SBTM IR detector measured at 77 K was more than one
order of magnitude lower than the conventional QWIP's (using bound-to-continuum band
transition) reported in the literature. The detectivity for the SBTM IR detector structure
measured at 50 0 light incident angle was found to be 2.1 x 1010 cmv-/Ilz/lV at Vb = .5 V and
T = 63 K. The other (BTM) IR detector structure showed a largely enhanced intersubband
absorption at 10.73 lim (demonstrated for the first time) and a reduction of dark current by
three orders of magnitude over the conventional LWIP's. To optimize the grating couplers
for the top and back illumination, we have designed and fabricated 10 new photomabks with
various grating patterns and different grating periodicities to be used for the proposed study
of light coupling efficiency versus grating periodicity in the large area MQW/SL IR detectors.
Specific accomplishments during this period are summarized as follows:

Developed the first grating coupling AlGaAs/GaAs MQW/SL IR detector using bound-
to-miniband (BTM) transition, and achieved a detectivity D* = 1.6 X 1O'cmV"Iz/W
at A = 8.9 ;m and T = 77 K.

* Performed a systematic study of planar metal grating couplers with grating periods
of A = 1.1, 3.2, 5, and 7.2 pm on this MQW IR'detector under normal illumination.
Detector with a quantum efficiency as high as 21.7% has been achieved by using a 5
jtm surface grating coupler. Further improvement in the light coupling efficiency can
be expected by optimizing the grating parameters.

Designed and fabricated 10 new photomasks with various grating pattens and different
metal grating periodicities. These photomasks will be used in our new MQV/SL IR
detectors for front ohmic contacts and light coupling.



* Designed and fabricated a new lowdark current. high detectivity . I p-hoitd-io-iitb;n,
(SB'l'M) III detector structure by using a slightly sirained -I l(,t.\.s qui iiki well %%il h
short-period superlattice GaAs/AIGaAs barrier. More than -uie orlcr of iiagiiiihde
reduction in the dark current has bcen obtai'ied in this detector. Ihe dCclCdivitv I'br
this new IR detector was found to be 2.1 X 10'0 cmv/'Tz/ at Vt, = 5 V and T = 63
K.

* Designed and grown a new bound-to-miniband (BTN[) transition InGaAb quantum
well with short-period superlattice InAlAs/InGaAs barrier grown oil an 1iP subbtrate.
A strong intersubband IR -absorption at T = 300 IK and A = 10.73 in has been
observed for the first time in this-structure. An integrated optical absorption strength
of I,, = 19.5 Abs-cm- 1 was obtained at the Brewster's angle 0B = 74.5' and at T =
300 K, which is about five times larger than that of the conventional single bound-to-
bound transition. The results clearly show that the enlarged quantum well and broad
miniband are superior for large infrared absorption- and detection.

# A paper, entitled,"A metal grating coupled bound-to-miniband tran.ition GaA6 Mulit-
ple Quantum WVell/superlattice infrared detector," has been published in Appl. Phys.
Lett., 59 (11), pp.1332-34, Sept.9, 1991.

* A paper entitled, "Largely enhanced bound-to-miniband absorption in an InGaAs rnul-
tiple quantum well with short-period superlattice InA1As/InGaAs barrier," accepted
for publication in Appl. Phys. Lett., 59 (21), 18 November,1991.

* A paper entitled, "A low dark current step-bound-to-miniband absorption InGaAs/GaAs

/AlGaAs multiple quantum well infrared detector," submitted to Appl. Phys. Lett.,
October 22, 1991.

s An abstract, entitled"Largely enhanced intersubband absorption in a wide InAlAs
/InGaAs quantum well and short period superlattice," submitted to the SPIE'S 1992
SYMPOSIUM1 on Quantum Wells and Superlattices, Somerset, NJ, 23-27 March,1992.

* An abstract, entitled "Grating coupled bound-to-miniband III-V quantum we!l
/superlattice barrier infrared detectors," submitted to the conference on Infrared De-
tectors and Focal Plane Arrays at OE/Aerospace Sensing 92," Orlando, FL, April
20-24,1992.

II. COMPARISON OF DARK CURRENT MEASUREMENTS IN QWIPs

In this siection we compare the results of dark current measuremcnts madc oil foul different
types of quantum-well infrared photodetectors (QWIPs) fabricated during this reporting pe-
riod. To facilitate our study of the performance of various Q\VIPs, we have designed and
fabricated four different types of III-V QWIPs grown by MBE technique. Figure 1 -hows
the energy band diagrams of these four different types of QWIPs: Fig.1 (a) is a conven-
tional bound- to-continuum band (BTCB) transition AIGaAs/GaAs (-180/410 A) znitltiquan-
turn well infrared (IR) photodetector, (b) a bound-to-miniband (BTM) transition GaAs (88
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Figure.1 Energy band diagrams for four different types of III-V
quantum well infrared photodetectors (QWIPs)
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Figure.2 Dark current versus bias voltage for four different
QWIPs shown in Fig.1, measured at 77 K.
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A) quantuin well/AIGaAs-GaAs (58/29 A) superlattice barrier IR det'Ctlr. (c) a Il,,-
to- mi libaud (13TM) transition l n aAs qualutuni well (110 w )/ im .\lI.\.- I m1(.\ .- ,I Id i,
barrier structure grown on ain hilP substrate. and (d) a stel-boud-t-mi,,i~ml S 131NI
transition slightly strained lnGaAs quantumi well(106 A)/AIG,,A-,-GaA /5!) A) up i -
lattice barrier structure grown on a GaAs substrate. rhe bitrrier heights for ,ti ictule.s (a).

(b), (c), -and (d) are given by 190, 300, 530, and 370 ,neV. respectively. Thme dark _1twilCut.
measured at 77 K as a function of bias voltage are shown in 1i"Ure 2. Lhe result. showed
that the dark currents for our (BTM) and-(SBTM) Q\VIPs shown in Fig.1 (b) throu.,h Fig. I
(d) measured at Vb = 2 V and T = 77 K were two to three orders of magnitude lower
than the conventional QWIP's shown in Fig.1 (a). Since the dark current in these Q\WIPs is
dominated by the thermionic emission at 77 K, the results are consistent with the theoretical
prediction (i.e., the therminoic emission current depends exponentially on the barrier height
in the quantum well). Detailed description and assessment of the performance characteristics

.for these new QWIPs (Fig.1 (b) - (d)) are given in Section IV.

III. INTERACTION WITH INDUSTRIAL LABORATORIES

In this IR detector project we have put our emphasis on establishing _illabu rations with re-
searchers in industrial laboratories who are interested in the long wavelength Ill-V qu-ntum-
%vell infrared detectors grown by MBE technique. The research team at the University of
Florida consists of Dr. Li, the principal investigator, and four of his graduate btudcuts who
are working on their Ph.D. research in IR detector project. All th quantum well/uperlattice
IR detectors are designed, fabricated and characterized by our group in the microelcctron-
ics laboratory of the Electrical Engineering Department of the University of Florida. Dr.
Pin Ho of the Electronics Laboratory of General Electric Co. has helped us growing the
InGaAs/GaAs/AlGaAs and other quantum well/superlattice layer structures by MBE tech-
nique. The collaboration enables us to make rapid progress in our IR dct.:.tot project. \c
antic;pate this collaboration to continue for the coming year and beyond. We have also
exchanged the prepublication information on the IR detector pape.., with Dr. Barry Levine
of A T & T Bell Laboratories. And Dr. Li plan to visit Dr. Levine's laboratories in
March, 1992. Collaboration with these people will definitely benefit greatly to our ongoing
IR detector research.

IV. TECHNICAL RESULTS

4.1. A Low Dark Current Step-Bound-to-Miniband Transition
InGaAs/GaAs/AIGaAs Multiquantum 'Well Infrared Detector

The possibility of realizing novel high-speed quantum well de kes such as lasei, photodete,
tors, aad modulators has spurred extensive investigations on Iiie interbubband absorption :n
quantum wells and superlattices" - . A great deal of work has been reported on the lattice-
matched GaAs/AIGaAs1 - ' and InGaAs/InAlAs/InP 1 -5 1 7 quantum well systems. Rcccnt
studies 13" 6 revealed that 8 - 12 /m infrared detectors may be obtained by using a multi-
quantum well(MQW)/superlattice (SL) barrier structure and resonant tunneling mechanism.
A significant improvement in intersubband absorption and thermionic emission property
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has been successflkl demionstrated using GaAs/AICaAs superlauit.C W1il liol.d IM1111(1-t -
Inillband (BT) transition 1' l structure. The replacement of bulk Iarrier re'iuI wit i a N ery
short )eriod superlattice barrier layer offers several new properties such ,IS ledlUUtioI of iitiCr-
face recoinbination, elimination of deep level related- plleI1omeCnalS. lealizLtiull , a iw t% pe)
of (uantum photocurrent gain (, 10.1)9' 1, and a significant eidiinceiiieit ul" ieurbubl)dd
absorption16.

In this letter we report an ultra-low dark current lightly-strained InGaAs/Ga. s/AlG;\As
QWIP's based on the step-bound- to-ininiband (SBTM) transition, superlattice miniband res-
onant tunneling-and coherent transport mechanism. As illustrated in figume L, the tranbition
scheme of our QWIP's is from the localized bound ground state in the enlarged In 0 .0 7 Ga0 .03 A-b
quantum wells to the resonant-coupled miniband of GaAs/ Alo.4Gao.bAb superlattice (SL)
barrier. This new structure created a potential 'step' in the superlattice barrier region to
block the undesirable tunneling dark current from the heavily doped ground state EE'L in
the quantum well. The physical parameters of the quantum wells and bupeilattices are cho-
sen so that the ground bound state- in the enlarged (EW) InGaAs well is pushed below the
step barrier, and the first excited level EEWuI of the quantum well is merged and lined up
with the ground level of the miniband ESL in the superlattice barrier layer to achieve a large
oscillation strength f and intersubband absorption coefficient cs.I6 . Since the superlattice
has a relatively thin barrier, the photoexcited electrons can easily tunnel through the super-
lattice barrier layer and transport along the aligned miniband, which are then collected by
the external ohmic contacts.

To characterize the SBTM transition we performed theoretical calculations of the energy
states EEIv, ESL and the transmission coefficient T*T on our LWIP's by using the multiple-
layer transfer matrix methods , and the results are shown in figure 2. It is noted that a
broad and strongly degenerated miniband ESL was formed inside the enlarged well by using
the superlattice barrier structure. The ground state of the enlarged InGaAs well is confined
much below the step barrier height so as to reduce the sequential tunneling and hopping
currents. As a comparison, in the inset of figure 2, we calculated the transmission coeffecient
of the superlattice for both the step-bound-to-miniband (SBTM) transition structure and the
normal bound-to-miniband (BTM) transition structure without the potential step. Many
orders of magnitude reduction in T'T were observed in the present SBTM structure.

The SBTM detector structure was grown on a semi-insulating (S.I.) GaAs substrate by
using the molecular beam epitaxy (MBE) technique. A 1 im thick GaAs buffer layer of
1.4 x 10 s cm- 3 was first grown on a S.I. GaAs substrate, followed by the growth of a 40-
period of 1n0 .07Ga0 93As quantum wells with a well w idth of 106 A and a dopant densit3
of 1.4 X 10 "S cm- 3 . The barrier layer on each side of the quantum well consists of a 5-
period of undoped Alo..,Gao.rAs (30 A) /GaAs (.59 A) superlattice laxers which were grown
alternatively with the InGaAs quantum wells. Finally, an n+-GaAs cap layer of 0.4 pim thick
and dopant density of 1.4 x 1018 cm- was grown on top of the MQ\V/SL layer structure
to facilitate ohmic contacts. An array of 200 x 200 pm " mesas were chemically etched
down to n+-GaAs buffer contact layer on the GaAs substrate. Finally, AuGe/Ni/An ohmic
contacts were evaporated onto the top and bottom of n+-GaAs contact lyers by using E-
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l)Caln evaporationi.

Decvice characterization was lpcrlOrle(1 in aL li(jIlidl-1I~IuI --)"Crvo iiC .r. AU I 1! -Iti
sem~icondulictor Imtranilter analyzer was used to Iineii.5urC the dark(Ci cint' %.. \ Lii ge il- \)
curves. Under dlark conditions, electrons canI triMisler Out Of the qud,1ILtui1 M!elb 111d pro-
dluce tile observed current miainly' Via two in1CChlinilSn. Onle ib atti ibutICd to theL Lll(Iiolli011
emission out of the-quantumn wells, which is the doinnt current wonpuuneut ,t Alighl CI ou-
peratures (i.e.. forT > 77 1K). The other is the thermally generated cat jors uinitehiuug tlhrough
the superlatticc minibanci. In the present SBTNLM transition structure, %%C' Li eateda lc itdted
potential step in the sulperlattice to b~lock murjioPf til tc clm current i. OIipien11t due to
electron tunneling from the heavily lpopulated ground state at low temperatures. We also
chose a ighI value of 'Al' comnposition, x = 0.4, wvhich gave rise to a bi rici potential ibhigh
as AE, 3SS-ineV' ("- 65%AE9 ), to-sup~press the thermionic ernibbion out of. the cItiantuni
wells. Fig-ure :3 shows the measured dark I-N curves for temperatureb ho-twecil .3.5 anid 92 1K.

'Substantial reduction in device dark current was achieied in the present, Step-potential rein-
forced In~aAs mnultiquantuin well/iGaAs/AIGaAs superlatutice barrier bti ucture. To identify
the origins of-the dlark currents flow in the detector we performed the jinmic(al Lak-ulatiou
of the (lark currents using the expression 10 20

=4-,qAv(6)mz"kT ~ TE )12{1171 + -(E-E/j V -4 + ' (1)

10 L

where v(E) is the electron velocity in GaAs which is given by 2 1

1 + (/L 0 )

where q is the electron charge, A is tile dlevice area, m" is thle electron effective mass, L is
the multiquanturn well period, Ef is tile Fermi level, E0 is the critical field which is equal
tLo 4 X 10' V/cm for GaAs. As previously described 8, the parameter IT(E, E)12 is thle field-
dependent transmission coefficient which can be calculated by using the multi-layer matrix
method, assuming the potential cnergy variation of VI(x) = 1" + q~x. Tile calculated current
values are in-good agreement .dth the observed-results, wim: shox~s that, the levitated se
potential barrier is indeed very effective in supp~ressing the device dar)' current. Another
interesting result observed in this SBTM LWVIP's (as shown in figure 3) is that the negative
resistance exhibited by tile sequential resoijant tunneling through an expanding high-field
superlattice domain 3 at T = 35 K.

Measurement of the intersubband absorption for tile present detector wa performed at 300
K using*a Perkini-Elner Fourier transform infrared (FTIR) spcctroscolp % r igure -1 shows thle
room temperature absorption spectra at the B~rewster's angle (08 = i.3) The measured
peak absorbance A = -logl0 [transmission] was found to be about 410 in.\li. Tlhe ab:sorption
p~eak is centered at 11.4 /tin. Thle full width at half-maximumiii (EWJIM) of thle absorption
peak is about 220 ctn'. To determine thle spectral responsivity, thle Cdg.e of thle baniple wias
polished into 500 to facilitate light illumination. Tile photocurrcnt wab mecabured using 't
CVI Laser Digikroin 210 xnonochrornator alfld anl ORIEL ceramic elciuient infratred souirce.
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The responsivity Ii\ 0.38 A/W was obtained at h = : V and T 77 K. Figu trc
shows the nornalized responsivity versus wavelenigth meaured ,at 77 K. -uin thi nv ,a,,.me.,
responsivity and dark current, we can calculate the detcctiviLy D- of the &-Iu0 ,1ing IIIe
relation

D' = R(A f) 1/(.qI 1 ( 1 Af)" (3)

where A = 4 x 10' cn 2 is the effective area of the detector, G is the optical gain whica is
taken as 0.5'". At Vb = 5 V, we found that valuco of the peak detectivity at \ = 10.5 jtn- are
D" = 0.81 x 10" and 2.1 x10l ' cm/v/7z/W for T = 77 and 63 K, respectively.

In conclusion, 'we have 'demonstrated a new stcp-bound-to-miniband (SBTM) transition
LWIP's using a lightly-strained InGaAs multiquantum well and a GaAs/A1GaAb superlat-
tice barrier layer structure and resonant tunneling mechanisms. The new structure provided
a levitated potential step in the superlattice barrier to block much of the tunneling cuirent
component from the heavily populated ground state in the quantum wells, which resulted-
in a significant reduction of the device dark current. The peak detectivity was found to
be D' = 2.1 x 10I°cmV/WTz/l at A = 10.5 rn and T = 63 K. With high detectivity and
uniformity, this new SBTM AVIP's can be used for a wide variety of long wavelength (e.g.,.
8 - 12 ym) infrared applications.
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4.2. Largely Enhanced Bound-to-Miniband Absorption in an lnGaA Iult.iple
Quantum Well with Short-Period Superlattice InAlAs/rnGaAs 3arrier

A strollg iliLteest in tile development of various lIigh-spced qunttmiA %(,I1 kimd-l Id-mtt,. td.-

lectors, and modulators has spurred extensive investigation., oil the i ll tIlbbnd , [A.Ui I)tiuti
in 1uantumn wells and sul)Crlattices' - . A great deal of work hais bc n ,tticd uti. inl dhc
GaAs/AIGaAs quantum well system -17, which shows that tle I ll-V qUniiitulin well and :,t-
perlattice structures are very promising for potential long waveleumtth (S - 12 in) inia ttdlc
al)plications. A variety of studies of intersubband absorption have aLo bue unkiduLt.ud in
the InAlAs/InGaAs system in the 3 to 5 jim wavelength range by using the bound-to-bound
transition' s'l! ' and )ou nd-to-continuum-transition 20 , which suggest that the InAlAb/lnGaAb,
with a large conduction band discontinuity (AE ,-, 500incV), is an ideal matetial system for
both the mid wavelength infrared (MWIR) and long wavelength infrared (L\VIR) applica-
tions. There are several other advantages of using the InAlAs/InGaAs in comparison to the

'AlGaAs/GaAs system. First, the Ino.52Alo.,sAs/Ino.53 Gao.,17As quantum- well has i smallei
effective mass (m" = 0.012 0no) and hence a larger drift velocity and much shorter transition
time, which is essential for many high-speed applications. Second, the higher barrier poten-
tial is particularly useful in suppressing the noise due to the electron thimionic euiision
out of quantum wells and hence reducing the device's dark current. lecent studies'' .show
that 8 - 12 im or longer wavelength infrared detectors could also be obtained in a much
higher potential quantum well structure by using superlattice barrici bt uctuic and iesouint
tunneling mechanism. A significant improvement in intersubbalnd ab,,oi ptiou ,ind thei miuu ic
emission property has been successfully demonstrated in the supeilattice rcinforced bound-
to-miniband transition structure 2 . The replacement of bulk batrier legion with veiy short
period superlattice multiple layers offers several new properties like reduction of interface
recombination, elimination of deep level related phenomena 2 ', realization of i new type of
quantum photocurrent gain (,,, 104)22,14,, and a significant enhancement of the intei.ubbaund
absorption.

In this letter we report a detailed study of the long wavelength (A, = 10.731;t) infiated in-
tersubband absorption by using a bound-to-miniband transition in the )eliodically eniliged
Ino.52Alo.4sAs/Ino.s3Gao., 7As multiple quantum %vell cladded by short-period supcrlattice
barriers. A typical band structure of a bound-to-miniband intersubband excitation used in
this experiment is depicted in figure 1. The transition scheme is fuom the localized ground
level Ew,1 of the enlarged well (EW) to the resonant-coupled miniband E.tL, of the super-
lattice (SL). The physical parameters of the quantum wclls and superlattices are chosen so
that the second level E, 2 of the EW is merged and lined up with the ground level miniband
ESL, of the SL on both sides of the GaAs quantum well to achieve a maxinum intersubband
absorption strength IA.

To understand the miniband property and bound-to-miniband transition spectra, theo-
retical calculations of energy states EW S,,, ,s, (where n =1, 2. ... ), and transmission
coefficient T*T have been performed for the multiple layer 1o.5 2Alo.,sAs/lno.53 Gao.,7A.S
MQW/superlattice structures by using the multiple-layer transfer matrix method''. In this
calculation, we have used the E,, = 0.76 eV, n' = 0.042 70 for tlme Jno.53Gao.,7 A-s, and ll
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1.L17 eV, in = 0.07.5 rn0 -.or 710-52AI0,18ils. The condluctiol-Ibalid liscoltinuhity i:, lae
as AE.. = .500 nleV. Result is shown in figuirc 2. It is n~oticedI that a wide( and ,[rowdvl
(hdc-neratcd iniibanci '.1SL was formed Iby using tile bUl)erlattice bSaida(111 . Ilc celiLlil VIII-

eroy p~ositioni of thle first minilband is at EslI = 1:38 ineV. idl the bawdIj1th o lie linsi
iIlinilband~ at TI, 0 1K is about 21r = 410 ineV. T1he roomn tempjerature (T = 300 K) bandwidthi
is cstimlated to be 217 = 60 rneV. Thc increased bandwidthi ofthle lfinilibad would be hlplul
to improve the integrated intersubband absorption strength I.,. Thle pcak absol ptioii wave-

length canl be found from Figrure 3 by using the relation A., = I.24/(fiSL,1 -ETh-11, + ~3
whecre ESL, = 138 meV, ESEWS, = 33 mneV, and Ex~h = 10 me1 2 2 ,wihyed A1, = 10.78
yin. For comparison, we have also included in Figure 2 the transmnission coefficient vs. the
lpoteitial energy (dashied-line) for a single quantum well with the samc barrier width (410 A)
of bulk InAlAs barrier. The result shows that there is a small energy shift in their cigenvalucs
in the quantum wells as compared to those with superlattice InAlAs/InGaAs b~arrier (solid
line), because the effective barrier heights for the two cases are no longei samec. However, it
significant difference, as expected, may come from the extremecly Iaigc transmission coeffi-
cient exhibited by the resonant tunneling minibanci E L (nearly twenty oi ders of magnitude
larger than that of the bulk barrier), indicating that the mniniband is a Xeiy efficient chiaige
transport channel.

T'ile Ino. 52A10.,,sAs/InO.53GaO.1 7As MQW/SL layer structure used ini tile j)ieCi~t btudy was
grown on a lattice matched semi-insulating (100) IniP substrate b.% iig thle molecular
beami epitaxy (MIBE) technique. A 1 hpm thick Si-doped InGaiks buffer layci with n=
1.4 x 10's cm-' was first growvn on an InP substrate, followed by the growth of a 20- period
of enlarged 1n0*53GaO*.47As quantum wells (EWs) with a well width of 110 A and a dopant
density of 1.4 x 1018 cm-'. The barrier layer on each side of the EW consists of a 6-period of
uncloped JZo.52Alo..lrAs (30 A)/5-period of 1no.53Ga0., 7As (46 11) supeilattice layers which
wvere growvn alternatively with the InO. 53Ga0,. 7As (110 A wide) quanltuml wells. Finally, an
n1+dnGaAs cap layer of 0.3 jim thick and dopant density of 1.4 X 10'(171-3 is grown onl top

of the MQ\'/SL layer structure.

Tile infrared absorption of the sample was measured at room tempelatuie using a Peikinl-
Elmer Fourier transform infrared (FTIR) spectrometer. Since the intersubband resonance
is expected to vanish at normal incidence (the selection rule requires a component of the
incident electric field normal to the quantum well interfaces), the samiple was oiienited at
the Brewvster's angle' (OB -74.50) to maximize the intersubbancl ab~sorption under sur-
face illumination. Figure 3 shows tile result of a room temperature ab~sorp~tion spectrum
measurement. Thle peak absorbance A = -logio[transinission] wvas found to be 39.5 nmAbs,
wvhich corresponds to a transmission reduction of AT/T = 9 %. The absorption peak is at
A = 1O.73/im and the spectral linewiclth (full width at. hialf-mnaximum) of this tiansition is
eqiual to 500 cn 1 ('- 62 meV), in very good agreement withi theory.

Tile intersubbancl absorption spectrum cited above corresp~onds to thle tianshitions between
tile localized ground state E ri to the 'global' ininiband state EslI, which conbibt of numecr-
ous eigrenstates of the superlattice (SL). Their energy levels are so closely packed together
that they become a broad and highly-degenerated energy state-minibaid. The total ab-
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sorption is due to the net contribution friom all the transitiuos b.tweei tle Iej it bun ild Nsti
aiid each si)-ininiband state. Therefore, the integrated ii-itr.ulxt I a )ptiuiz, .Ieon lt
I' can be written as2', -

'A1 ffeA( EE'd \ e h _ _ _ _ __hJ

Ei E)

The oscillator strength f is defined by

f = (47rm'c/hA) < z >2 (6)

where A is the transition wavelength, A(A,E) is the spectral and energy dependence of
intersubband absorbance, E, and E1 denote-the quantized energy levels for the initial and
final states, n, = 1.54 X 1012 cm - 2 is the two-dimensional electron sheet density, m" =
0.042mo, is the electron effective mass, N=20 is the number of enlarged quantum wells, n
= 3.6 is the refractive index of 1no.53Gao1. 7As in the infrared range of interest, Q is tile
effective number of states within the miniband which contributes to the total intrsubbdiid
absorption. Coisidering the fact that the effective overlapping and coupling of the electron
wavefunction between the enlarged quantum well and the superlatticet mainly occ.urs %ithin
the nearest regions (- 120 A) adjacent to either side of the cnlargcd quantui well, the
effective number of miniband Q is found to be approximately 4.7 for the plebent Atudy. Fiuin
figure 3, by integrating the area under the intersubband absorption spectia, we obtained the
integrated absorption strength IA = 19.5 Abs-cm - ' . Substituting hem into Eqs.(2) and (3),
we obtained f = 0.73 and < z > = 23.9 A which agreed reasonably wcll with our theoretical
values f = 0.71 and < z > = 23.6 A.

Figure 4 shows the calculated integrated absorption strength 1, of the bound-to-miniband
transition as compared to the single bound-to-bound transition in the conventional qualitulni

wells with uniform bulk barriers. As expected, thkc integrated absorption strength I., in-
creases almost linearly with the well width L.. By !ncorporatih te superlattice miniband,
nearly five fold improvement in the integrated absorption btrengthi, hl,ts been achieved in the
present 110 A quantum well structure, which indicates that a wide quantum well and a broad
miniband are essential to obtain large intersubband absorption. We have also calculated the
range of photon energies which could be operational .in the Ino.52 Alo.,As/Ino.53Gao.,17 As
system and found that a broad range of photon absorption from 400 to 100 meV can be
covered; corresponding to the interest spectral wavelengths from 3 to 12 /till, in a sin-
gle lattice-matched material system without having to switch to a differcit material (e.g..
GaAs/AlGaAs) system. These unique properties are important for realizing multiple spectral
(multi-color) detectors and high quality image arrays.

In conclusion, we have reported the first observation of intersubbau ,tbso ptiun of the bound-
to-miniband states transition in a lattice matched 17o.821110. 1 A s/1ir0 ,53G( 0,,7AS multiple
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(Iiiantullm w-AI/ siiperlattice lieterostructure grown on an lii llm dTh e pe~ak ilit ti1

ha ld absorl ance was fouind to be '4 39.5 mnAbs with 4ak d\'ViIi(-lt ered 11a A =
10.731 tIM, and the spectral Iinewidth is measured to be 2 1' = 6;2 ilie\' al TI = 300 1K. wlIm h
-ire iii good! agreement wvith our theoretical calculations. The depcndciice uf tlie iiiteprat'd
abSorptio'! strength J.,1 on thc well width and effective number of Ifillibid was di:',cubbed.
An extremely large integrated absorption strength I,, = 19.5 Abs-cmr A the B~rewster's
angle (74.50) ha,-s been ob~tainled in our p)resent 110 A enlargedi qulantumi well/buplei lattice
b~arrier structure at TI = 300 K , confirming a broad mini'ibanci anid it wide qjuantuii well arec

advantageous for large intersubband absorption. By varying the well width the iiitetcesting
spectral range A = 3 - 12 itm can be covered, which may lenl to the cleatopmnent oh n('W

types of infrared sources, modulators, and detectors.
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Fig. 2 Measured intersubband absorbance at room Fig..1 Enhanced integrated ab: rption strength 'A

temperature vs. infrared radiation wavelength by the for the bcund-to-,niiband transitiOn with respect to

Fourier transform infrared (FTIRL) spectroscopy at the conventional single bound-to-brnund transition.
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