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Abstract：Quantum well intermixing techniques modify the geometric shape of quantum weIIs to a11ow pos1growth adj L 

ment _ l he tun ng effect on the optical response property of a GaAs／A1GaAs quantum well infrared photodete t0r(QwIP) 

indueed by the interdifussion of A1 atoms was studied theoretically
． By assuming an improvement 0f the heterointerface 

quality and an enhanced A1 interdiffusion caused by postgrowth intermixings
，
the phot01umines。ence spectrun】shows a b】ue— 

shifted，narrower and enhanced photoluminescence peak
． The infrared optical absorption spectrum a1so sh0ws the xpected 

redsh ft ot the response wavelength
． However，the variation in the absorption peak intensity(tepends 0n the boundar t 0ndi

—  

tions of the photo generated carriers- For high·quality QWIP samples，the mean free path of phot0caITiers i8 10ng so that the 

photocarner$are largely coherent when they transport across quantum wells
． In this case，the enhanced Al interdiflfusi0n 

can significantly degrade the infrared absorption property of the QwIP． Special ef cts are theref|nre needed／o maintajn an(1／ 

or improve the optical properties of the QwIP device during postgrowth treatments． 

Key words：quantum well infrared detector(QWIp)；quantum well intermixing(QWI)：boundary condi— 

tion；optical absorption spectrum 
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Introduction 

Since 1 980s，the infrared detect0r based 0n inter— 

subband transitions in quantum well(QW)systems， 

called the quantum well infrared photoconductor 

(QWIP)，has been studied and developed extensivelv 

and successfully ．Quantum well intermixing(QWI) 

techniques have become of great importance t0 m0dify 

the geometric shape of quantum wells
， e．g．，to induce 

the interdiffusion of A1 atoms from the A1GaAs barriers 

to the GaAs wells in a GaAs／A1GaAs．based QWIp．for 

postgrowth adjustments on key physical parameters of 

the device，such as effective energy bandgap
，
optical 

absorption coefficient and refractive index
． A number 

of QwI methods have been developed including SiC， 

capping followed by rapid thermal annealing 
，
volt． 

age tunable QWIPs -5]．ion．implantation．induced in— 

term ixing i ～ 
， anodic—oxidation—induced intern1ixing 

， and other thermal treatments ， Sele( tive QwI 

and thus selective modification of epitaxial structures 

are necessary for the fabrication of novel optoelectroni【： 

devices integrated into a single microchip
． Selective ar— 

ea laser annealing of GaAs／A1GaAs QWiP material was 

investigated as a possible route towards the fabrication 

of two-color 1ow-cost focal plane array devices ”
． 

The effectiveness of the QWI techniques has been 

demonstrated experimentally． However
， it was con- 

structed at the same time that'the photocurrent was de— 

graded，which was attributed by an enhanced a11ov 

scattering due to the Al interdiffusion in GaAs／A1GaAs 
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QwIP device which reduced the mobility of the photo— 

generated carriers 【12]
．
Later，it was shown that the 

boundary conditions of the photogenerated carriers de— 

pend on the device structure and device operation con— 

dition l⋯  
．
In this paper．a further theoretical analy— 

sis is presented to study the effect of A1 interdiffusion 

on the optical absorption property of the GaAs／A1GaAs 

QWIP by taking into account the boundary conditions 

of the photocarriers so that future QwI techniques can 

be properly designed．Section 1，2 and 3 describe the 

basic QwIP structure and the theoretical analysis and 

discussions of its photoluminescence and infrared opti— 

cal absorption property as functions of the A1 interdiffu— 

sion．A brief summary is presented in Section 4． 

1 Basic QWIP structure 

We consider an —type bound—to—continuum QWIP 

grown by molecular beam epitaxy on a[100]semi—in— 

sulating GaAs substrate．The QwIP contains fifty QWs 

sandwiched between 2．0一 m—thick top and 1．3一 m— 

thick bottom n GaAs contact layers grown Olq a 0．5一 

m—thick AlAs buffer layer．Each QW consists of non— 

inally one 4．5-rim—thick Si．doped f l0’ cm一 GaAs 

quantum well and one 50一nm—thick undoped A10
． 3 Ga0 7 

As barrier．During the postgrowth treatments，the as- 

grown sample is assumed to be ion—implanted and rapid 

thermal annealed，and then processed into standard 

QWIP device．The as—grown sample was characterized 

experimentally showing an photocurrent response peak 

at 8．0 m ． 

By taking the z axis as the sample growth direc— 

tion，the GaAs／A1GaAs QWIP heterostructure can be 

described in general by the degree of the A1 interdiffu— 

sion given by Fick’s diffusion equation 

(。)=孚[2+e 丝)一e 丝)] 
(1) 

where ()is the initial A1 concentration in the barrier 

W the quantum well width，L the A1 diffusion length， 

and err the error function．The center of the quantum 

well is taken as =0．Postgrowth process is expected 

to enhance the interdiffusion of Al atoms across the het— 

erointerfaces，so that the QwI process is modelled the— 

oretically by parameterizing the AI interdiffusion length 

L． 

Knowing the A1 distribution and the original do- 

ping profile we start the theoretical investigation by cal— 

culating the energy band structure in the self-consistent 

manner from Schrrdinger and Poisson equations．Nu— 

merically it is shown that the Coulomb potential due to 

the ionized impurities and free--carrier re--distribution is 

negligibly small because of the low doping level in the 

A1GaAs quantum barriers and the almost—coincident 

spatial distributions of donors and free carriers in the 

GaAs 0uantum we11s[15,16]
，  

Theoretically we expect that the most prominent 

effect of the increased A1 diffusion length is the lift—up 

of the ground sublevel in the GaAs quantum well due to 

the decrease of the quantum well width．The photo!u— 

minescence(PL)peak，corresponding to the inter— 

subband transition between the ground electron—and 

hole—sublevels．is therefore expected to be blue shif_ 

ted，and the cutoff wavelength of the infrared absorp— 

tion peak due to the optical intra—subband transitions is 

to be redshifted，when the A1 diffusion length is in— 

creased by the postgrowth activity． 

2 Photoluminescence modification by AI in- 

terdi仃usion 

Comparison of the theoretical expectation with the 

PL measurement gives us a preci se calibration for the 

A1 atom diffusion length [ 
． For an incident radiation 

in the form of Ae ．by treating the weak electron—pho— 

ton interaction as a perturbation and by the time--de-- 

pendent perturbation theory ，the transition probability 

Per unit time is[17, 8_ 

W(k,hto = 
1 ， m fJJ I j厶

一

厅 J + 

where =E +E ( )一Ê 一Ê ( )is the excitation 

energy and is the photon energy， (r)= ( ) M 

(r)is the total wave function of conduction—band elec， 

tron state E +E ( )，k and P are wave vector and 

spatial vector of the electron in the xy plane，E (k)is 

the energy dispersion in the xy plane，M (r)is the 

Bloch function．E is the eigenvalue of envelop function 

(z)along the axis．n is the photon density．The 

relationship between the photon density and the ampli— 

tude of the vector potential A is 
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：墼 Z (3) 

a0 in Eq．(2)is the polarization of the incident radia— 

tion． Wave vector conservation during the excitation 

due to the translational symmetry in the xy plane is in— 

cluded in the above equation． 

It is easy to show that 

( I o。· I )=o。-P ( (z)I (Z)) ，(4) 

where P =( (r)I Iu (r))is the dipole moment． 

The total transition rate due to all contributing elec— 

trons，which determines the PL intensity，is then 

( )= ( 2dk 毗  [E +E (k)~f
h E + )] 

， (5) 

where the occupation of the conduction band sublevel 

is described by the Fermi function~[E +E (k)]and 

the occupation of valence band sublevel is described by 

[Ê +Ê(k)]．Under the weak optical excitation， 

the conduction—band electrons are described by a Fermi 

level E from the doping level in the quantum well 

me (E，一E ) 
—  

， 

7r厅 
(6) 

at low temperature，where ns is the sheet doping densi— 

ty f=4．5×10“cm一。in the QwIP sample under in— 

vestigation)and we have taken account the fact that 

there is only one confined sublevel，i．e．，E ，in the 

conduction band．The Fermi level of the valence．band 

holes is determined by the weak optical excitation pow— 

er which is in the forrn of Boltzmann statistics． 

In Eq．(2)F is the effective relaxation energy of 

carriers occupying the excited states．it represents the 

relaxation rate of the electrons from high—energy states 

back to the low—energy states． In practice the post— 

growth process is expected to improve the quality of the 

samples so that Gamma becomes effectively reduced 

(Ref．[1 2]shows the increased alloy scattering during 

the photocarrier transportation across the QwIP de— 

vice)．By assuming the decrease of F and the increase 

of￡as functions of the postgrowth activities．the calcu— 

lated relationship between the PL spectrum and the 

postgrowth activity is presented in Fig．1。 Here we 

have included an exciton binding energy of 10．8 meV 

r19_
． The energy bandgap of GaAs at 4．2 K is taken to 

be 1．5 19 eV．and other relevant material parameters 

are 0btained fr0m [。0·。 
． 

Fig．1 shows that the PL peak is blue shifted due 

to the lift—up of the QW edges and the narrowing of the 

effective QWs．Moreover，due to the improvement of 

the heterointerfaces between GaAs QW and A1GaAs 

barriers，i．e．，the decreasing of the relaxation energy 

． the full width at the half maxi'mum of the PL peak de— 

creases and the peak intensity increases． The resuhs 

are largely confirmed experimentally，as can be expec— 

ted． 

3 Intrasubband optical spectrum 

As can be concluded from the previous sub·-see·- 

tion，we can determ ine the effective values of F and 

from the experimental PL spectrum．After knowing the 

A1 profile across the QWIP structure，we can calculate 

the absorption coefficient and then the photocurrent． 

The details of the0retical mode1 and calculati0ns weI_e 

presented in Ref．[13，l4]．With the parameters of F 

and L from Fig．1，the resuhing optical absorption 

spectra are presented in Fig．2． Due to the lift—up of 

the QW edges and the narrowing of the QW widths，the 

ground sublevel is pushed up so that the optical excita— 

tion energy from the ground sublevel in the GaAs QW 

to the excited states above the AlGaAs conduction band 

edge decreases，resulting in the redshift of the absorp— 

tion peak． 

In Fig．2 we have presented two sets of calcula- 

tions using different boundary conditions for the photo— 

carriers excited from the ground sublevel in the GaAs 

QW to the continuum states above the energy barrier of 

T 

0 730 740 750 760 770 780 

nm  

Fig．1 Photolumineseence spectrum as a function of the A1 

diffusion length．F =a —bL．a=10．0 meV and b=0．1 

meV／nm． 

薯口昌乒磊一a日己u荟 、H 
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Fig．2 Optical absorption ooeffieient． (a) Bloch—state 

boundary c．onditions apply to the photocarrie,。s occupying the 

extender1 states in A1GaAs 1)ar6ers． (b) Rurating—Wave 

boundarv(~onditions．The alTOWS indicate the increase of the 

A1 diffusion length from 0．1 to 0．7 ii111 by a step of 0．1 11nl， 

the COll，esponding F values are the sal／le as in Fig．1 

A1GaAs layers 12 J
，
one is the running wave anti the 

other one Bloch state．The Btoch．state houndary condi— 

tions mean that during the transport processes． Ihe 

photocarriers are coherent across the whole QWIp 

structurc．Jn Ref．『1 4]it was discussed that tbr 

QWIPs with wide quantum wells，the running—wave 

boundary( ‘mditions give a bcttm。fitting between theo— 

retical and experimental optical spectra，whereas the 

Bloch—state boundary conditions apply io relatively nar— 

row quantum wells．A clear key criterion concerning 

the approtMate boundary conditions is the mean free 

path of photogcnerated carriers． When the mean flee 

path is wider than the quantum wells，electron states t)f 

different quantum wells are coherently coupled so that 

Bloc．h．state boundary exmditions apply (the AlGaAs 

quantum barriers are intentionally undoped so that tile 

correspunding effective mean free path is large)． 

Fig．2 therefore shows that f0r QWlps where the 

photocarriers are coherent so that the Bloch state 

boundary conditions apply， the postgrowth treatment 

not only redshifls the abstwption peak，it also degrades 

the performance of the device by broadening the re— 

sponse spectrum as well as redut ing the responsivitY． 

For QWlps where the running—·wave boundary condi—· 

tions apply，tile postgrowth technique improves the re— 

sponsivity of the device．Notit‘e that tile redshift of the 

responding peak is smaller when the Btoch—state 

boundary conditions applY． 。 

25卷 

The reality (!all be much ct)mpticated． With the 

ion inq)lantations or other postgrowth processes studied 

in the present work． the increased diffusion length 

makes rite effet：live QW wkhh wider，resulting in a 

l ransition from Bloch—sl te to runnirlg—waye boundary 

eonditi~)ns if tile Bloch—state llI)undary conditions apply 

I)etbre the postgrowth treatment and the increase of the 

effective QW width is large enough．On the other 

hand，the expected improvement in the sample quality 

means an in(：reasecl eoherem：e of tile excited states due 

to the reduced relaxation energy，by which we will ex— 

pect a transitit)n from running-wave to Bloch—state 

bounda,‘Y conditions if the running·wave boundary eon— 

ditions apply originally and the increment in the ocher— 

once is sufficient． 

Since tile rettsh ifl of the response wavelength is 

small to,-Bloch—state boHilttary ctmditions，a decrease 

in the val iation<if the QWIp’s response wavelength as 

a function of the postgmwth aetivity can be induced due 

to the changes of the I)oundary conditions flir photocar- 

riers． 

We can therefore propose tile tollowing way to 

study the effectiveness of the postgrowth technique in 

improving the device perfomtance of the QwIP：F and 

￡values are first determined from the experimental PI 

spectrum．The coherence of the photocarriers is then to 

be detennined by monitoring carefidly the variation of 

the response wavelength (1uring the postgrowth treat— 

Inent．When photocarriers are determined to be coher— 

ent，QwI activity should tie l imited in order to main— 

tain the QWIP device performance．It must also be no- 

ticed llowever that the responsivity of the coherent 

QWIP is in general much better than the)~unning—wave 

QWIP，as can be concluded froni the comparistin of the 

optical absorption spectra in Fig．2． 

4 Conclusion 

lntersuhband GaAs／A1GaAs quantum well infrared 

phi)todetector(QWlp)technohigy has been successful— 

ly developed together with the advancing developments 

of quantuIll well intei’mixing techniques r p()stgrowth 

adjustment of the devit‘e struc,tures． 

By assunling an improvement in the heterointer- 

face quality and an enhanced A1 interdiffusion due to 

fll口：D目一Iu §兰 呈．| 
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quantum well iUfl'al。ed photodeteeIOF lay postgrowth adjustment 

the l~ostgrowth intm’nfixing， the photolunlines(；ence 

speetrum shows a blue—shifted．narTowel’and enhanced 

photoltlnlillesceIlce peak． the infrared optical absorp- 

tion spectl’kith also shows the,expeeted red—shift．How- 

ever ．we have denlonstl’atetl theoretically by this work 

Ihat the variation in the responsivity of the QWIP de- 

vice(1epentis 011 the boundary conditions of the photo— 

generated carriers occupying the extended states above 

the AlGaAs potential barrier．For high-quality QWIP 

samples，the mean free path of pht~tocan’iers is long so 

that the photoearrlel‘s are largely cc,herent while trans— 

porting al：ross quantum wells． In this case． 1he en— 

hanced AI interdiffusion{,air significantly degrade the 

infrared a1)soq~tion catmbility of the QWIP device． 

Special effects are tl1eI．etbre needed to maintain and／or 

improve the optica1 properties t)t。the QwIP device dur— 

ing postgrt)wth treatments． 
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