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Abstract 　A complete quantum mechanical model for GaAsΠAl GaAs quantum well inf raredphotodetectors(QWIPs) i s pre2
sented here. The model consisted of fourparts: (1) Starti ng wi th t he descriptionof t heelectromagnetic fi eldof the inf rared

radiation in t he QWIP , effecti ve component of the vector potential〈| Az| 〉along the QWIP growth direction ( z2axis) due

to t he optical diffraction grating was calculated. (2) From the wave transmissions and the occupations of t he electronic

states, i t was discussed that t he dark current in the QWIP is determined by t he drif t2diff usion current of carrier s thermally

excited f rom theground sublevel in thequantum well to extended statesabove thebar rier. (3) Thephotocurrent was investi2
gated by the optical transition (absorption coeffi cient between the ground state to exci ted states due to the nonzero2

〈| A z| 〉) . (4) By studying the inter2diff usionof t heAl atoms across the GaAsΠAl GaAs heterointerfaces ,the mobil ity of t he

drif t2diffusion car riers in theexci ted states wascalculated , so the measurement results of the dark cur rent andphotocurrent

spectra can be explained t heoreti call y. Wi th t he complete quantum mechanical descriptions of (124) , QWIP device design

andoptimization arepossible.

Key words　GaAsΠAlGaAs, photodetector , quantum well i nf raredphotodetector (QWIP) , quantum mechanical model .

Introduction

Inf rared detector technique has been a key factor

in the development of the inf rared technology for

more than 40 years. Si nce 1970 , semiconductors li ke

InSb and HgCdTe have been the principal materials

for various inf rared detector applications. The format

of the inf rared detector moti vated by smart thermal

imagi ng system changed f rom singleelement device to

focal plan arrays( FPAs) i n the middle of 80’s [ 1 ] .

Today’s technology of i nf rared detector concent rates

largel y on focal plan arrays, expecially for sensitive ,

homogeneous and large format scale devices.

T z 2

tant semiconductor alloy for i nf rared detector because

of it s direct energy band gap which can be tuned to

i nf rared radiat ion wavelength of interest [ 2 ] . Long2
wavelength i nf rared detectors have been very well de2
veloped on the HgCdTe materials with background

li mited performance at about 100K for terrestrial ap2

plication. However the development of large format

FPA and very long wavelength HgCdTe detectors is

li mited by the instabil itiesin the lat tices, surfacesand

i nterfacesof HgCdTe2based material s and devices.

Due to the rapid development of low2di mensional

materials, the quantum well inf rared photodetector

(QWIP) has been exploring i n a f lourishing manner

[325 ]
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HgCd e has been recogni ed as the most impor i n the past decade and the research activi ties i n



this f ield have been very dynamic. A 92μm cutoff 640

×486 snap2shot quantum well i nf rared photodetector

camera was demonst rated with a noi se equivalent dif2
ferential temperature of 36m K [ 3 ] . A lot of investi2
gations have been concent rated on thecomparison be2
tween HgCdTe and QWIP detectors [ 2 ,6 ,7 ] and it

has been generally concluded that the GaAsΠAl GaAs

mult iple quantum well photodetector i s very promis2
ing for long2wavelength applicat ions. Compared with

HgCdTephotodiodes , the GaAsΠAl GaAs QWIPs have

thei r advantages in large uniform FPAs, mature Ⅲ2
Ⅴtechnology , high production yiel d , low cost , high

speed , radiation hardness and very long wavelength

availabili ty . However , in the thermal image applica2
tion , the QWIPsare li mited by low quantum eff icien2
cy , high dark current and narrow spect ral band2
wi dth. They also requi re either non2normal radiat ion

inci denceor optical grating for opt ical coupli ng.

L ike any other electronic and optoelect ronic de2
vices, the device modeling hasalways been an impor2
tant issue in the i nf rared detector design and fabrica2
tion. There have been quite a lot of works on the

semiclassical model about HgCdTe devices based on

the Poisson equat ion , the t ransport and continuum e2
quations[1 ,8210] . A pract ical model about theQWIP

is expected to be able to predicate essential elect rical

and optical propertiesof the QWIP.

Various physical aspects about the QWIP has

been well studied , including the special behaviors on

elect ron2electron and electron2phonon i nteract ions,

intersubband t ransit ions, opt ical coupling and elec2
t ron t ransport [ 11 ] . It i sof vi tal importance however

to establish a practical device model , i ncluding all es2
sential propertiesof the QWIP to design and to opt i2
mize its device performances. Since the fabrication

processof a Ⅲ2 Ⅴ2based QWIP is much mature than

the conventional HgCdTe and InSb inf rared detec2
tors , the QWIP does not have so much uncont rolled

factors induced during the device fabrication processes

( Lat tice , surface and interface i nstabilit ies in

HgCdTe) . Thus a physical QWIP model coul d be at

f z

f QWI 2
f T

reasons.

The f irst one is the comparable sizesof the thick2
ness of the opt ical active layer and the wavelength of

the i nf rared radiat ion. In addition there exists a met2
al2semiconductor i nterface in thi n act ive layer of a real

QWIP device. The physical model has to t reat the

lossy QWIP material incl uding the near field effect

[ 12 , 13 ] . Secondly the QWIP model i nvolves the

quantum mechanical descript ion of theoptical excita2
tion and the semiclassical carrier t ransport [ 14 ] . In

the conventional HgCdTe and InSb i nf rared detec2
tors, the opt ical act ive layer i s much thicker than the

wavelength of the inf rared radiation and the carrier

coherence length so that quantum mechanical effect is

not important .

Here we t ry to establish a practical GaAsΠAl2
GaAs QWIP model based on the real device st ruc2
tures. Thef i rst part deal swith theoptical aspectsand

the second part the electrical aspects.

1 　General considerat ion of optical transit ion

Denot ing the elect ronic state by its quantum

number k and the photon state by photon energy �ω

and photon density nph , the absorption rate between

two elect ronic states ki and kj i s[15]

W i j ( �ω) =
π�2 e2 nph

m2
0ωε |〈k j | a·� | k i〉| 2δ[ E( k j) -

E( k j) + �ω] . (1)

where | kj 〉and E ( ki ) are , respect ively , the wave2
function and eigenvalue of state ki. The net absorp2
tion rate (per uni t time) of the system in a photon

f ield i s calculated by

W ( �ω) = 6
ji

Wj i ( �ω) { f [ E( ki) ] - f [ E( kj ) ] } , (2)

where f [ E ( kj ) ] and f [ E ( ki ) ] are occupations of

the f inal and initial elect ronic states, int roduced here

due to the Pauli exclusion pri nciple (the initial state

occupied and the f i nal state empty) .

We consider a beam of photons t raveli ng along

the z2axi s, we can write the conti nuity equation for

thephoton density

dnph ( �ω, z)
=

5 nph ( �ω, z)

5
5[ vnph ( �ω, z) ]

5 z
, (3)

f f 2
q f
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i rst sight easier to reali e. However it is proved that

the theoretical t reatment o the P i s more com

plicated than that o HgCd e due to two principal

dt t
-

where the i rst term on the right side o the above e

uation represents the absorption rate o photons and



the second term represents thephotons leaving due to

the photon current . A t the steady state of dnph ( �ω,

z)Πd t = 0 ,we have

nph ( �ω, z) = n0 ( �ω) e - α( �ω) z , (4)

which def i nes the absorpt ion coef f icient α ( �ω) .

Since

5 nph ( �ω, z)

5 t
= - W ( �ω) , (5)

so that

α( �ω) = 6
i j

π�2e2

m2
0υωε|〈 kj | a·� | ki 〉| 2δ( Ej - Ei -

�ω) { f [ E ( ki ) ] - f [ E( kj) ] } . (6)

We now begin to calculate the opt ical absorpt ion

when a semiconductor quantum well sample is il lumi2
nated. By def ining thegrowth direction of the sample

as the z2axis , the plane perpendicular to this di rec2
tion as the xy2plane , the Hamiltonian i s

H = -
�2 � 2

2m 3 + V ( z) , (7)

in theeffective2massapproximation , where m 3 is the

effective mass and V ( z) the quantum well potent ial

energy. The i nteraction between the i ncident radia2
tion and the electron is e�A·� / m 3 for an incident

light of A = A 0e - iωt [15] .

Si nce H is t ranslationally symmet ric i n the xy2
plane , the wave function can be expressed as

Φjk (r) = <j ( z) u( r) eik·b. (8)

where u( r) is theBloch function and r = ( b , z) . For

all valuesof j , u ( r) is the same , as i nt ra2band t ran2
sitions among sublevel s are i nvol ved in the detector .

u ( r) is approxi mated as k2independent . k and b are

the wave vector and coordi nate i n the xy2plane , re2
spectively. <j ( z) i s theenvelope f unction and i s nor2
malized in the z di rection. Between ground sublevel

| Φ0 q〉and excited ones , it i seasy to show that

〈Φj k
e�
m 3 A·� Φ0 q〉=δk , q

e�Az

m 3〈 <j
5

5 z
<0〉.

(9)

Eq. (9) indicates the momentum conservation in the

xy2plane , and the t ransit ion i s between the envelope

functions i n the z2direction.

M ,

y q ( )

T f

quantum well st ructure i s not possible at a normal in2
ci dent condition(the light propagatesalong the sample

growth direction so that the component of the vector

potential along thi s direction , Az , is zero) . Optical

grat ing is therefore a necessity i n many practical

quantum2well2based photodecetor devices.

The probabilit y of an elect ron optically excited

f rom the ground sublevel to sublevel j becomes

Wj = ∫
2 dq
(2π) 2

e�Az

m 3〈 <j
5

5 z
<0〉

2
2e2 Г

�( �2Ω2
j + Г2)

[ f ( E0 q) - f ( Ejq) ] , (10)

where we have replaced the energy conservation of δ

( Ej - Ei - �ω) by the lifet ime Гof elect rons in ex2
cited states.

F 　Ty Ⅰ2 Ⅴ f

x QWI K

2 　Optical coupl ing

The QWIP i s n2t ype and has an opt ical active

layer consi st ing of 50 periods of Al0. 3 Ga0. 7As2GaAs

multiple quantum wells( MQWs) along the z2direc2
tion. Each Al0. 3Ga0. 7As barrier is 500 ! thick and the

GaAs well 50! thick. The GaAs layer is Si2doped at

a level of 5 ×1017cm - 3 . Doping level s in the cap and

bottom layers are 2 ×1018cm - 3. Typical Ⅰ2 Ⅴ char2
acteristicsi spresented in Fig. 1 , where a linear rela2
tionship between the current and the external bias at

the low bias regi me ( < 2V) is generally observed.

The slope of the Ⅰ2 Ⅴ curve decreases in the bias

range(3～6 V) where we observe a ki nd of current

saturat ion. Thecurrent increases drast ically when the

bias is larger than 7V . Asymmet ric property of the

Ⅰ2 Ⅴ characteri st ics is indicated with respect to the

polarity of the bias voltage. The current density i s
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oreover the most important resul t i mplicated

b E . 9 is thecondition about theopt ical coupling :

he coupling o a radiation with the carriers i nside a

i g. 1 pical characteri sti cso two optical

pi el s in one P chip measured at 77



about 0. 25mA/ cm2 at the saturation level.

The active Гelect ronsare described by an effec2
tive mass of m 3 = 0. 067 m0 in GaAs layers and

0. 091 m0 i n Al0. 3Ga0. 7As barriers, where m0 i s the

f ree electron mass. The conduction band of fset i s

0. 65 ×1. 247 x eV between Al x Ga1 - xAs and GaAs.

Due to the isot ropic ef fect ive mass of the Гelec2
t rons, normal incident photon absorption is not possi2
ble , as discussed i n the last section. A component of

the optical elect ric f ield along the QWIP growth di2
rection , Az i s required. To util ize Г elect rons,

diff raction grati ngs are needed for optical coupling.

Elect ron2photon coupling , by Eq. ( 9) , is achieved

normall y by a two2dimensional optical grati ng which

is schemat ically depicted i n Fig. 2. The dif f raction

grating st ructure consists of 2a ×2a rectangular aper2
tures, or circular apertures with radius a periodcally

arranged on theoptical pixel , at distance b f rom each

other. The depth of the apertures is denoted as h.

The ri ght part of Fig. 2 shows the SEM pictureof one

gratingobtained by wet etching technique.

F 　G f 2
f G Π G QWI , S M f
(62μ 62μ ) y q

The QWIP st ructure is not exactly nonconduc2
tive. However the current density at normal device

working condi tion i s very low so that the approxima2
tion of non2conduction with respect to the elect romag2
netic f ield is acceptable. When analyzi ng un2polarized

inf rared radiation , the vector nature of the wave am2
plitude will not be i mportant , so that we can assume

that we are deali ng with a scalar amplitude f unct ion

ψ( r) which is a sol ution to the wave equation of [16 ]

� 2ψph + 4π2 k2ψph = 0. (11)

for purel y elastic diff ract ion , where 2πk = εμω is

the wave number. By Huygen’spri nciple and consid2
ering a light source far away f rom the dif f raction

plane X Y , theoptical wave f unct ion for the ref ractive

diff raction grating def ined by its ref lection coeff icient

q( X , Y) which is perpendicular to the direct ion of

radiation i ncidence , becomes[ 17 ,18]

ψph ( x , y , R) = ∫∫q( X , Y) e2i2πk r

r
1
r

+ i 2πk cosθ - i2πk d Xd Y. (12)

r2 = ( x - X) 2 + ( y - Y) 2 + R2 , R is the di stance

f rom the observationplane xy to the dif f ract ion grat2
i ng plane X Y. θis the angle between the z axis and

vector r .

F 3 　( ) T f ff f
( ) T f ff f f x

y f = [μ ]

For an i ncident radiation of 1/ k = 8μm(in vacu2
um) and a ref lecti ve grat ing st ructureof 56 ×56μm2

( X , Y ∈( - 28 ,28)μm) ( a = 2 , b = 8 , h = 1. 5 , R =

2μm ,i. e. , 7 ×7 apertures arranged in the form of

Fig. 2 , where R is the thicknessof the top n + GaAs

contact layer which separates the grati ng f rom theab2
sorbing QWIP layer) , the calculated elect ric f ield i n

theareaof ( x , y) ∈(0 ,30)μm for square aperturesi s

presented i n Fig. 3a.

Periodicity is observed in the optical f ield ψ in

the xy2plane which is determi ned by the wavelength

of the i ncident radiation. Such aperiodici ty is expect2
ed when consi dering a one2di mensional grating st ruc2
ture so that the oscillation factor becomes e - j2πk r =

ej 2πkx·e - i2πkX. This is very much alike the so2called

near2f ield ef fect which has been extensively applied to

the surfacepropert ies[19 ] . In addi tion , f ri ngi ng f ield

ef fct (see Fig. 3a) for x , y > 28μm isalso very st rong.

The f ri nging f ield ef fect causes the cross talking be2
tween adjacent optical pixel son a FPA.

Knowing the distribut ionof theopt ical field , we

can calculate the amplitudes of dif ferent opt ical plane
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i g.2 eometric structureo the two dimensional optical grating

or a aAsAl aAs P and a E pictureo grating

m period and 0. m depth b wet etching techni ue

ig. a he spatial distri bution o the di racted electric ield

and k in uni ts o k 1/ 2.21 m- 1



Fig. 4 　Optical grating and experimental setup

of the radiation transmission

waves propagat ing i n dif ferent directions. The ot ical

fiel d can be expressed as

ψph ( x , y , z) = ei2πkz + 6
k

t ke
i2π( k·b- k

z
z) , (13)

Fig. 5 　Soild li nes: transmission spectraof QWI Ps
( = μ ) S f

f 2 D

f

where r = ( b , z) and ei2πkz i s theoriginal i ncident ra2

diat ion propagating along the z2direction , t k is the

ampli tude of the plane wave propagates along the -

z2direction with wave vector k = ( kx , ky) i n the xy

plane af ter dif f ract ion. Si nce we consider only elast ic

scat tering , k2
x + k2

y + k2
z = k2.

The dif f ract ion grat ing is to be designed for large

val ues of tk corresponding to small val ues of kz . The

larger can be these ampli tudes, the larger will be the

effective opt ical strength to exciteoptical t ransit ions,

and thus it can be produced that a larger optical cou2
pling between the inci dent photons and act ive elec2
t rons in the QWIP. The amplitude of the dif f raction

radiation f rom our diff raction grati ng of Fig. 2 is

shown in Fig. 3b. Def ining the effective st rength of

the diff racted radiation along the z2direction which

can absorbed by the Г2elect rons in the GaAsquantum

well as〈| Az |
2〉= A 2B/ 2 , where A is the amplitude

of the incident inf rared radiation and the factor of 1/ 2

i s due to the unpolarizat ion of the inci dent radiation.

The value of the B parameter for the grati ng st ruc2
tureof Fig.3 i s0. 6655. Si milar resul ts were reported

earlier based on the EM mode approach[ 20 ] .

Opt ical t ransmission spect rum of the inf rared ra2
diation( Fig. 4) i s measured at room temperature to

further analyze optical dif f ract ion by the grating

structure and radiation t ransmi ssion in the M QW lay2
er. The samples consist of 30 periods of GaAs/

Al0. 3Ga0. 7As multiple quantum well s and the resul2

tant t ransmission spect ra are presented in Fig. 5 as

functions of radiation wavelength , where the t ransi2
tivi ty of the wafer ( wi thout grating) i s in general

about 50 %. Throught the gratings having periods of

4 and 6μm , the t ransmissions vary with the wave2
length , whereas for 82μm2period grat ing , a broader

t ransmission valley is observed centered around 82μm

wavelength.

The f ields due to the reflections at the two i nter2
faces of the MQW active layer are E0 si n (ωt ) + E0

si n(ωt + <) , where the phase difference < depends

on the path difference : < = 2π ×2nl/ λ, where l i s

the thickness of the M QW layer (consisting of 30 pe2
riodsof GaAs/ Al GaAs quantum wells, l = 1. 65μm)

and n = 3. 65 is the ref ractive index of the GaAs/ A l2
GaAs MQW material . The t ransmission intensity of

thisf ield is

1 - cos2
<
2 , (14)

which is presented in Fig. 5 as the dotted line. We

have observed an excellent agreement between mea2
surements and theoretical expectation.

In the forthcoming part we shall discussthe elec2
trical aspects of the quantum well i nf rared photode2
tector .

REFERENCES

[ 1 ]Casselman T N. Stateof inf raredphotodetectors and mate2
f S I , —

[ ] R f f f q

f I 2
f y T y , ,38 5 —3

523　5 期 Fu Y ,et al :Quantum mechanical model and si mulation of GaAsΠAl GaAs
quantum Well inf rared Photodetector2 Ⅰopt ical aspects

h 0. 7 m . ame resul ts have beenobtained or

both normal and back il lumination setups as well as

or mesa etched st ructures. otted line:

t he transmi ttedoptical i eld strength

rial s. Proceedings o the P E 2999 :2 10

2 ogalski A . Compari son o the per ormance o uantum

well and conventional bulk in rared photodetectors. n

r ared Ph sics and echnolog 1997 :29 10



[3 ] Gunapala SD , Bandara S V , Liu J K , et al . Long2wave2
l engt h 640 ×486 GaAs/ Al GaAs quantum well i nf raredpho2
todetector Snap2Shot camera. I EEE Tr ansactions on Elec2
t ron Devices , 1998 ,45 :1890 —1895

[ 4]LevineB F. Quantum2well i nfrared photodetectors. J . A p2
pl . Phys, 1993 ,74 :R1 —81

[ 5] Wan M F , Ou H J , Lu W , et al . Infrared imaging by 128

×1 GaAs/ Al GaAs MQW inf rared FPAs. J . I nf rared M il2
l im. Waves (万明 芳 ,欧海疆 ,陆 卫 ,等 . 128 ×1 元 GaAsΠ
AlGaAs 多量 子阱 扫描 型红 外焦 平面的红外 成像. 红外 与
毫米波学报) , 1998 ,17 :76 —79

[6 ] Shen S C. Comparison and competition between MCT and

QW structure material for use in I R detectors. Microelec2
t roni csJour nal , 1994 ,25 :713 —739

[ 7]Lu W , Ou H J , Chen M H , et al . St udy on thepracti cali ty

of GaAs/ AlGaAs muliple quantum wel l inf rared detector . J .

Inf rared and M i l li meter Waves( 陆 卫 ,欧 海 江 ,陈 敏 辉 ,

等. GaAs/ GaAlAs 量 子阱红 外探 测器实 用性 探讨 . 红 外
与毫米波学报) ,1994 ,13 :9 —13 ;Lu W , Ou H J , Chen M

H , et al . Appli cation of GaAs/ Al GaAs mul tiple2quantum

well i nfrared detector array. Inter nati onal J . Inf rared M il2
l imeter W aves, 1994 , 15 :137 —140

[ 8] Bratt P R , Casselman T N. Potential barriers in HgCdTe

heterojunctions. J . V ac. Sci . Technol . , 1985 , A3 :238 —
245

[ 9] Kosai KJ , et al . Status and application of HgCdTe device

model ing ( IR detectors) . J. Electronic Materi als ,1995 ,24 :

635 —640

[ 10 ] Helms C R , Melendez J L , Robinson H G, et al . Process

simulation for HgCdTe inf rared forcal plane array f lexible

manufacturing. J. Elect roni c Materi als , 1995 ,24 : 1137 —
1142

[ 11 ] Choi K Ked. The Physics of Quantum Wel l I nf rared

Photodetectors. Singapore: World Scientific Publi shing Co.

Pte. L t d. 1997

[ 12 ] Fu Y , Wil lander M , Lu W , et al . Optical coupling in

quantum well i nfrared photodetector by diff raction grating.

J . A ppl . Phys. 1998 ,84 :5750 —5755

[ 13 ] Fu Y , Will ander M , Lu W , et al . Near2fi eld coupling ef2
f ect in normal incidence absorption of quantum well i nf rared

photodetectors. J . A ppl . Phys. 1999 ,85 :1237 —1239

[ 14 ] Fu Y , Li N , Karl steen M , et al . Thermoexcited and

photoexci ted carrier transpor ts in a GaAs/ Al GaAs quantum

well i nfrared photodetector . J . A ppl . Phys. , 2000 , 87 :

511 —516

[ 15] Sze S M. Physics of Semiconductor Devi os. 2nd Edition ,

New York : John Wiley & Sons, 1981 , 32

[ 16 ] Kishino K , A rai S. Chapter 11 Integr ated L asers ,

Handbook of Semiconductor L asers and Photoni c I ntegrated

Ci rcui ts.London: Chapman & Hal l ,1994 ,350

[ 17 ]StoverJ C. Optical Scatteri ng: Measurement and Anal y2
sis. New York :McGram2Hil l ,1990 ,51

[ 18 ] Cowley J. Di f f r act ion Physi cs. Elsevier Amsterdam ,

1995 ,11

[ 19 ]Barenz J , Eska A , Hol lricher O , et al . Near2fi eld lumi2
nescence measurements on GaInAsP/ InP double hetero2
structures at room temperature. A ppl . Opti cs , 1998 ,37 :

106 —112

[ 20 ] Andersson J Y , Lundqvist L . Near2unit y quantum effi2
ciency of Al GaAs/ GaAs quantum wel l i nfrared detectors

using a waveguide wi th a doubly periodic grating coupler.

Appl . Phys. L ett . , 1991 ,59 : 857 —859 ; Andersson J Y ,

Lundqvist L . Grating2coupled quantum2well i nfrared detec2
tors: theory and performance. J . Appl . Phys. , 1992 ,71 :

3600 —3610

623 21 卷 　红 外 与 毫 米 波 学 报 　　　　　　


