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SIMULATION OF GaAs/AlGaAs
QUANTUM WELL INFRARED PHOTO-
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Absract OA complete quantum mechanical modd for GeAgAl GaAs quantum well inf rared p hotodetectors(QWIPS) is pre-
sented here. The model conssed of fourparts: (1) Sarting with t he description of t he electromagnetic fidd of the inf rared
radiation in the QWIP, dfective conponent of the vector potentialll | A;| Oalong the QWIP growth direction (zaxis) due
to the opticd diffraction grating was cdcuated. (2) From the wave transmissons and the occupations of the dectronic
dates, it was dscussed that the dark current in the QWIP is determined by the drif t-diff uson current of carriers thermally
excited from the ground sublevel in the quantum wdl to extended statesabove thebarrier. (3) The photocurrent was investi-
gated by the optical transtion (absomtion coefident between the ground sate to exdted sates due to the nonzero
O] A,/0). (4) By sudying theinter-diff uson of the Al atoms across the GaAg/Al GaAs heterai nterfaces ,the mobility of the
diift-diffuson carriersin the exated sates wascalculated , so the measurement reaults of the dark current andp hotocurrent
ectra can be explaned theoreticdly. With the complete quantum mechanical descriptions of (1:4) , QWIP device desgn

and optimization are possble.
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Introduction

Infrared detector technique has been a key fector
in the devdopment of the infrared technology for
more than 40 years. Since 1970, smiconductors li ke
InSb and HgCdTe have been the princdpd maerids
for various infrared detector goplications. The forma
o the infrared detector motivated by smart therma
imag ng system changed f rom sngle element device to
focd plan arrays(FPAs) in the midde of 80' s [1].
Today’ s technology of infrared detector concentrates
largdy on focd plan arrays, expecidly for snsdtive,
homogeneous and large format scde devices.

HgCdTe has been recognized as the most impor-
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tant semiconductor dloy for irfrared detector because
of its direct energy band ggp which can be tuned to
irfrared radigtion wavdength o interes [2]. Long
wavdength infrared detectors have been very well de-
veloped on the HgCdTe maerids with background
limited performance a about 100K for terrestrid -
plication. However the devdopment of large format
FPA and very long waveength HgCd Te detectors is
limited by theingakllitiesin thelattices, surfacesand
i nterfacesof HgCdTe-based materid s and devices.
Due to the rgpid development of low-d mendond
materids, the quantum wedl infrared photodetector
(QWIP) has been exploring in a flourishing manner
inthe past decade [3-5] and the resarch activitiesin
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thisfidd have been very dynamic. A Hum cutoff 640
x 486 snap-shot quantum well i rf rared photodet ector
camera was demonstrated with a noi & equivdent df-
ferentid temperature of 36mK [3]. A lot of investi-
gations have been concentrated on the comparion be-
tween HgCdTe and QW IP detectors [2,6,7] and it
has been gererdly conduded tha the GaAgAlGaAs
mutiple quantum wel photocdetector is very promis
ing for long-waveength goplications. Compared with
HgCdTe photodiodes , the GaA g Al GaAs QW IPs have
ther advantages in large uniform FPAs, mature [-
0 technology, high production yidd, low st , high
speed , radigion hardness and very long wavelength
availability. However , in the thermal image applica
tion , the QWIPsare limited by low quantum efficien
cy, high dark current and narrow spectral band
width. They al® require either nonrnormal radietion
inci dence or opticd grating for opticad coupling.

Like any other dectronic and gotodectronic de-
vices, the device modding hasalways been an impor-
tant issue in the infrared detector desgn and fabrica
tion. There have been quite a lot of works on the
semidasicd model about HgCdTe devices based on
the Poison equation , the trangport and continuum e
quations[ 1,8 10]. A practicd modd about the QW IP
is expected to be ade to predicate essentid electricd
and optical propertiesof the QWIP.

Various physicd agects about the QWIP has
been wdl studed, including the gpecial behaviorson
dectrorrdectron and dectron-phonon interactions,
intersubband trandtions, opticd mupling and dec-
trontrangort[ 11]. Itisof vitd importance however
to egabish a practical device modd , incduding dl es
sentid propertiesof the QW IP to desgn and to opti-
mize its device performances. Snce the fabrication
processof a [ [;Fbased QW IP is much maure than
the conventional HgCdTe and InSb infrared detec
tors, the QWIP does not have © much uncontrolled
factorsinduced during the device fabrication proceses
(Lattice, surface and interface instabilities in
HgCdTe) . Thus aphyscd QWIP modd coud be at
first sight eader to redize. However it is proved tha
the theoreticd treatment of the QWIP is more conr
plicated than that of HgCdTe due to two principal

reasons.

Thefirst ore is the mmparable dzesof the thick-
ness o the opticd active layer and the wavdength o
theirfrared radigtion. In addition there exists a met-
al-emiconductor interfacein thin active layer of ared
QWIP device. The phydcal modd has to treat the
lossy QWIP materid induding the near field effect
[12,13]. Secondly the QWIP modd inwvolves the
quantum mechanica description of the optical excita
tion and the semicdasscal carrier trangort [14]. In
the conventiond HgCdTe and InSb infrared detec
tors, the opticd active layer is much thicker than the
wavdength of the infrared radiation and the carrier
mherence length 0 that quantum mechanicd effect is
not important .

Here we try to edadish a practicd GaAs/Al-
GaAs QWIP model basd on the red device struc
tures. Thefirst part ded swith theoptical apectsand
the scond part the dectricd agects.

1 O General consideration of optical transition

Deroting the electronic state by its quantum
number k and the photon state by photon erergy <w
and photon dendty npn, the absorption rate between
two dectroric daes kj and k;j i §[15]

M2
Wi (@) = mgw”phm K| a- | k%[ E(k) -
E(k) + w]. (1)

where | kiand E(k;) are, regectively, the wave
function and eigenvalue of state ki. The net absorp-
tion rate (per unit time) of the sydem in a photon
fidd is cdculated by

W(w) = 2w (@) { f[ E(k)]- f[ E()]}, (2)
where f [ E(k;) ] and f[ E(k;) ] are occupations of
thefind and initial electronic states, introduced here
due to the Pauli exdudon prindple (the initial gate
occupied and thefiral gae empty) .

We condder a beam of photons traveling dong
the z-axis, we can write the continuity equation for
the photon dengty
dnp(®W, 2 Onwm(wW,z) O vnu(wW,2)]

dt - ot ; 0z - (3
where thefirst term on the right dde of the above e
quation represents the aborption rate o photons and
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the scond term represents the photons leaving due to
the photon current. At the steady state o dn,, (*w,
z)/dt =0 we have

non (W ,2) = no(*w) e * (¥ 7 (4)
which ddines the absrption coefficient a ( w).
Snce

Oy (0, 2) h(a'tw 2 _ W (W) , (5)
D that
J2.2
a(w =38 Plgla s kOB (- E -
W){f[ E(k)] - f[ E(k)I}. (6)

We now begin to cdcuate the opticd absrption
when a £mionductor quantum wel sample isillumi-
nated. By defining the growth direction o the sample
asthe z-axis, the plane perpendicuar to this drec

tion asthe xy-plane, the Hamiltonianis
.2. 2
H=- .+ V(2 , (7)
2m

in the eff ective-mass gpproximation , where m ~ isthe
efective massand V (z) the quantum wel potentia
energy. The interaction between the incident radia
tion and the eectron is e* A- » / m ~ for an incident
light o A =Aoge “[15].

Snce H is trandationdly symmetric in the xy-
plane, the wave function can be expresed as

D (r) = H(2) u(r) <" (8)
where u(r) istheBloch functionandr = (b, 2) . For
dl valuesof j, u(r) isthe same, asintrarband tran-
sitions among sublevel s are invol ved in the detector.
u(r) isgoproximaed as k-independent. k and b are
the wave vector and wordnae in the xy-plane, re-
pectivdy. $H(z) istheenvelopefunction andis nor-
mdized in the z drection. Between ground subdeve

| PoqOand excited ores, it iseasy to show that

ee

e*A
00y 2 A+ Bo =8, B9 0 4,00

0z

(9)

Eg. (9) indcaes the momentum conservation in the

xy-plarne , and the trandtionis between the enveope
functionsin the z-drection.

Moreover , the mog important resut i mplicated

by Eq. (9) isthecondition about the opticd coupling:

The cowpling of aradation with the carriersindde a
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quantum wdl gructureisnot possble a a normal in-
c dent condition(the light propagatesalong the sample
growth direction 0 that the cmomponent o the vector
potential dong this direction, A,, is zero). Opticd
grating is therefore a necessity in many practicd
quantumrwd |- based photodecetor devices.

The probability of an dectron opticdly excited
from the ground sublevd to subleve j becomes

2dq e'Ay 0 %DZ_Zez_r_
Wizl a2 mP Y oz (74 )
[1(Eo - f(Ea)]. (10)

where we have replaced the energy conservation of 0
(E- E - W) by thelifetime I of dectronsin ex-
cited staes.

2 Optical coupling

The QWIP is ntype and has an opticd active
layer cond ging of 50 periods of Alg. 3 Gay. 7As GaAs
multiple quantum wdls(MQWSs) dong the zdirec-
tion. Each Alg 3Geo.7As barrier is 500 A thick and the
GaAswell 50Athick. The GaAslayer is S-doped at
aleve of 5x10Ycm™ 2. Doping levesin the cap and
bottom layers are 2 x 10%cm™ 3. Typicd O- O char-
acteristicsispresented in Fig. 1, where alinear rda
tionship between the current and the externd has a
the low biss regme ( < 2V) is generdly observed.
The dope of the [ O curve decreases in the hias
range(30 6 V) where we observe a kind of current
sauraion. Thecurrent increases dragicdly when the
bias is larger than 7V. Agymmetric property of the
- O charecterigics is indicaed with regect to the
polarit%bof the bias woltage. The current densty is

T=77K
0.4 4
<
3
=
E
£ 02
S
0.0 eyrap—— T Vet T
-8 -6 -4 -2 0 2 4 6 8
Voltage[V]

Fg. 1 OTypical [- O charecterigicsof two opticd
pixdsin one QWIP chip measured at 77 K
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about 0. 25mA/cm? at the saturation level.

The ective I dectronsare described by an effec-
= 0.067mo in GAs layers and
0.091 moin Alg 3Gap.7As barriers, where mgisthe
free electron mass. The conduction band offst is
0.65%x1.247x eV between Al xGa;- xAsand GaAs.

Due to the isotropic effective mass o the I dec
trons, normal incdent photon absorption is not possi-

tive mass of m~

ble, asdisussed in the last sction. A component of
the opticd dectric fidd dong the QWIP growth di-
rection, A, is required. To utilize ' dectrons,
diffraction gratings are needed for opticd coupling.
Electronphoton cowling, by Eq. (9) , is achieved
normall y by a two-dimensiond opticd grating which
is hematicdly depicted in FHg. 2. The diffraction
grating structure consists of 2a x 2a rectangular gper-
tures, or drcuar gpertures with radius a periodcdly
arranged on the optical pixd , a& distance bfrom each
other. The depth of the goertures is deroted as h.
The right part of Fig. 2 shows the SEM picture o one
grating obtaned by wet etching technique.

The QWIP dructure is not exactly nonconduc-
tive. However the current dendty at normd device
working condtionisvery low 0 tha the goproxima
tion of non-@nduction with repect to the dectromag
neticfied is acceptale. When anayz ng un-polarized
infrared radation , the vector nature of the wave am-
plitude will not be important , =0 that we can assume
that we are deding with a scdar amplitude f unction
WY (r) which isa 9l ution to the wave equation of [16]

« Won+ 42K, = 0. (11)
for purdy dastic diff raction, where 2tk = &M is
the wave number. By Huygen’ sprinciple and consid
ering a light ource far away from the diffraction
plane XY ,the optical wavefunctionfor therefractive

O n*-GaAs contact layes

X

MQW

Semi-insulating]
GaAs subsirate

Fg.2 OGanetric grwcture d the two-dmensond opticd graing
for a GaA /Al GaAs QWIP, and a SEM picture of grating
(641 m period and 0. 64 m depth) by wet etching technique

diff raction grating defined by its reflection coefficient
g( X, Y) which is perpendicular to the direction of
radiation i ncddence, becomes[ 17 ,18]

|21kr
Won(X,y, R -H a(x,v) ¢
1r + 2k co® - i2mk dXdY. (12)

rP=(x- X)2+(y- Y)?+ R, R isthe dgance
from the observationplare xy to the diffraction grat-
ing plane XY. B isthe angle between the z axis and
vector r.

For anincident radiation of 1/ k=8 m(in vacu-
um) and a reflective grating structure of 56 x 561 n?
(X,yDO(-28,280dm) (a=2,b=8,h=1.5,R=
A mi,i.e , 7x7 goertures arranged in the form o
Fig. 2, where Risthethicknessof thetop n* GaAs
ontact layer which sparates the grati ng from the ab-
orbing QWIP layer) , the cacuated dectric fidd in
theareaof ( x,y) 0(0,30)d mfor square aperturesis
presentedin Fg. 3a.

Periodicity is observed in the opticd fidd Y in
the xy-plane which is determined by the wavdength
of theincident radiation. Such aperioddity is expect-

ed when cond dering a one-d mendond grating ruc
j2rkr

ture 0 that the oscillation factor becomes e’
ejZTkx_ - 2k X

e . Thisis very much dike the so-cdled
near-field effect which has been extensivey applied to
the surface properties[19]. In addtion, fring ngfidd
dfct (see Fig. 3a) for x,y >28I misalo very grong.
The fringing fidd effect causes the cross talking be-
tween adjacent opticd pixdsona FPA.

Knowing the distribution of the opticd field, we
can calculate the amplitudes of different opticd plane

W) —

{
25 o o, r..,‘ s '-
20+ - s -

-
L] o
|5 Jg00e .no;o.:u =,
=
O - -
=
L/

10

Fig.30(a) The patid distribution  the dffrated dectricfield
OT fff f -

and kinuritsd k=1/2.21p m!]
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Fig. 4 [Opticd grating and experimentd setup
of the radiation transmisson

waves propagating in different directions. The oticd
fie d can be expressed as
q'lph( X,y,2) = eiZT[kz + Z‘IkeiZT[(k- b- k 2) . (13)
k

"7t sthe original i ncident rar

wherer =(b,z) and e
diation propagating along the z-direction, tyis the
amplitude o the plane wave propagates dong the -
z-direction with wave vector k = (k,, k) in the xy
plane ater diffraction. Snce we condder ony dagic
scattering, k3 + k3 + k3= K%

The diffraction grating is to be desgnedfor large
vadues o ty correpponding to small vd ues of k,. The
larger can be thes anplitudes, the larger will be the
effective optica strength to excite optical trandtions,
and thus it can be produced that a larger optical cou
pling between the incident photons and active dec-
tronsin the QWIP. The amplitude of the diffraction
radiation from our diff raction grating of Fig. 2 is
shown in Fig. 3b. Defining the efective strength of

the dffracted radation dong the zdirection which
0.6

Transmission

{

J )
24651'01'21'4161820

Wavelength[ pm)]
Fg.5 OSoild lines: transmisson pectraof QWIPs
(h=0.%1m). Same results have been obtained for
both rormal and back illumination setys as wel as
for mesxetched s ructures. Dotted line:
the transmitted opticd fidd strength

can absorbed by the -dectronsin the GaAsquantum
wel agl| A,| 0= A%B/2, where A isthe amplitude
of the incident irf rared radiaion and the factor of 1/ 2
i s due to the unpolarization of the ind dent radation.
The value of the B parameter for the grating gruc
tureof FHg.3is0.6655. Smilar resuts were reported
earlier based on the EM mode approach[ 20].

Opticd transmision pectrumof the infrared ra
dation( Fg. 4) is measured a& room temperature to
further analyze opticd diffraction by the grating
structure and radiation transmi sson in the M QW lay-
er. The samples consist of 30 periods of GaAd
Alg 3G ;As multiple quantum wells and the resul-
tant transmission ectra are presented in Fig. 5 as
functions of radiation wavdength , where the trang-
tivity of the wafer (without grating) is in genera
about 50 %. Throught the gratings having periods of
4 and & m, the transmissons vary with the wave-
length , whereas for 84 mrperiod grating , a broader
transmisdon valey is observed centered around 84U m
wavdength.

The fields due to the reflections a the two i nter-
facesd the MQW active layer are B sn(wt) + B
dn(@t + 9) , where the phase dfference ¢ depends
onthe pah dfference: #=2IT x 2nl/A , where | is
the thickness of the M QW layer (consisting of 30 pe-
riodsof GaAs/ Al @A s quantum wdls, | =1.6% m)
and n=3.65 isthe refractive index of the GaAd Al-
GaAs MQW materid. The transmisson intendty of
thisfidd is

é
1- co¢ 5 (14)

which is preented in FHg.5 as the dotted line. We
have observed an excdlent agreement between mea
surements and theoreticd expectation.

In the forthcoming part we shdl discussthe dec-
tricd agpects of the quantum wdl infrared photode
tector .
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