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Intersubband transitions in strained In o o/Gag 9sAS/Al 5 4dGa 6AS Multiple quantum wells
and their application to a two-colors photodetector
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Infrared absorption spectroscopy is used to study the conduction band intersubband transitions in Si-doped
INg 0/Gag oAS/Al o 4fGag sAS multiple quantum-well structures with the doping being restricted to the well
region. The chemical potential determined by the electron density is designed to be above the second subband
edge for samples with certain well widths, so that two absorption peaks with a different wavelength would be
observed as one of the requirements for a two-colors photodetector. The optical absorption spectra are calcu-
lated from which the peak position energies are extracted and compared with the experimental measurements
for different well widths. Good agreement between numerical results and experimental data is achieved. In our
theory, self-consistent screened Hartree-Fock calculations were performed, which includes the effects of the
z-dependent electron effective mass, dielectric constant, and the nonparabolic dispersion. The strain effect is
also taken into consideration by the deformation theory. In addition, the calculated optical absorption spectra
included the many-body depolarization and excitonlike shi€163-182606)01432-4

[. INTRODUCTION and the separation of the two peaks should be distinguish-
able. By performing a theoretical modeling including the
There has been increasing interest in multiband infraredcreened exchange interaction as described in this paper, one
detectors for simultaneous imaging in separate wavelengtban find the optimal condition for the design of the two-
bands:~3 One possible design for a two-colors photodetectorcolors infrared photodetector.
is a quantum well with at least three confined states to gen- In this paper, we calculate the optical absorption spectra
erate large oscillator strengths for all possible intersubbantrom which the peak positions are analyzed. In order to com-
transitions. To achieve this goal, one can increase either thgare the theoretical prediction and the experimental measure-
barrier height or well width. In case of doping in the well ments, we have included the conduction band shift due to the
region, the two-dimensional electron density,f) is in-  strain effect, nonparabolic dispersion, screened exchange en-
creased as the well widthL} increases assuming that the ergy, and depolarization and excitonic shifts. In Ref. 6, the
three-dimensional doping concentration remains constanscreening to the exchange interaction was neglected, and an
For fixedn,p and barrier material AiGa, _,As, one can still  infinite-barrier square well model was used to calculate the
increase the barrier height by choosing the well material as exchange energy. This will certainly overestimate the ex-
ternary alloy InGa;_,As instead of GaAs. In a single- change energy. In Ref. 13, there are only two bound states in
particle picture, the electron wave functions and energy subthe quantum well. Also, there is no strain effect included,
bands are completely decided by the barrier height and welind only the ground state is populated. This excludes the
width. When the guantum well is doped with electrons topossibility of quantum well as a two-colors photodetector.
obtain intersubband transition optical absorption spectra, therom the present theoretical analysis, the optical absorption
Coulomb interaction between electrons becomes very impoispectra evolving with. is shown. Consequently, the optimal
tant, which leads to the wave functions and energy levelsondition for the design of two-colors infrared photodetec-
being dependent on,y and temperatureT). tors can be obtained. Moreover, the temperature behavior of
One way to monitor the changes in the material opticalthe observed optical absorption spectra in a 100 A well width
response is using a weak probe light that induces the intesample is reproduced theoretically and explained as a result
subband transitions in the materials studied. The optical alef the subband thermal depopulation.
sorption technique has been proven to be one of the simplest The rest of the paper is organized as follows. In Sec. I,
and most applicable methddé to characterize materials. A we derive the formula of the self-consistent screened
full understanding of their optical properties is necessaryHartree-Fock calculation. In Sec. Ill, we generalize the
because of their potential use as optoelectronic devices sudihomas-Fermi static screening model by including the finite-
as photodetectors, modulators, and lasers. Early vbtkn  size electron distribution. In Sec. IV, we obtain the general
the intersubband transitions in Si-doped quantum welldormula for the linear optical absorption coefficient and re-
showed that the exchange energy has a nontrivial contriburactive index function, which include many-body effects
tion to the subband structure. The design of these photodsuch as collective dipole moment and vertex correctibns
vices requires an accurate theory for the purpose of devicexcitonlike shify. Experiment, results, and discussions are
modeling. For the two-colors infrared photodetector, thepresented in Sec. V. Finally, we present our conclusions in
strength of the two absorption peaks should be comparabl&ec. VI.
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II. SELF-CONSISTENT SCREENED HARTREE-FOCK where EH:(aB—aW)/aW is the biaxial strain,
CALCULATION D=-4.55(1-x)—3.6x is the deformation potential,
When we restrict the selective doping only to the fﬁé_ 1e|1£'i3i<(:1_s);i)ff;§'s?;3( Ciﬁgt;;igs'gm;xg Jgé?)g?(l_a){)e
guantum-well region, we can neglect the bending of the CO”'H; 0584 and ag—5.6533(1 )+'5 663 aré the lattice
duction band edges in the well and barriers. Therefore, W%on.stants for theBweIi and bar?lier m.aterila%
are able to model an individual {Ga; ,As/Al ,Ga; _,As | lassical pict lectron i tﬁ i I
guantum well by a symmetric and finite square-well potential . n a classical picture, every electron In the quantum we
Vow(2)=0 inside the well with a widtt. and AE,, outside will be acted on by_a ;ummanzed Coulomb force from a_II
QW ¢ other electrons and ionized donors. The quantum-mechanical
the well, whereAE.=0.571.455/+ 1.5%— 0.45¢*]+ SE,  this f < the H ol |
is the barrier heightx andy are the alloy-composition indi- _(I:_c;‘unterpart of this orce Is the .artree potential in Et) ,
; . . . e Hartree potential is decided from the Poisson’s
ces for well and barrier materials, respectively, atig. is tiof10:13
the shift of conduction band edge due to the strain effect. iFaua
should be pointed out that the In segregation is not a problem
in the present samples, since we have only 7% In in the well d
materials. Therefore, our assumption of a square well is still dz
valid. The Schrdinger equation, which determines the wave
function ¢;(z) and energy leveE; in the self-consistent
Hartree approximationt®*3is

#2d{ 1 d
2 dz m*(z) dz

=47’ [Ni(2)—p(2)], ()

d
e(2) 5 Vi(2)

where e4(z) =4megep(z) depending org, e,(2) is the di-
electric constant which is taken as 12.04(%) + 13.4% for
the well material and 12.0642.93y for the barrier material®
+Vowl(2) +Vu(2) |¢;(2)=E;j¢i(2),  The impurity doping profile ifN;(z) = N3P inside the well
(1) and zero outside the well, whem?n? denotes the doping

) ) ) ) concentration. The electron density function in Ej.can be
wherej=1, 2, 3,... is thesubband indexm* (z) is my, calculated by

and mg for well and barrier materials, respectively. By

using the virtual-crystal approximationwe find mg/mg
=0.0665(1y)+0.15 for the barrier (Al ,Ga;_,As) _ N2
and  my/m.=0.0665(1-x)+0.022% for ‘the well P 2; |4i(2)]
(In,Ga,_,As) materials, wheran,=9.10956< 103! kg is

the free electron mass. The nonparabolic dispersion can be ifwdk K 1 o
included througf®1>16 27)o 1+exp{[E;(k)— ul/kgT}|’
Me E, 2 1 . , _—
=1+— i + T , where E;(k) is the Coulomb renormalized electron kinetic
Mw(k) 3 [Eg+a%KT2my  Eg+ Ao+ A7k 2my, energy, which will be given below. In Eq7), u is the

2 chemical potential. The charge neutrality condition in this

where we have only included the nonparabolic effect for thesystent® can be used to determine self-consistently for a
In,Ga; _,As well material, my,(k) depends on the wave fixed n,p.
numberk. In Eqg.(2), the energy gap, spin-orbit splitting, and  The Coulomb interaction will further renormalize the
interband Kane matrix elements for the,®a; _,As layer electron kinetic energy calculated from the self-consistent
are® Ay=0.341-0.0%+ 0.14* (eV), Ep,=22.71(eV), and Hartree approximation by adding a screened exchange-
interaction effect to it. For the calculated self-consistent Har-
tree wave functionsp;(z) and energy levelE;, we can
(eV). include the screened exchange interaction which strongly de-

(3 pends onT andn,p. This allows us to generalize the self-

Considering that the effective mass of electrons in the We”consistent Hartree calculation into the screened self-
ng - . . . ,consistent Hartree-Fock calculations. The renormalized
and barrier materials are different, we obtain an “average

effective mass of electrons in thth subband of the quantum electron Kinetic energy used in EqS) can be calculated

2

204+ T

Ey=1.519-1.5%+0.45°—5.405x 104(

3,18
well by using the first-order perturbation thedfy:3° throught
1 _ P 1-P, @ 72K2
mF (k) m(k)  mg Ej<k>=Ej+m+§k, ni(k')

wherem}*(k) depends on both the subband indeandk. In L _
Eq. (4), P; is the quantum-well dwelling probability, as de- X[ 2 et (k=K DVE(k=K]) |, 8
fined in Ref. 13. "

In terms of a deformation theoRe find the shift of the
conduction band edge due to the strain effect Wheresi;l(qu) is the inverse of a generalized Thomas-Fermi
static dielectric-function matrix, which will be given below,
and the V(Jk—k’]) is the exchange-interaction matrix
ﬁ0,13,18

C11—C12

: (5

6E.=2D E|(

Cn elemen
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. eZ +oo + _ +o )
VE'(W‘MF‘mJ wdzf xd2'¢f(2) lﬁ}nd(ru):J md2|¢j(2)|2¢'”d(fu,2), (15
X ¢n(2) and the inverse of the Thomas-Fermi screening length is de-
fined as
xex — [k=K'l[z=2') ¢} (2 ¢;(2"). ,
9 qTF:e— f " 4k keostr2 Ej(kﬂ} (16)
! 87T€OEkaT 0 2kBT '

As an electron is excited from theth subband to the
jth subband at the position, there will be another electron
simultaneously making an intersubband transition from the d2q|| dg, _ ‘
jth subband to theth subband at the’ position. Eventu-  ¢""%(r|,z)= Wf Eexp[l(qwrH+qu)]¢'”d(qH 10z),
ally, there is an exchange between these two indistinguish-

After the following Fourier transformations

able electrons at these two positions. Their fermion character (7

contributes a negative sign in the exchange interaction. The _ d2q|| _

Hartree interaction can only produce a shift of the energy w}”d(ru)z f (2m)? exp(qu-rH)w}"d(qH), (18

level. However, the difference in the energy levels depends

weakly only on the subband indeX,, and n,5. The ex- d%q dq

change interaction also gives rise to an additional nonparap®{r,z)= ﬁ” —Zexr[i(qH~rH+qu)]peX‘(q” .0y,

bolic dispersion which can shift the peak position and change (2m)°) 2m

the line shape. (19)
lIl. SCREENING OF THE EXCHANGE INTERACTION |;(2)|*= f %exp(iqzz)fj(qz), (20)

The electron-electron interaction can shifin the mean- E
field theory. This gives rise to an induced-charge density in
the system, which in turns constrains the electron-electron
interaction through the Poisson’s equation. From E&g.we E

j

d. (14) reduces to a simple matrix equation,

q;" —
On,jt ;fnj(qp} llf}nd(qH) =), (21)

can rewrite the electron density function as q
whereq is the modulus of a 2D wave vector in the quantum-
p(2)=2 142N (), (109 well plane,
qu fn(_qz)fj(qz)
where fnj(CIn)—Zqu o W
1 +oo + o + 00
N == dk ke, v - [Tae[ Taziosor
Within the mean-field theory, we treat the electron-electron Xex;:(—qH|z—z’|)|¢j(z’)|2, (22)
interaction as an induced potential that is determined through o S
the Poisson’s equation, is the form factor due to the finite-size electron distribution,
1 (dag, f,(—9.)p%qy,0,)
) 1 ) ex dz Ta(—=0z)p1(q),0;
d - d = | —=
=V ,2)= %[Pe”(fu 2)+p"™(r,2)], (12 vy €0€n) 2 qf+a2
wherer=(x,y) is a two-dimensional2D) position vector in _ 1 fmdzfﬂcdz’hﬁ ()2
the quantum-well planes,=11.9 is the average background 2€p€p0) ) - o n
dielectric constantpex‘(r” ,Z) is the external test-charge den- e ,
sity, andp™(r,2) is the induced-charge density calculated X exp( —qylz—2z'))p™(qy.2'), (23
as the additional part gb(z), due to the shift ofu by the 4.4
amount of—ey™(r,z) and is given by**’
— dg, -
A . dn; ¥ )=f—f-(—q )" ay,a). (24)
p'“d(rH,z)=—e2w'“d(r”,z)2 |¢j(z)|2 dll(j’“). (13) j [ 2 ) z [ +4Yz
: From Eq.(21), we find that the static dielectric-function ma-
Inserting Eq.(13) into Eq.(12), we arrive at trix in the generalized Thomas-Fermi model to be
. — 1 q’"
— V2 ,Z)+2; |bi(2) |70 (r)) = ape“(fu 2), &nj(Q))=&n,j+ q;”fnj(qu)’ (25
(14

which has been used to screen the exchange interaction in
where we have defined Eq. (8).



54 INTERSUBBAND TRANSITIONS IN STRAINBD . .. 5623

IV. LINEAR OPTICAL ABSORPTION COEFFICIENT e 2 +o
a(w)=————F— dk koii/(k,w)F;;.
When an externat-polarized electromagnetic field is ap- (o) T€o€pEprobd-; | fo Keij (K w)Fyog
plied, the resulting perturbation in the electron density func- (32

tion will produce an optical response from a normal mode of
density fluctuation. In the long wavelength limit, only the
vertical intersubband transitiofwith the same in-plane mo-
mentum for the initial and final stateseed to be considered.
For a probe field interacting weakly with the electrons in the
guantum wells, described by a perturbatrio the Hamil-
tonian induced by the probe field, the absorption coefficient n;(k)—n;. (k)

is defined as the ratio of the energy absorbed per unit volume  Pjj’ (K, @) =@&andjj hwo—E; (K)+E (K +iyi|
and per unit time to the incident flt&k . . " (33

For noninteracting electrons, the first-order perturbation part
of the density-matrix element in the linear response theory
can be obtained from the Liouville’s equatitht®2°

h
Bapd ©)= @ >— W(w), (26)  where y;;=(y;+v;,)/2 is the dephasing rate in the inter-
N() \ €p€0CEG0be subband transition, and the bare dipole moment for noninter-

where Eyqpe is the amplitude of the probe fieldy is the acting electrons is

frequency of the probe fieldi(w) is the scaled frequency-

dependent refractive index function, aé( w) is the prob- +oo

ability per unit time for the system to make an intersubband Fijr = FJ*,J:f dz ¢} (2)2¢;/(2). (39
transition from an initial statg) with the energyEg; to a final ’°°

state |f) with the energyE;. The intersubband transition

probability can be calculated from the Fermi's golden rulein our numerical calculations, we have made use of the phe-
(see Ref. 13 and references thejei straightforward cal- nomenological formufa™® for the homogeneous broadening

culation yields of jth subband and it is given by
w\ey
Bapd w)= m[pph(w)ﬂ]lmm(w), (27) y;(meV) =3.144+0.101x 10 n,p(10Mcm™2)
where 1
+2'55{ exphawplkaT)—1)' (35

-e
aL(w)zﬁf dr”J dzép(ry,z,0)z, (28
probd- which depends oif andn,p. In Eq.(35), y; is independent
is the Lorentz ratid®*®andp+(w) is the photon distribution  Of the subband indej, the optical phonon frequency is
factor!® From the Maxwell’'s equation for any transverse i wpn=36.7 meV. The quadratic term afp (Ref. 5 in vy is
electromagnetic field: we get neglected, since the scattering is only proportionat g in
the Born approximation’
1_, When an electron is excited to a high subband, it induces
e_bV o)+ Z[1+Rea (0)]E(r, o) a density fluctuation in the neighboring electrons through the
long-range Coulomb force. This will introduce a dynamical
screening on the bare Coulomb interaction.
In the quantum statistical theory, by adding the Hartree

interaction part to the perturbation part of the Hamiltonian,
from which we can find the dispersion relation by assumingwe obtain the density fluctuatioh

a plane wave form t&(r,w),

w2

w2
+i ?ImaL(w)f,’(r,w)ZO, (29

2

i
%n(wH T,Babs(w) 5P(Z?w)5f dryp(r,z; )
€p
w? — * _ ) ) (1)
= [1+Rex (0) +ilmay(0)]. (30 Ej ¢1(2)6(2)€Epond Fijj +Djj (@) 1 (@),
Using Eq.(30), we obtain the refractive index function (36)
1 whereDj; () is the collective dipole moment as a correc-
n(w)=ﬁ{1+ Rex (o) tion to the bare dipole momerf;,;, and x|;}(w) is the

susceptibility of the interacting electrons which will be given
+[1+Req (0)]?+[Ima (0)]?Y2 (31) below. By solving the Poisson’s equation for the Hartree
interaction in the self-consistent-field thedfy*>?°we get
The Lorentz ratio in Eq(28) is calculated &$%° the following linear-matrix equation fan<n’ (Ref. 13:
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eZ

2€p€p

— z—27'

> Djj(w)

i<y’

-3 ko [ ez oz apaania -

i<j’

+ oo + o
5n,jan,,j,—x§j1?(w)Jiw dzJim dz’ ¢ (2) dni(2)

)«ﬁ}i(z'wj(z')}

eZ

z—7'

)¢}‘,(2’)¢j(2’). (37)

2€p€p

We can see from E(37) that the screening effect has been g2 i +oo
included in the dielectric function which is shown as a coef- ~ Ujj mm(q)) = f de dz' ¢} (2) $j/(2)
ficient matrix. _°° w

In Eq. (36), we have introduced the susceptibility of in- xext —ailz—z'Neé* (2 7'Y. (42
teracting electrons. It is known that at the same time when X q||| Db (2) (2. (42
one of the electrons is excited to a higher subband, it willBy combining the effects of the collective dipole moment

create a “hole” state in the initial occupied subband. Thisand vertex correction, E432) can be generalized to
yields an “excitonic” interaction between the excited elec-

Zeoequ

tron and the “hole” state. e?
In Eq. (36), the susceptibility of interacting electrons is a(0)=- Tenenl > FirjlFj +Djj(w)]
0€bhj<j
(1 o B (0) e 0
xj)=—] - dk kel ko) (ke), (39 xjo dk k) (k)jr(kw). (43
where j<j’, and the susceptibility of noninteracting elec- The effect due to the screening and vertex correction tends to
trons is shift the peak position up and down, respectively. In addi-
tion, the screening will shrink the peak width but the vertex
Ok )= n; (k) —n; (k) correction will expand it.
X ) o —E; () + E;(K) T/
njr(k)_nj(k) 9 V. EXPERIMENT, RESULTS, AND DISCUSSIONS

The multiple quantum-wellMQW) structures used in the
present study were grown by the molecular-beam epitaxy
The vertex partl’j;. (k, »), in Eq.(38) is due to the excitonic  technique on semi-insulating GaAs substrates. All samples
interactiort* and can be calculated by summing over all theconsist of 50 periods and only the JpGageAs well
ladder diagrams. The result of this summation is the followegions were ~Si-doped{[Si]=2.0x 10 cm3}. The
ing Bethe-Salpeter's equatitit® for j<j’, Al 1.4Gag ¢As barrier thickness is 100 A for all samples. The
infrared absorption was recorded at the Brewster’'s angle of
GaAs (73°) from the normal using a BOMEM Fourier-

(K w)= 21 (0)
Fipr (ko) =1 (Zﬁ)zj dkxjyr (k) Tjj (ko) transform interferometer. The spectra were recorded and per-
formed using a continuous flow cryostat amdwas con-
x| > 8ﬁ},mm/(|k'—k|,0)V?m(|k’—k|) ~ trolled within 0.5 K.

me=m’ The calculated optical absorption spectrarat78 K are
shown in Fig. 1 for different. ranging from 55 A to 200 A.
(40) It is obvious from this figure that only thig,, transition can

In Eq. (40), the small exciton-coupling effect is neglected. b€ seen in samples witl smaller than 100 A. For
We have also used the inverse of a static dielectric-functioh->100A, the second energy subbatffitst excited state
matrix in the random-phase approximation in this equation tétarts to be populated asincreases. Consequently, a second
screen the vertex correction. In the random-phase approxPeak becomes observable which is related jg transition,
mation, the intersubband-type Lindhard’s dielectric-function@s shown in the 115 A well sample. The strength of these

matrix for j<j’ andm=m’ can be written as two intersubband transitions becomes comparable for the
sample of 125 A well width. A4 increases, the first excited
ejjr.mm (0], ®) state drops below causing a phase blocking f&t;, tran-

sition. This is clearly seen in samples with-150 A, where
the strength of th&, transition is decreased dramatically as
compared to that of th&,s transition.
The theoretical results shown in Fig. 1 were verified ex-
2[”m(k)_”m’(|k+ql|)][Em’(|k+q|)_Em(k)]] perimentally, as shown in Fig. 2. In this figure, we plotted a
(hw+iyj)*—[Em(k+o]) —En(k)]? : few intersubband transitions observed at 78 K in samples
(41) with different L. We have observed only one intersubband
transition E,,) in samples wherg lies between the ground
where the intersubband excitation coupling is and first excited states 100 A). However, ad. increases

2
= 5j,m5j’,m’_Ujj’,m’m(qll)( (ZT)ZJ dzk
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0.3 observed for samples in which is above the first excited
state. Third, the strength of tl#,, transition is decreased as
® 0.241 u is raised above the first excited state, which is achieved by
= increasingL. In fact, we are unable to observe the, tran-
_2 0 18- AJ\' sition in samples with_ larger than 175 A, which can be
i explained by the phase blocking. The phase blocking is a
2;3 o iy result of the Pauli's exclusion principle for electrons. Con-
s 012 ma sidering that the electrons are excited from the ground state
2 ! to the first excited state, we know that it can happen only
2 0.06L when the initial state is occupied and the final state is empty,
] T=78K or partially empty, at the same time. #f is above the first
0.00 ) 200A L excited state, the population in the excited state would block
62.06 11171 161.36 211.01 out the electron transition from the ground state to the first
Energy (meV) excited state. Since the peak strengifitensity depends

strongly on the number of allowed transitions from the
FIG. 2. Optical absorbance as a function of the photon energyjround state to the first excited state, it is then easy to ex-
for several samples with the well width recordedTat 78 K. The plain the suppression of thE,, transition asu is raised
sample parameters are the same as those in Fig. 1. The dashed l6qve the first excited state.
is for a sample with two intersubband transitions. It should be pointed out that the line shape of the inter-
subband transition is not a major subject of this paper. How-
ver, the theoretical spectra in Fig. 1 were broadened using
g. (35) except the first two spectri@amples 55 and 75)A
which were broadened using a constant. We find this to be
- > necessary in order to compare the experimental and theoreti-
peak position energy of thE; transition becomes almost ¢4 neak strengtk ,, transition. The broadening issue, how-

independent of. for samples withL>175 A. _ ever, does not have any implications on the peak position
For direct comparison between theory and experiment, Wenergies.

plotted the peak position energiesBf, and E,; transitions Additional support to the present theory is based on the
in Fig. 3 as a function ot.. Itis clear from this figure that emperature behavior of the intersubband transitions in a
good agreement between thedsplid and dotted lingsand g3 mpje wherey lies very close to the first excited state. In
experiment(solid squares and circless achieved. It is also s regard, we recorded the optical absorption spectra of the
noted in Fig. 3 that the separation between two intersubbangliarsubband transitions in a 100 A well width sample. The
transitions is increased ds increases. Thus far, we are ,aquit is shown in Fig. @) in which we presented two spec-
able to show the following. First, the optical absorption 5 ohserved at 295 and 78 K. From this figure we noted that
measurements of the intersubband transitions in thgy, intersubband transitions can be clearly seen in the spec-
In 0.0/G80 eAS/Al 0 Gag As MQW show that one transition  y,m obtained at 295 K. The largemal) peak is related to
related toE;; is observgd In samples in which lies be-' the E,, (E,p) transition. AsT is reduced to 78 K, the small
tween the grou_n_d and first excited states. Seco_n_d, two 'ntebeak, which is related to tHe,s transition, disappeared. This
subband transitions related #,, and E,; transitions are o |d e easily explained in term of the depopulation of the
first excited state a$ is decreased. These results were pro-
250 . e duced theoretically as shown in Figh4. We plotted in this
A —Peak 1, Theory ] figure the calculated optical absorption spectra at 78 and 295
[ - Peak 2, Theory ] K. At T=78 K, we find only aE;, transition(dashed ling
200 - . Eggt » Eipgﬂmgm 1 because the first excited state is depopulated. However, at
[ L =XP ] 295 K we can see both;, andE,; transitions since the first
excited state becomes partially populated at this temperature.
The E 4, transition peak produces a blueshift whEns low-
ered. This blueshift is due to an exchange interaction effect
] as it was described earliét The peak position oE 3 in our
calculation is higher than the one measured in the experi-
ment. Noting that the energy levEl is close to the barrier
I heightAE, for L=100 A sample, we expect that thg state
[ T=78 K ] can be quite extended in tlzedirection. Therefore, our infi-
T T TN TN T nite barrier modef, which puts two infinite barriers 100 A
60 80 100 120 140 160 180 200 away from the left and right edges of the quantum well, can
Well Width L (A) overestimate the value &j. This is the main reason for the
disagreement of,; peak position between the theory and
FIG. 3. Comparison of the calculategines and measured €xperiment.
(symbol$ peaks position energies of the two intersubband transi- The explanation of the temperature behavior observed in
tions related t&E;, andE,; at 78 K, as a function of the well width the experiment, as shown in Figa$, can be best understood
L. by showing the depopulation process, as shown in Fig. 5. In

above 118 A we observed two intersubband transitions. A:
an example, we plotted the spectrum obtained for a 125
well sample as the dashed line. For samples Wwith150 A,
we were unable to observe thg, transition. In addition, the

150 [

100 [

Peak Position Energy (meV)
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0.300 %400_, T LIS BN T LI |
E F— <E T=78 K
S— 3 =
2 0.188 Ing g, Gag o As/Aly ,Gag s As 3 350 | N
= c L ]
= well width = 100 A g 300 E AN ]
S o E\ ]
S 0.244 T o5k - AN 3
8 -8 \"- E2 N
5 013 § 200F N\ N .
5 78K S 150} \-..\ S - ;
20076} S P ! s ~ _ ]
< 205 K B 100 b e
i - b . ]
0.02 NP TP TP S 50 ?M ------- - 7
99.30 148.95 198.60 248.25 el o b 1 ]
> PO [NV T W NN N W [ T VN N T W T N W T W T SN U S (NPT T T BT
@ Energy (meV) @ 60 80 100 120 140 160 180 200
1.2x10° N Well Width L (A)
[ . ]
[ RE - ]
— 5 2 2%& ] FIG. 5. The calculated energy levelg;j and the chemical po-
[ 1x10° i ] tential (u) at T=78 K by using the self-consistent screened
= [ ] Hartree-Fock formula as a function of the well widthThe sample
% 8x10% [ . parameters are the same as those in Fig. 1. From the bottom to the
© I 1 top, the solid, dashed-dotted, and long-dashed lines repr&sent
E 6x10* [ ] E,, andEj;, respectively. The dotted line correspondsuto
O I
,§ V5% [0 A E—— S ] based on self-consistent screened Hartree-Fock approxima-
% [ ] tion, which included the effects of the subband- and
8 oxi0tl E 23 ] z-dependent electron effective magsgependent dielectric
< [ 12 constant, and the nonparabolic dispersion. The strain effect
Y /N L was incorporated in the current theory using the deformation
60 80 100 120 140 160 180 200 220 theory. In addition, the depolarization and excitonlike shifts
(b) Photon Energy (meV) were included as well.

We have observed experimentally and predicted theoreti-

FIG. 4. Comparison between experimental and theoretical cally that or_1|y one intersubband tranSit?on e_XiS.tS in the
(b) spectra taken for a sample with a well width of 100 A. The two Present multiple quantum-well structures in whighis be-
peaks in the spectra measur@alculated at 295 K are related to 10w the first excited state in the well. As is raised above
the E;, and E 5 transitions and the peak in the spectra measuredhe first excited state by increasihgand keeping the three-
(calculated at 78 K is related to th&,, transition. dimensional doping constant, we were able to observe and

calculate two intersubband transitions. The, transition,
this figure, three energy levels calculated from the selfhowever, suppressed due to phase blocking approaches
consistent screened Hartree-Fock approximagnE,, and  the second excited state. We also noted that two intersub-
Es represented by solid, dashed-dotted, and long-dashegshnd transitions related t&;, and E,; were observed at
lines, are plotted as a function &f at T=78 K. We also  room temperature for samples in whighis just below the
plotted u as the dotted line in this figure. Far=100 A, wis  first excited state. Th&,; transition was dramatically de-
above the ground state but below the first excited statesreaseddisappearedasT is decreased to 78 K. This obser-
which means that the first excited state is depopulated afation was explained in terms of thermal depopulation of the
T=78 K. However, wherT is raised to 295 K, some elec- first excited state. Finally, we have shown that two intersub-
trons will be thermally excited to the first excited state, giv-band transitions in IpyGag 9AS/Al g.4GagAs multiple
ing rise to theE 3 transition, which can be clearly seen in the wells could be observed with equal strength for samples with

295 K spectra in both Figs.(4 and 4b). a well width of 125 A. These two transitions could be used
for two-colors photodetector applications. Future work is fo-
VI. CONCLUSIONS cused on the tuning of these two transitions to cover specific

wavelength regions, the separation between the two transi-

In conclusion, we have established a theoretical model fofions, and the barrier design in which the electrons can be
a two-colors infrared photodetector, which does not contairgycited and collected under a bias.

adjustable parameters. This model was tested against the op-
tical absorption measurements of intersubband transitions in
Ing.0/Gag gdAS/Al  Gag As multiple quantum wells. Good
agreement between experiment and theory was achieved for
the peak position energies of intersubband transitions in One of the authorgD.H.) is supported by the National
samples with different.. The present theoretical model is Research Council.
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