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ELECTRIC OGPUWCH.OHH TRANSITIONS
IN SEMICONDUCTOR QUANTUM WELLS

IKONIC, 2.1), MILANOVIC, V.2), TIAPKIN, D.2), Belgrade

Interband and intraband electric quadrupole transitions in semiconductor
quantum wells are analysed. All dipole forbidden transitions are found to be
quadrupole allowed, and among them the interband transitions in wide wells
have the highest intensities.

,\

1. INTRODUCTION

It is well-known that a semiconductor quantum well (e.g. a thin GaAs layer
nbedded in an AlGaAs bulk) support a number of quantized electron and hole
tergy levels perpendicular in direction to the well plane. Their existence leads to
teresting optical properties of the structure, e.g. the multiple-step like interband,
1d line-like intraband absorption spectrum. In symmetric wells the definite parity
"electron and hole wave functions introduces selection rules: only odd-odd and
fen-even interband, and odd-even and even-odd intraband transition are allowed,
Fma evaluated within the electric-dipole interaction approximation {1-—3]. In free
toms and molecules the dipole-forbidden transitions are often found to be allowed
s magnetic dipole, electric quadrupole, etc., and it is of interest to investigate the
kme thing in semiconductor quantum wells, in view of the fact that the well width
i ussually a considerable fraction of the wavelength of light.
| . .

II. METHOD AND RESULTS
_, In the electron-light interaction Hamiltonian H' = (e/2mo)(pA + Ap), with
To the free electron mass and p the momentum operator, the magnetic vector
lotentials is A = Ageexp(ikr) = Age(l + kr + ---), where the first term in the
xpansion corresponds to the electric-dipole (D), and the second to magnetic dipole
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(M) and electric quadrupole (Q) interactions (k is the photon wave vector). Using
the well-known vector relations, the last two interactions may be recast as [1]:

Hiq = 522 {(kxe) ¢ xp] +

H Y
* gllkr) )+ er) Gp) ). o)+ () e

?w w_nma nowﬂ being Fo magnetic dipole H}, and the second the electric quadrupole
@ interaction Hamiltonian. Among a number of terms in (1) only

eA :
m: == z€:(2p; + p. 2) (2

wq.zé
can induce transitions which are dipole forbidden in QW’s (the z axis is taken to

be perpendicular to the QW plane). Interband and intraband transitions will now
be treated separately. .

ILa INTERBAND TRANSITIONS

. Using [p,, 2] = —ih, i.e. #Ps + P22 = 2zp, —~ ih, the transition matrix element

is i
m\Ac

E.Q “ ﬂcl.kum.h‘\em-:Nﬁh‘H:.:uQN. | va

where the full wave function ¥ = uo9 is the product of the Bloch wave function
4o and the envelope function ¥, and the indices e(h) denote the electrons (holes)
and ny,n, the numbers of the quantized levels involved in the transition. Using
the method of separate integration of rapidly varying Qw_o&&. and slowly varying
(envelope) functions, (3) may be transformed into Pev-Mqeny, where p,, is the

M@bn matrix element, and Mgeny the quadrupole envelope matrix elemnent, given
Yy

Mgeny = k«m«‘\ﬁma—N@}:u&N. 5 , AAV

For comparison, the dipole envelope matrix element is Mpen, = \. Yin, Yhn,dz.
- . . . - - - 1

For omsawrws- it will suffice to consider an infinite barrier model of QW, where

(4) may be simply calculated to be

2L 1 1 -
g@«:.e = — 5 + A~ €2k, m@v

72 | (ng + ng)? (ny - n3)?

where L is .ﬂrm well width, while within this simple model Mpen, = 0y n,. The
term €.k, in (5) has a maximum of k/2 (because €.k = 0) when :mwm falls at
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a 45° incidence angle to the QW plane, and is zero for the perpendicular or the
in-plane incidence. Now, using k¥ = fiw/c, where 7 is the refractive index, and
fw = Eg + Een, + Ejp,, Eehn = :umuan\whuﬁfa + MNaw\wﬂ:n.? where E is the
band gap of the well material, me the electron and hole effective masses, and k;

the in-plane component of the wave vector of the electron and the hole involved in
the transition, we get :

- 1 1 .
g@aae“ - _H + _X

hex? {(ny + ng)? * (ng — ny)? )
mus.w aw _ZW Nnkw 1 1 Amv
m N —_— ———— it — .
xﬁ oL+ As:. ::.v 2 Asn+§v L.

which obviously reaches a minimum at some L = Lmin. With.values E, = 1.424
eV, m, = 0.067mgy, mur = 0.45my {(heavy holes), m., = 0.083 (light holes),
i = 3.6 for GaAs, L, is typically 20—40 A, and high values of Mg.ny should be
expected for large L, especially if n; —ny = +1 (n1 — ny = 13 wil decrease Mgene
approx. tenfold). Thus gmnz%mg the 2e — 1hh transition at the absorption edge
(k: = 0) is calculated to be, e.g. 2x 1073 and 5.6 x 10~3 for L = 150 A and 250 A
QW’s respectively. These values are comparable with M 2 .n for the same parity
different index transitions (like le — 3hh), which are not strictly forbidden in real,
finite barrier structures [2] and should be within the range of measurability.

IL.Lb. INTRABAND TRANSITIONS

Using p, = (imo/h)[Hy, 2] in (2), and proceeding along the same lines as above,

the transition matrix element is now found to be Mg = ~ieAow.Mgeny,
ek, .

EO«:: = 5 .\..%:»Nw.%:»mN A.Nv
and Mp = ~ieAow.Mpeny, Mpeny = €, %ﬁu_uﬁaumu where wave functions are
either all electron or all hole ones. For the infinite barrier model we get

ek, 2L? 1 1

eny — § i - 8
Maens 2 T:_ -n2)?  (ni+ SVL . ®)

while Mp.n, is the same as M., in the interband case (eqn. (5)) with the factor
k. ommitted (note that n; and n, now have the same parity for Q and the opposite
parity for D transitions). For intraband transitions (e.g. in the conduction band)
hw = Een, — Een, = (K*72/2m.L?)(n2 — n2) and the maximum value of (8) with
€k = k/2 and k = fiw/e, is

fh ning )

MQeny = .
Q em, n?—nl
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and is independent of L. However, Mp.., ~ L, so Mg.ny becomes progressively
negligible with increasing L. On the other hand, a large enough L must be taken
in a real, finite-barrier structure to provide at least three bound levels (the 1—2
transition is dipole allowed), and, e.g.; the GaAs QW in Alp 5Gag sAs should be
at least 110 A wide. The numerical factor with n; and n, in (9) is the largest for
ny —ny = 2. Thus, taking L = 150 A and @ = 3.1 we find Mgeny = 0.067 A for
the 1-—3 transition, while Mpenw = 33.75 A for the 1—2 transition, the ratio of
their squares being very small (~4x10-°).

III. CONCLUSION

All dipole forbidden transitions in symmetric QW’s are quadrupole allowed,
but among them only the interband transitions, with level indices differing by one
have high enough intensities to be dectectable. .

We would like to thank Mrs Lj. Radoja for the technical presentation of the

paper.
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EJIEKTPAYECKHE KBAIPYNO/IbHEIE hmwmxo.nz .
B KBAHTOBOM AME NOJYIOPOBOOHUKA

B paGore cpeman amammo MEXIONOCHBIX H BHYTPONONOKHEIX €eleXTPHYECKEX KBa-
APYHOTLHEIX IEPEXONOR B KBAHTOBON aMe nonynposonnuxos. llocxonsxy Bce gRmONBHLIHE
HEPEeXONB! OXa3bIBAIOTCY SAlpeweHHKIME, B XBaIPYNIONbHLe PaSpeleHHEIME, B WIADPOKOH

AME HMEIOT BHYTpenonocHyle nepexonH, HOBHIUICHHY IO HEHTEHCHBHOCTE.
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