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Excitonic effects can lead to decreased intersubband oscillator strength
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We study intersubband transitions of an electron in a quantum well, in the presence of a hole. When the
energy of one subband of the electron approaches the top of the well, the electron-hole attraction strongly
influences the electronic state. We show that these excitonic effects lead to a reduction in oscillator strength for
an intersubband transition of given energy. This finding should be considered in the design of quantum well
devices, such as recent devices that produce midinfrared radiation from near-infrared laser structures.
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In recent years, there has been extensive and sustainéthn decreased, intersubband oscillator strength. By model-
interest in intersubband transitions in quantum wellsing these effects, we develop here a physical understanding
(QW's).! These transitions are important both because ofhat is germane to quantum d@D) lasers involving inter-
their role in fundamental research on semiconduémnd  subband transitions in relatively flat QD% ?interband Ra-
because of their potential technological importance in deman scattering’ some contemporary studies of semiconduc-
vices such as quantum well infrared photodeteftansd  tor QW physics}® and, as mentioned above, MIR emission
quantum cascade lasérin this work, the intersubband os- from NIR QW lasers:® N .
cillator strength plays an essential role in determining Qw The calculation begins with the familiar model Hamil-
behavior. In particular, a large intersubband oscillatortonian for an excitotf' in a QW,

strength is often favorable for these devices. This gives rise 72 72 e?

to an interesting theoretical question: one would like to know H=— o Vi— ————+V(ze) + V(zn).
how to optimize a QW structure so that it possesses an in- 2mg 2my; Kk[re=rp

tersubband transition of desired energy and maximum oscil- (1)

lator strength. The obvious approach is to increase the weljere,m? andm are the electron and hole effective masses,
width and depth, keeping the intersubband transition energy and Fh are the three-dimensional position vectors of the
constant, to make the oscillator strength near u¢ige Fig. eTectron and hole, and(2) is a potential well of deptv

1). Unfortunately, this scheme is impractical since, in gen'stretching from—a’ to a in the z direction. The electron a(ljnd
eral, the well depth cannot be tuned at will; aside from thehole are assumed to occupy a single parabolic band each,

materigls issues, devices often require the final state 10 Bgnich s not realistic but should not influence our conclu-
close in energy to the top of the well so that carriers calions qualitatively

enter or exit. o . . To find the eigenstates &f, we separate out thedepen-
_ Alternatively, one might imagine taking advantage of ex-yonce of the Coulomb interactioh writing H=H,+ H
citonic effects to enhance oscillator strength, and here Whihere ' ©

investigate this possibility. Consider, for instance, recent de-

vices that produce midinfrareMIR) radiation from near- %2 5 #2 5 e?

infrared (NIR) QW laser€® In these devices, an electron Ho=— P Ve— Py Vii— J . ;
emits MIR radiation by making an intersubband transition Me Mh KV (Xe=Xp) "+ (Ye = Yn)
between two QW conduction-band states. The electron then +V(z0)+V(zp), 2

vacates the final QW conduction-band state by making a

stimulated interband transition that destroys a hole in thé@Ind

QW valence band and produces NIR radiation. Since the e2 e2

initial intersubband transition proceeds in the presence of the H=——-75—+ )
hole, excitonic effects can influence the intersubband oscil- KFe=Thl K (Xe=Xp)?+ (Ye—Yh)?

lator strength. This is not surprising, and we expect excitonién order to treat excitons in QW’'s as two-dimensional
effects to be pronounced in many materials of contemporar);zsbjects%4 one neglectssH. This should be reasonable pro-
interest such as in llI-V semiconductors such as GaN angided the hole and the electron are sufficiently well bound in
lI-VI semiconductors such as ZnSkWhat is surprising is  the QW. Then, the separability &f, permits us to write its
the S|gn.0}c the result. We show that th_e excitonic trans't'or‘eigenstates |N,M,I2,ne,nh) as Yywkn n (Feth)

can exhibitreducedoscillator strength in comparison to a ; Lo e h .
transition of the same energy with no excitonic effects. This XNm K(Xe Ve Xh V) ¢”e(_29) bn,(2n) in which the mgtlon

is certainly not obvious or intuitive; in fact, the opposite Parallel to the QW plane is decoupled from the motion per-
situation can occur when wells get sufficiently deep—pendicular to it. The energy of the stdtd,M,K,ne,ny) is
excitonic effects can then lead to slighlycreased rather  termed EnM.K ng.ng The y are two-dimensional exciton
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= size of the change is dependent upon the electron-hole overlap
Q . 2 : . . et .
3 |xn.m.(0)]%, and it vanishes in our model if this overlap vanishes.
0.2
To see how excitonic effects influence this picture, we
- calculate the effect 0bH (3) on the oscillator strength. The
0.0, 2.0 24 28 3.2 3e form of 6H (3) is cumbersome for calculation, so we ap-
Transition Energy proximate it as
FIG. 1. Plot of intersubband oscillator strength as a function of e? e?
transition energy in the two-dimensional exciton approximation SH=— ————+ > 5
(H=H,). Well depth, excited-state enerds;, and ground-state KIFe=Thl  kV(Xe=Xn) "+ (Ye—Yn)
energyE, are also shown. Vertical distance between well depth and - 2
E, gives binding energy of excited state. Energies are measured in _€ J o o o
: i =— explik-[ (Xe—Xp) X+ (Ye—
units of 4%/2m? a2. The constant factoe, has been set to unity. k) (2m)2 Rk [(xe= X)X+ (ye—yn)Y 1}

eigenfunction¥ and the ¢ are eigenstates of a one-
dimensional square potential wéflIn experimental QW's,
the square potential-well depth, often lies between#/2)?

2m
XT(l_e—k\Ze—Zh\)

and (7)? in units of2/2m* a2, so that there are exactly two - e_zf d*k exXpliK-[ (Xe—Xp) X+ (Vo Y)Y 1} Ze— 24|

bound electronic stateg, (zs) with n.=0,1. The energies k) (2m) e e oh e

of these two states aig, andE, in units of %/2m} a2. e? A A
Electronic transitions between eigenstatesigfare gov- = 7|Ze— Zu|(27) 8P (Xe= X)X+ (Ye— Yn)Y]. (6)

erned by the oscillator strength
We have taken the smalk,—z,| limit of the Fourier

(N, M K'n' n’|E-|5|N M.K.n )2 transform ofSH, which is appropriate when the QW width is
=2 " e . (4  much less than the exciton radius.
Me (Envmr,K7,ng 0/ ~ ENM K ong.ny) In our case of interest,=0, we find

- o . . ~ (N,M,K,1,0/6H|N,M,K,n!
Here, € is the polarization vector of light causing the transi- (N.M.K,1,06H|N,M K. n.0)

tion (we neglect the momentum of this lighand p is the e? ) . )
momentum of the electron. We focus on the experimentally =~ ?(277)|XN,M,R(O)| f dZeh1(Ze)™ b (Ze)[ Ze/2a
relevant case of electronic intersubband transitions for which

n,=1 andn,=0,n,=n,=0. In this case, the dipole matrix +a/2—al 7 —acog wz/a)/ ]

element appearing ihbecomes 2

e
R . %_(277)|)(N,M,R(O)|2f dZe1(Ze)* by (Ze)
<N!M1K11!O|€ZpZ|NlM!K1010>5N’,N!5M’,M ,5|Zr’|2 K €

2\EqE; 1 [ (Z22a+al2) |z <a] -
=—¢ X ,
“E1—Eo V1+1UVy—Eg)?? & |z:|=2

where we make the abbreviatidgy v <(0)|? for the density
|xn.m K (Xe»YeiXn,Yn)|? when the electron and hole sit on
top of one another(This density satisfiedxn m.<(0)|?
5 = 5M'0/[wa§(l_\l +1/2)%] where ag= Kﬁz(ym; +1/mf )/_e2
=kh’lpu*e® is the exciton Bohr radidd). Numerical
since only thez component of the momentum can connectstudies’ confirm that the physically plausible approxima-
the initial and final states. Note the restrictive selection rulegions (6) and (7) lead to qualitatively correct results. In ad-
that require that the excitonic state remain unchanged in thdition to being reasonably accurate and analytically conve-
transition and imply that the oscillator strength of an inter-nient, the approximatiofi7) gives a clear physical picture. It
subband transition is independent of excitonic state. In Figshows that the Coulomb attraction describeddby supple-
1, we plot the oscillator strength of an intersubband transiments the QW confining potential experienced by the elec-
tion for the caseH =H, as a function of transition energy. tron. As shown schematically in Fig. 2, the net potential ex-

1 hl
X __5N!'N,5M!’M,5|Z!’|Z

VI+1(V,—EpH2 i a
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perienced by the electron roughly changes from a squareillator strength, we employ first-order perturbation theory.
well to a well with a parabolic bottom whose curvature de-The matrix elementg7) imply the following shift in the
pends upon the excitonic state. transition energy that appears in the denominatof [d&q.

To compute the influence afH on the intersubband os- (4)]:

(N,M,K,1,0/6H|N,M,K,1,0)—(N,M,K,0,0,6H|N,M,K,0,0)

& a 2 2y (O 213+ 1\ g— Eq — LM4E, + 1Ny — o — ELJ4E,V,
~— —ag(2w
kagag B XNMK 1+ 1\V,— E;

2/3+ 1\Vy— Eg— LME g+ 112V y— Vo — Eg/4E,V,,

8
1+1\Vy—E, ®

The shift in energy is positive since the parabolic potentialNote that the operatons, andp, still make no contribution
in Fig. 2 affects the excited state, which explores the edget our intersubband transition since the matrix elements of
of the well, more than the ground state. To compute the’H vanish between states witi,=0 andn,=1. The sums
effect of 6H on the intersubband oscillator strength, we also(9) and (10) should proceed oveN’,M’,K’,né, andny,
need to evaluate its effect on the dipole matrix elements. Theith the term that would lead to a zero denominator ex-
first-order shifts in the wave functions add the following cluded from each sum. Because the opergigrcannot

terms to the dipole matrix element: change the state of the excitonic wave function or the state of
. the hole in thez direction, though, the sums actually need
(N,M,K,1,0/6H only proceed oven,. We, therefore, need to compute the

- - sum
IN',M",K",n. ,n{}N",M", K" ,n. /.
XE ¢né(ze)¢:é(zé)

EnmK107 En My K g

’ E, —E,
ne#ng ne En.

sz|N,M,K),0,0> (9)
and = lim G(ze,zé,E)—d)ne(ze)f dz¢y (2)G(z,z; ,E),
- E—E,
(N,M,K,1,0p, ¢
. . ) ) (11
IN",M’",K',n,,n{}{N",M",K'",n,n/, which we have related to the Green’s function of a one-

dimensional finite well. This Green’s function can be ob-
tained using the usual methods of one-dimensional differen-
. tial equations.

X 8H|N,M,K,0,0). (10 The result for Eq(9) is found to equal

x2

En,m,K,00™ EN',M’,IZ',n;3 N

JVEo 1 1

—Eo V1+1/(V,—Ex)Y? J1+1/(V,—E))T?
_ cog VE;— VEp) cos(J—+J_ sin(JE_l—JE—o)_sin(JE_ﬁJE—o)_ sin(2+/Ey) (i_ 3)
(VEi-VE0?  (VE+VEe? | (VEr—vEe®  (VEa+VEs)® 1+1WV,—E, | 4E: 1622

- 3 cog2\E,) . 1 (_E_i+i_\/VO—E1> 2W,—Eo\VE,
(2VE)3(1+1W,—E;) 1+1WV,—E,;\ 3 4E; 2V, 4E1V, [\ v (Wy—E;+V,—Ep)
| SINVE -~ By sin(VEy+\E) 1 VEs

(12

- +
(VE1—VEo)  (VE1+\Ep)  2VE; 2(Vo—Ep(W,—E;+1)

where
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f12mza® e a 2
.__——B—BaB(27T)|XN,M,IZ(O)|

is a dimensionless measure of the importance of excitonic corrections. The result {A0Eig.
IN,M,K,nZ2,00(N,M,K,n.,0|

(N,M,K,1,0p,> SH|N,M,K,0,0

N,M,K,1,0™ EN,M,R,né,o

JVE; 1 1

Ei—Eo V1+1/V,—Ep)Y? J1+1/V,—E;)Y?

coVE;—VEg) cog\E;+VEp) sin(VE;—VEo)  sin(vVE;+ VEg) 3 cog2Ey)

x| = - + + -
(VEi—VE9)?  (VE1+VEp)?  (VEi—VEo)®  (VE1+VEp)?®  (2VEg)A(1+14V,—Ey)

__sin2VEy) (1 3 N 1 (_}_L+L_VV0—EO

1+1\V,—Eo\4Eo  16E3) 1+1\V,—E,\ 3 4Eo 2V, 4EgV,

2NV BB sin(VEi—VEg) sin(VE;+VEy) 1 VEo

Vo(Wo—E1+Wo—Eg)  (VE1—VEo)  (VE1+VEo)  2VE; 2(Vo—Eg)(VV,—Eg+1)

(13

These shifts in the dipole matrix elements, together with theexcited state is approaching the well t@phe situation can
energy shift(8) enable us to compute the excitonic correctionchange for deep wells, where adding an excitonic effective
to the oscillator strengtli4). The fractional change in the potential can do a slightly better job of enhancing oscillator
oscillator strengthsf/f is plotted in Fig. 3 as a function of Strength than simply increasing the well depth further.

transition energy. Several curves are shown, with various 'g summary, mte;sult;bznd transition oscnl;';tltofr t?]trenlgtr; at
values of the parameteR defined above. In terms of the Ixed energy can actually decrease as a result of the electron-

hydrogen atom radius, and the electron mass, , we find hole interaction. This result is interesting in its own right,
0 e and it needs to be considered in QW's designs for fundamen-
R=4(m? u* %/ x3m?) (a/ag) [ 6 o/ (N+ 1/2)13. For a 40-A- Q g

. ) : tal and applied science.
wide GaAs QW =20 A), for instanceR=0.2, while R The work in Israel was supported by the Israel Science

ZONY for”a 20-A-wide ZnSe QW an=1.1 fora 20 Awide  Foundation founded by the Israel Academy of Sciences.
aN well.

The cause of the negative shift shown in Fig. 3 is as 0.00
follows. If we fix the well depth, we find that the supplemen-
tal confinement of the electron by its interaction with the
hole (Fig. 2 produces(i) an increase in the intersubband
transition energy andi) an increase in the intersubband os-
cillator strength. However, effedi) is relatively large and
effect (ii) is relatively small. To understand Fig. 3, we com-
pare this to an intersubband transition of the same energy bt
with no hole present. Such a transition would have to occur
in a QW with a largeV,,, to compensate for excitonic effect
(). But, as is evident from Fig. 1, a QW with a larg¥y
would have a significantly larger oscillator strength, surpass-
ing the small excitonic effectii). Thus, for a given energy 015 i . . . . .
transition, one gets a higher oscillator strength for a well M6 18 20 22 24 26 28 30 32
without excitonic corrections than for a well with excitonic Transition Energy
corrections. Essentially, adding an excitonic effective poten- £, 3. plot of fractional change in intersubband oscillator
tial to a shallow square well does a good job of increasingtrength 5f/f as a function of intersubband transition energy.
transition energy but a bad job of enhancing oscillatorthe energy is measured in units ##/2m*a2. Curves are given
strength. To enhance intersubband oscillator strength in for several values of the dimensionless quantiy=(2m%a?/
shallow well, it is better to increase the well depth. The effect;?)(e?/ xag)(a/ag)a3(27)|xnmk(0)|?. The perturbative ap-
is particularly pronounced when the transition energy isproach of this paper is most reliable when the well is deep enough
small, and one is dealing with a shallow well whose firstto prevent the exciton from “dangling.”
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