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Exciton-state mixing effects in photoinduced intersubband transitions in quantum-well structures
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We study the effects of exciton-state mixing on photoinduced conduction intersubband transitions in un-
doped quantum wells. Valence-band mixing and exciton-state mixing of different orbital angular momenta (s,
p, d, etc.) are fully accounted for in the analysis. We show that, when the exciton-state mixing is significant, an
infrared laser near resonant with two conduction subbands in quantum wells can excite intersubband excita-
tions with different orbital angular momentum attributions, imitating the electronic transitions in quantum dots.
In other words, instead of pure electronic states, the initial and final states of such intersubband transitions
become mixed excitonic states, making their dipole moments strongly dependent not only on the s component
but also on p and d components. Our results show that the inclusion of all the orbital angular momenta gives
accurate evaluation of the dipole moment of the photoinduced intersubband transitions, which may have been
drastically overestimated by electron to electron transition model or underestimated by the exciton transition

model without exciton-state mixing.
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Intersubband transitions (ISTs) between quantized states
of low-dimensional quantum structures have been widely
used to study numerous fundamental physical processes and
to develop novel optoelectronic devices. In addition to their
prime roles in understanding relaxation processes, electronic
states, carrier-carrier scattering, etc., in quantum wells
(QWs), wires, and dots, such transitions are particularly ap-
pealing for the investigation of coherent optical processes.
Some of these effects include electromagnetically induced
transparency,’? coherent population trapping,? gain without
inversion,®> and Rabi flopping.* Moreover, characteristic
properties, such as relaxation processes, electron-hole inter-
action, and carrier multiplication of nanocrystals, have been
widely investigated using ISTs.? In terms of device applica-
tions, ISTs are the backbone of mid- and far-infrared lasers,®
all-optical modulators,” detectors,® etc.

Most of the investigations of ISTs have been carried out
either in doped (n type or p type) or undoped QWs. In n-type
QWs, an infrared laser can lead to the excitation of electrons
from the heavily populated conduction ground subband to an
upper one. In undoped QWs, however, such a process re-
quires simultaneous application of an interband optical field
to excite electrons (and holes), causing the so-called photo-
induced intersubband transitions (PI ISTs).® In contrast to
many of the previous investigations wherein the nature of
such transition was considered similar to that of the ISTs in
n-doped QWs,!? some recent studies have shown that they
could be significantly different.!’'> The main reason for this
is related to the fact that PI ISTs happen in the presence of
the photoexcited holes that are simultaneously generated by
the interband laser field. Therefore, as shown in Ref. 12,
Coulomb interaction between the photoexcited electrons and
holes can drastically influence such transitions. In other
words, Coulomb interaction makes PI ISTs strongly exci-
tonic in nature, allowing them to be influenced by the spinor
mixing of the valence subbands significantly.

In the previous studies, the effects of valence subband
spinor mixing on PI ISTs were studied considering excitation
of s-state excitons. Only the transitions between the 1s and
2s states of the excitons associated with el and e2 were
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included [Fig. 1(b)]. It is known, however, that when two
valence subbands are in proximity of each other, exciton
states are no longer pure, i.e., they cannot be described by a
single orbital angular momentum (). Under such a condi-
tion, the interband selection rules that only allow the forma-
tion of excitons with zero orbital angular momentum (m
=0) are relaxed. Therefore, depending on the QW param-
eters, an exciton state can be a mixture of various m (s, p, d,
etc.). Our objective in this Brief Report is to study how such
an excitonic angular mixing process influences the PI ISTs
and discuss how it can characteristically determine the physi-
cal nature of the interaction between intense infrared laser
fields and undoped QWs. We show that when such a mixing
process occurs, an infrared laser near resonant with el and e2
can, in fact, lead to intersubband excitations with different
angular momentum attributions, imitating the electronic tran-
sitions in quantum dots.'*> Under this condition, the IST be-
tween el and e2 can be translated into transitions between s,
p, or d states of the excitons associated with el with those of
the excitons associated with e2. It will be shown in the fol-
lowing how the presence of non-s-state components will af-
fect the oscillator strengths of the PI ISTs and how they can
be engineered by the strain in QWs.

As demonstrated in Ref. 12, an important feature of PI
ISTs in undoped QWs is that although they happen as elec-
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FIG. 1. Schematic diagram of the intersubband transitions in an
undoped QW. (a) The electronic el-e2 transition, (b) the transitions
between pure s states of the excitons associated with el and e2, and
(c) the transition between mixed exciton states.
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trons are excited from one conduction subband (el) to an-
other (e2) [Fig. 1(a)], they are, in fact, the transitions be-
tween exciton states associated with these subbands [e.g.,
from 1s, 2s of the el-hhl exciton to 1s, 2s of the e2-hhl
exciton, Fig. 1(b)]. In Fig. 1(b), however, the exciton states
are associated with only one conduction subband and one
valence subband. This is valid only when the valence sub-
bands are well separated from each other. When the valence
subbands are close to each other, for instance, in the cases of
wide or properly strained QWs, the exciton states associated
with individual valence subbands may mix together.'*!> In
the presence of such a mixing process, the exciton states

associated with the ith conduction subband is represented
12,16
as'>

V(e ry) = 2 WP =2 GEPK) ¢ (r) by (rw), (1)
J jk

where \I’ff is the two-band exciton state associated with the
ith conduction subband and jth valence subband. £ is the
total angular momentum along the z direction (the growth
direction) and S is the exciton index, i.e., 1s, 2p, and 3d. The
mixed exciton state ‘I’§ is characterized by the ith conduction
subband and & In contrast to \Ifff that represents pure s
states or p states and has been discussed in Ref. 12, \I’g
describes mixed s, p, or d states associated with dlfferent
valence subbands. Under the condition of state mixing, the
PI ISTs associated with el and e2 [Fig. 1(a)] are, in fact,
happening between mixed states associated with these two
subbands, i.e., from \If% to ‘lf% [Fig. 1(c)].

The exciton wave functions can be further written as a
product of three functions such as the second term in Eq. (1).
¢ix(re) and ¢; y(ry) are the electron and hole wave func-
tions in quantum wells without Coulomb interaction. Gf B(k)
is the exciton-state function in momentum space that de-
scribes the relative movement between electrons and holes
due to Coulomb attraction. The wave functions ¢;(r,) and
¢; —x(ry) have been studied extensively before.'” Gfﬁ can be

obtained through:'%16
[E{(K) + EN)IGEAR) + 2 V(@G ik +q)
j'.q#0
= E{G:(k). ()

Here E§ is the exciton transition energy and V; ;;» refers to the
Coulomb interaction between electrons and holes E; and Ei’
are the energies of electrons and holes before Coulomb in-
teraction is included.

To study the effects of exciton-state mixing on the PI
ISTs, we need to calculate the dipole moment of PI ISTs
defined as

phy = (Wil W), (3)

In the mixed exciton states, & is the only well-defined quan-
tum number. We are interested in two representative states:
&=2 states and £=0 states. Using the designation introduced
in Refs. 12 and 14, the £=2 state associated with conduction
subband el (i=1) can be expressed as
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It consists of s state of HH1 and p* state of LH2. Similarly,
the £=0 state associated with el can be written as

0_ 0,5 0,d— 0,p+
WO =a Wiy, + bW + W (5)

It consists of s state of LH1, d_ state of HH1, and p* state of
HH2. Here a, b, and c are the coefficients representing the
contributions from different angular momentum components
and will be determined by the quantum-well structures. The
mixed exciton states in Egs. (4) and (5) can be obtained by
solving Eq. (3) using the techniques described in Ref. 15.

Substituting Eq. (4) or (5) into Eq. (3), we obtain the
dipole moment of PI ISTs not only between the exciton states
of same angular momentum such as s-s, p-p, and d-d (diag-
onal components) but also between the exciton states with
different angular momenta such as s-p, p-s, s-d, and d-s
(off-diagonal components). Such diagonal and nondiagonal
components can happen simultaneously when a single infra-
red laser field near resonant with the transition between i and
i’ interacts with the QW structure. Compared to those con-
sidered previously, the non-s diagonal terms and the off-
diagonal terms could lead to quite a different picture for the
interaction of intense laser fields with quantum-well struc-
tures.

As studied in Refs. 11 and 12, the PI ISTs can be influ-
enced by the dispersion of the valence subbands. In these
references, however, this was studied considering s states of
the excitons only. In this work, we will show how the
valence-band structure affects PI ISTs through the mixed ex-
citon states. The effects of the valence-band mixing on the
exciton states have already been studied extensively.'®!
Here, we only give a brief account to illustrate their impact
on the PI ISTs.

Strong valence-band mixing is the precondition for
exciton-state mixing to happen. At the band edge (k=0),
there is no band mixing. Here one valence subband can be
characterized by a single spinor index v, i.e., the first heavy-
hole subband (hhl) by »=3/2 and the first light-hole sub-
band (Ihl) by v=-1/2. Away from band edge, both v
==+3/2 and v==+1/2 spinors will be present in one subband.
The degree of mixing of different spinors will be determined
by how close the subbands are. The subband positions are
characterized by band-edge energies and can be effectively
engineered through the introduction of strain by varying ma-
terial composition.!” To study the PI ISTs, we focus on sub-
bands hhl and Ihl and examine how they interact with each
other and with hh2 and 1h2. The band edge of these four
subbands (k=0) of a 12-nm-wide In;_Ga,As/InP QW are
plotted as a function of Ga composition (x) in Fig. 2. Ga
composition varies from 0.35 to 0.75, corresponding to com-
pressive strain of 0.9% and tensile strain of 1.9%, respec-
tively. (The range 0.35-0.75 is chosen for better illustration
of the exciton mixing discussed in this work.) Figure 2
shows that three crossovers happen for hhl and lhl. At x
=0.52, hh1 (solid line) crosses over with 1h1 (dashed line), at
x=0.68 with 1h2 (dotted line). At x=0.47, 1hl crosses over
with hh2 (short dashed line). Strong valence-band mixings
will happen around these crossovers.
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FIG. 2. (Color online) Subband positions of a 12-nm-wide
In,_,Ga,As/InP quantum well for various Ga compositions.

To quantitatively study how such valence-band mixings
influence the exciton states, we calculate the exciton-state
mixing coefficients in Egs. (4) and (5). The coefficients for
the first state of é=2 and i=1 (‘If%) are plotted as function of
Ga composition in Fig. 3(a). For x away from 0.68, the ex-
citon state is mostly s state associated with hh1 subband, and
around x=0.68, exciton states are a mixture of s state of hhl
(squares) and p* state of 1h2 (filled circles). As shown in Fig.
2, x=0.68 is the crossover point of hhl and 1h2, demonstrat-
ing that strong exciton-state mixing occurs under the condi-
tion of strong valence-band mixing. It is also interesting to
note that there is no exciton-state mixing around crossover
x=0.52 even though a strong band mixing of hhl and lhl
happens there. This is because the exciton-state mixing also
requires the conservation of total angular momentum of ex-
citon states (&). For the =2 state, s state of hhl cannot mix
with any excitonic states of lhl due to the angular momen-
tum conservation. Similarly, the exciton-state mixing coeffi-
cients of the first state of £=0 and i=1 (\If(l)) are calculated as
a function of Ga composition and plotted in Fig. 3(b). For
x<<0.47 and x>0.52, the exciton states are primarily s states
associated with 1h1 (squares). Around x=0.47, exciton states
are a strong mixture of s state of Ihl and p* state of hh2
(filled circles). At around x=0.52, exciton states are a strong
mixture of s state of 1h1l and d_ state of hhl (filled triangles).
Around 0.49-0.50, the center region between x=0.47 and x
=0.52, the exciton states can be viewed as a mixture of s
state of 1hl, d_ state of hhl, d and p* states of hh2 although
the last two components are small.
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FIG. 3. (Color online) Exciton-state mixing coefficients: (a) &
=2, i=1; (b) é=0, i=1.
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FIG. 4. (Color online) Dipole moments associated with the tran-
sitions between \P% and \Ifg (a) The s-s and p-p, (b) s-p, and (c) p-s
transitions. (d) with and without exciton-state mixing.

To investigate the photoinduced conduction intersubband
transitions under exciton-state mixing, the dipole moment
contributions of various angular momentum components
have been calculated for the 12-nm-wide In;_.Ga,As/InP
QW. In Fig. 4, the dipole moments of PI ISTs from the first
state of W1 to the first state of W3 are plotted as functions of
Ga composition. Here, squares correspond to the s-s [Fig.
4(a)], circles to the p-p [Fig. 4(a)], up triangles to the s-p
[Fig. 4(b)], and down triangles to the p-s transitions [Fig.
4(c)]. The overall dipole moments obtained from the models
without and with exciton-state mixing are compared in Fig.
4(d). Here, squares correspond to that without exciton mix-
ing, which is essentially the s-s transition in Fig. 4(a), and
circles to that with exciton mixing, which is the summation
of all angular momentum contributions. Away from x=0.52
and x=0.68, the dipole moment is primarily the contribution
from s to s transition [see squares and circles in Fig. 4(d)]. At
x=0.52 and x=0.68, the s-s transition is suppressed. This is
because the strong valence-band mixings around these two
points result in the reduction of v=3/2 components in hhl
that are associated with s states of el-hhl and e2-hhl. The
suppression has been discussed in Ref. 12. However, our
results show that, accompanying the suppression of s com-
ponent at x=0.68, there are contributions from the p state
and its cross terms with the s state. These transitions have
not been previously accounted for and make up the loss of
transition strength due to the reduction of the s component at
this x composition. We can also notice that the non—s-s terms
do not appear at x=0.52, because there is no mixing for the
s states of exciton associated with hh1 due to the requirement
of angular momentum conservation, as explained before. Fi-
nally, the dipole moments of the electron transitions between
conduction subbands el and e2 are also plotted in Fig. 4(d)
(dashed lines). Such transitions occur in n-doped QWs in the
absence of photoexcited holes. We can see here that the ex-
citon dipole moment is a little off from the electron dipole
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FIG. 5. (Color online) Dipole moments associated with the tran-
sitions between \I’? and \I’g. (a) The s-s and p-p, (b) s-p, and (c) p-s
transitions. (d) with and without exciton-state mixing.

moment in most regions. Around x=0.52, the PI IST strength
will be significantly overestimated if the electron transition
model is used.

The dipole moments of PI ISTs from the first state of W9
to the first state of ‘I’g are plotted in Figs. 5 and 6 as a
function of Ga composition. These figures show, respec-
tively, the results of s-p and s-d mixing in the dipole mo-
ments of the PI ISTs. The comparisons between the dipole
moments without and with exciton-state mixing are shown in
Figs. 5(d) and 6(d). Similar to the case £=2 excitons, away
from the two strong valence-band mixing points x=0.47 and
x=0.52, the dipole moment has a contribution primarily from
s-s transitions. At x=0.47, the p-p, p-s, and s-p transitions
become significant, and at x=0.52, the d-d, d-s, and s-d tran-
sitions become significant. At x=0.47 and x=0.52, the model
without exciton mixing will significantly underestimate the
PI IST strength. The dipole moments of the electron transi-
tions are also plotted in Figs. 5(d) and 6(d) (dashed line) for
comparison.

In summary, we have shown that, when the exciton-state
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FIG. 6. (Color online) Dipole moments associated with the tran-
sitions between ‘I’? and ‘I’g. (a) The s-s and d-d, (b) s-d, and (c) d-s
transitions. (d) with and without exciton-state mixing.

mixing occurs, an infrared laser near resonant with conduc-
tion subbands el and e2 can, in fact, lead to intersubband
excitations with different angular momentum attributions.
This may lead to a drastically different picture for the inter-
action of intense infrared lasers with QWs from that when no
exciton effects or only s state excitons are considered. We
have also shown that the dipole moments of PI ISTs could be
drastically suppressed when strong valence-band mixing
happens, but the exciton ground states remain pure s states.
Our results also show that many of the drastic suppression
previously predicted considering only the s states of exci-
tons, however, will be compensated by the contributions of
other orbital angular moments. The above results can have an
impact on the way PI ISTs are being used to interpret physi-
cal processes in QWs. They can also be useful for the design
of optical devices, where PI ISTs play a major role.
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