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Excitonic properties and resonance widths in biased (Ga,In)As-GaAs double quantum wells
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We calculate the exciton properties and resonance widths of the charge carriers trapped in (Ga,In)As-
GaAs double quantum wells embedded in p-i-n diodes. The calculation is made for both the (001)- and
(111)B-oriented structures and evidences the dramatic influence of the built-in piezoelectric field that
occurs when the growth axis is (111). We also perform excitation calculations, which show that, when
the band lineups are deformed due to the excitonic interaction between particles, the overlap integral of
the wave functions increases and so the carriers’ escape time out of the quantum-well diodes increases
with respect to the values calculated for the “empty” crystal.

I. INTRODUCTION

The optical properties of low-dimensional systems
based on III-V and II-VI semiconductors are, in general,
anisotropic. This topic is deserving theoretical and ex-
perimental investigation. Reasons invoked earlier for this
include, for instance, the possibility of obtaining lasers
which can display lower threshold current when grown
along the (111) direction instead of (001).! Most semicon-
ductors are lattice mismatched, except when peculiar al-
loying is performed. We can take advantage of the strain
that results from this lattice mismatch, such as for
gallium-rich (Ga,In)As layers coherently grown on GaAs
substrates, to design laser diodes with optimized charac-
teristics compared to the conventional Ga;_,Al, As-
GaAs ones.” The growth of strained-layer compounds
away from the (001) direction results in anisotropic dis-
placements of the barycenters of anions and cations and
causes built-in piezoelectric fields.>

Phase-space-filling effects are very efficient in hetero-
structures having such piezoelectric fields. This opens
the opportunity to build devices that display strong non-
linear optic behaviors in the regime of moderate photoex-
citation densities. We addressed this effect quantitatively
in previous papers devoted to (Ga,In)As-GaAs single and
double quantum wells.*> Besides this, one also has to
consider the design and conception of advanced devices.
They can be multiple-quantum-well modulators based on
the quantum confined Stark effect, which are of interest
for optical switching, optical interconnects, signal pro-
cessing, and optical computing.®~® This is the reason why
we have studied in detail the properties of (Ga,In)As-
GaAs double quantum wells grown along both the (001)
and (111) directions. Since the ultimate goal of the phys-
ics is the technological application, the structures are em-
bedded in p-i-n diode architectures.

We have first calculated the resonance widths of the
pseudoconfined electronic states. These resonance widths
may be large, because we are dealing with a double-
quantum-well system embedded in p-i-n diodes for which
there is one semitransparent barrier at one side of the
asymmetric structure that induces a significant tunneling
of the charge carriers out of these rather shallow wells.’
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Second, the exciton binding energies and excitonic os-
cillator strengths were computed in the context of the
envelope-function approach, where the electric-field
problem is included at the initial stage of the calcula-
tion.! These calculations of the excitonic interaction
were made using a two-parameter trial function, as previ-
ously presented in Ref. 11. The excitonic interaction
remains significant in strong-field regimes even when the
overlap of electron and hole wave functions has col-
lapsed. We also calculated the exciton interaction for
high-index bands and showed that, in the case of (001)
growth, the e hh, exciton may be stronger than e hh,,
which is not true for the (111) growth direction.

Finally, we show that, for some selected cases, the
overlap of the envelope functions can be enhanced if we
perform a calculation where the band lineups are
modified by the presence of the excitonic dipole.

The paper is organized in the following way. In the
next section, we briefly recall some of the physical and
mathematical issues encountered when treating the prob-
lem of a quantum well under an electric field. We calcu-
late the resonance widths for Ga,_,In, As-GaAs double-
quantum-well diodes (DQWD’s) and compare them with
the values for single quantum wells. In the third section
of this paper, we present the full results concerning the
exciton properties as a function of the internal barrier
width and of the growth orientation. We also address the
excitonic calculations before giving some concluding re-
marks in the last section.

II. AN OVERVIEW OF THE QUANTUM-WELL
PROBLEM UNDER AN ELECTRIC FIELD

We treat here the case where the electric field is intrin-
sic and is related to the p-i-n polarization of the diode
within which the symmetric double-quantum-well system
is embedded. For the (111)-grown samples, the built-in
piezoelectric field superimposes colinearly on the p-i-n
field. The p-i-n field equals 1.5 X 10* V/cm in the DQWD
region and corresponds to 1 pum of undoped GaAs
sandwiched between thick » *- and p *-type GaAs layers.
The indium composition we have chosen is 8% as in our
previous papers.*> In this situation, the p-i-n field is
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about one order of magnitude smaller than the built-in
piezoelectric field. As previously shown, interesting
properties for devices are expected if the p-i-n and
piezoelectric fields have opposite signs.®”® This has im-
portant implications at the growth stage and requires the
growth of samples on (111)B n-type GaAs substrates. As
the (Ga,In)As layers are in biaxial compression, the
electric-field polarization vector points from the cation
(A) to the anion (B) face, thus lowering the conduction-
band edge with respect to its position in the substrate.

The electric field noticeably modifies the band lineups,
depending on the growth orientation.*”® It also
significantly alters the optical properties of the micro-
structures.®”® The effective-mass Hamiltonian includes a
potential term (gFz) and the inversion symmetry is bro-
ken with respect to the flatband problem. The envelope
functions of the carriers are modified and interband tran-
sitions a priori forbidden between electron (e;) and
heavy-hole (hh;) states with i and j of different parity;
e,-hh, and e,-hh, transitions become allowed since the
overlap integrals (\¥;|¥;) no longer equal zero.” Simul-
taneously, due to the spatial separation of the carriers,
the intensity of the fundamental transition decreases.
For multiple structures like multiple quantum wells and
superlattices, a decoupling of the spatially extended states
and a localization may be produced. This has been pre-
dicted earlier by various authors but only recently ob-
served.!?

The metastable states belonging to the quantum wells
are coupled to the continuum of energy states in the large
triangular well, when the vacuum-semiconductor inter-
faces behave like infinite barriers.!> This coupling is ig-
nored hereafter. However, it is necessary to consider that
the trapping of the carriers is limited in time. After the
time 7, the particles have a significant probability of tun-
neling out of the structure. In particular conditions, it is
possible to neglect this reduction of the lifetime in the
quantum well."3 Figure 1 of Ref. 5 shows that fundamen-
tal electron and hole levels are well confined for the
(111)-grown sample while the tunneling effect out of the
well is not negligible for (001) growth. We will show later
that for our cases 7(001) <<7(111)B.

Bastard!® proposed a criterion to distinguish “rather”
confined states from actually resonant ones for a biased
single quantum well of GaAs-Ga,_, Al As grown along
(001). This criterion consists in comparing, for the
ground state, the confinement energy at zero bias
(Vy,—E,) with the field-induced barrier shrinkage
(eFk, '): if eFk, ' <<(V,—E,), the escape of the parti-
cle out of the well can be neglected. This is not the case
for a GaAs-Gag 9Ing ;As-GaAs single well 50 A wide in a
p-i-n field of 0.15 mV/A: we calculate eF k;, '=6.5 meV,
(V,—E{)=30.62 meV, and eFk;!=2.9 meV,
(Vy,—E{)=26.33 meV, for the electron and heavy hole,
respectively.

In contrast to the case studied in Ref. 13, the electric
field should not be treated within the context of perturba-
tion theory because the potential are not deep enough:
the confinement is comparable to the barrier height
shrinkage. Each eigenenergy is modified: it is a complex
quantity containing the solution of the time-dependent

Schrodinger equation and is written as E=E,—i#/2,
where E is the energy of the state broadening, which is
neglected, and 7 the lifetime of the trapped particle.

Several approaches have been proposed to evaluate the
escape time of the particle. The simplest method is based
on the Heisenberg uncertainty principle. If the width of
the resonance is AE, one can get 7 from AET~#. It is
also possible to use the semiclassical approach of Ref. 13.
Let T(E,) be the period of the classical oscillations of the
bound particle and D(E,) the transmission coefficient
through the most transparent barrier at the energy E;.
Then 1/7=D(E,)/T(E,). Going back to the preceding
case, we calculate for the electrons D=1.9X 103 and
T '=1.88X10* Hz. This gives 7,=100 ps and
#/27,=0.033 meV. For heavy holes the results are
D=1.2X10"3 and T_‘ 7.61X10'? Hz, so 1, =11 ns
and #/27,;,=6X 107> meV.

Another method called the phase-shift analysis method
has been proposed by Austin and Jaras to determine 7.!°
We will adopt their formalism here. For energies in the
vicinity of the resonance E,, a phase shift ® is deter-
mined and I'=1/7 is derived from the Breit-Wigner for-
mula

r

tan[CD(E)]=E(—EO—_'_—E‘)— .

In the same article, they also proposed to calculate I
from the derivative I'=2/(d® /dE),,,. Applied to our
example, this gives the following. If grown along (001),
for electrons we have 7,=63 ps and #/27,=0.053 meV,
and 7,,=1.1 ns and #/27,;,=2.9X 10" * meV for heavy
holes. If grown along (111)B, we have for electrons
7,=23 ns and #/27,=2.8X 107> meV, and 7,,> 80 ns
and #/27,, < 1X 107> meV for heavy holes.

III. VARIATIONAL PROCESS FOR (Ga,In)As-GaAs
DOUBLE QUANTUM WELLS

Through all the calculations, we kept the value used in
the previous section for the p-i-n field. Calculations were
performed for Gagg,Ing gsAs DQWD’s with a constant
well width and a variable thickness of the internal barrier
layer. For every case, the calculation was performed for
both the (001)- and its twin (111)B-oriented design. Fig-
ures 1 [(001) orientation] and 2 [(111)B orientation] show
the evolution of the energies of the electron and valence
states with the thickness of the internal barrier. The en-
ergy levels are marked with respect to the energies of the
lineups at positions 4, B, C, or D. Insets represent in
both cases the band lineups and the 4, B, C, and D posi-
tions. The dashed lines represent the evolution of A4, B,
C, and D positions, while the full lines represent the evo-
lution of the electronic and hole levels. We remark from
Fig. 2 that, for the (111) orientation, the fundamental
states are well localized and the width of the barrier does
not significantly influence the valence states. The situa-
tion is very different for the (001) orientation. The locali-
zation of the particles is rather weak; this is particularly
true for the second electron which requires an internal
barrier larger than ~ 50 A to be localized in the right-
hand well. Due to the type-II configuration in flatband,'*
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the (001) growth axis.

the light-hole (lh) states cannot be computed for the (001)
orientation because the electric field separates the elec-
tron and light-hole wave functions too strongly.

Figure 3 represents the theoretical broadenings that we
calculate for the e, hh;, and hh, states using Austin and
Jaros’s!® criterion in these double quantum wells. The
spatial separation of the electron state e, (left-hand well)
and heavy-hole state hh, (right-hand well) increases with
increase of the thickness of the GaAs barrier. Due to the
existence of the p-i-n field, the lifetime of the rather local-
ized carriers out of the e; and hh, states decreases while
it increases for hh,. This gives increasing e, and hh, and
decreasing hh, resonance widths. These significant
broadenings are high: up to 0.6 meV for hh, and 0.4
meV for e,, indicating that the lifetime of electrons and

valence states for a biased double quantum well (50 A/L/50 A)
GaAs-Gag goIng ggAs-GaAs versus the barrier width L for the
(111)B growth axis.

holes trapped in such DQWD’s will be greatly shortened
with respect to the single-quantum-well case. Besides
this, several authors have studied similar structures under
strong electric fields. In these conditions, their experi-
mental results show that the excitonic structures per-
sist.13~17

We now try to appreciate how the Coulomb interaction
between the particles can enhance the localization of the
wave functions. For the (111)B orientation, we expect lit-
tle change since the potential wells are deeper and the
heavy-hole mass greater. The exciton eigenfunction ¥ is
written as the product of two terms: Y,,(z,,z,, depends
on z,and z, and x(p,z) is a trial function with two pa-
rameters (a,A).!! Then the global function y,,(z,,z,)
satisfies the relation

]
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FIG. 3. Theoretical broadening of the ey, hh,, andbhhz states
of a biased double quantum well (50 A/L/50 A) GaAs-

Gag ,Ing ggAs (001) versus the barrier width. The p-i-n field
equals 0.15 mV/A.

In our notation,
p=V (x.—=x, P+ (. —y)",

z2=2z,—2z,, flp,z)=V p*+az?, and X(p,z)
=exp[ — f(p,z)/A]. N?is the normalization factor

[ xdz, [ 7 X dz,

Xe*ZalZ’/}\

}»2

4

2a|z|
A

N?= 1+

z, (z,), V, (V},), and E, (E,) are the position along (Oz),
potential, and eigenenergy of the electron (heavy hole).
E, is the Rydberg of the transition.

This model is inspired by Sumi’s model ® and the previ-
ous equation is obtained after some cumbersome algebra-
ic manipulations. As discussed in Ref. 18 for the bulk
semiconductor and illustrated in Eqgs. (2.10) of that paper,
integration of |yx,,|%z,,z,) over z,(z,) gives the hole
(electron) density of probability.

We first calculate the exciton binding energy using a
two-parameter trial function in the standard variational
approach.!! In our DQWD’s, the electric field localizes
the envelope functions of the same ‘“‘parity” in opposite
wells. Combined with the increase of the internal bar-
riers’ width, it can have a significant influence on the ex-
citonic parameters. Figure 4 illustrates how big the
influence of the internal barrier is at the scale of the exci-
ton binding energies for both (001)- and (111)B-oriented
DQWD’s. We find that the influence of the orientation of
the DQWD is important: for the (001) orientation, the
e,-hh, transition may be favored with respect to e;-hh;
by changing the internal barrier thickness and therefore
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the real-space localization of the wave functions. This
also appears on Fig. 5, where the excitonic oscillator
strengths are plotted. This reversal of the strength of
these two excitons is not found for the (111)B orientation.
Thus, for the latter orientation, the two lowest hole states
are localized in the same well and are spatially separated
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FIG. 5. Oscillator strength of the e;-hh; and e;-hh, transi-
tions for a biased double quantum well (50 A/L /50 A) GaAs-
Gag 97Ing ggAs versus the barrier width for the (001) and (111)B
growth axes. The p-i-n field equals 0.15 mV/A.
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from both the first and second electron states. We re-
mark that the Rydberg is a slowly varying function of the
spatial separation of the carriers while the oscillator
strength is more sensitive to this separation.

We have limited our study to the first conduction-
electron state; however, a second state exists in DQWD’s.
In (001) DQWD’s, e, remains coupled to e; and a barrier
larger than 47 A s required in order to weakly confine it
(see Fig. 1). For the (111)B orientation, this e, state
remains localized in the second well (see Fig. 2) and the
overlap with the hh; and hh, states remains smaller than
the overlap with e;. In the last part of this study, we
compare results obtained using the two methods: the
simple (|{x,|x,?|*) or the complete [ [ x2,(§,£)d&] cal-
culations. On Fig. 6, the square of the overlap integrals is
plotted as a function of the internal barrier thickness.
We see that, for (001) growth, the influence of the electro-
static interaction is far from being negligible and strongly
reacts to compensate the dipole created by the electric
field. This causes important modification of this overlap.
Besides this, the effect on the Rydberg is smaller and has
not been given here. For the (111)B case, the correction
is extremely small, due to the strength of the built-in
piezoelectric field. By analogy with the case of the e;-lh
exciton we studied elsewhere,’ we can distinguish two re-
gimes: (i) a type-I regime when the excitonic parameters
are strong and when the interband overlap is larger than
50%, and (ii) a type-II regime for the opposite situation.

This is the case for the fundamental interband transitions
in (111)B DQWD’s.

IV. CONCLUSIONS

We have calculated the excitonic properties of
(Ga,In)As-GaAs double-quantum-well diodes in p-i-n
structures. We have shown that the growth orientation
has a dramatic influence on them, due to the possible ex-
istence of a built-in piezoelectric field in the strained lay-
ers. This influence appears (i) at the scale of the valence
confinement masses of the holes, (ii) at the scale of the es-
cape time of the carrier out of the DQWD’s, due to the
existence of the p-i-n field, which may or not compete
with the built-in piezoelectric field, and (iii) at the scale of
the strength of optical transitions, which are better es-
timated if a complete calculation is done including the
effect of the exciton dipole on the conduction- and
valence-band lineups.
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