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The effects of strain distribution in quantum wire arrays have been analyzed using a finite-
element method including both the hydrostatic and shear strain components. Their effects on the
optical properties of the quantum wire arrays are assessed for various types of stress profiles by
calculating the optical gain and the polarization dependence. The results show unique polarization
dependency, which can be exploited either for the single polarization or the polarization-independent

operation in quantum wire photonic devices.
OCIS codes : 160.6000, 230.5590, 140.5960.

I. INTRODUCTION

Research activity in the field of low-dimensional
quantum structures, or nanostructures, continues to
intensify, driven by the requirement for ever-shrinking
microelectronic systems or by interesting physical phe-
nomena. Among them the strained quantum wire
structures, which provide strong quantum size ef-
fects as well as uniform size distribution, have under-
gone extensive study and development for their en-
hanced optical gain compared to the unstrained coun-
terpart [1-4]. Obviously the main purpose of fabri-
cating quantum wires is to generate semiconductor
heterostructures with properties superior to quantum
wells. The lateral superlattice is one of the most
promising structures with its small size and higher
wire density [5-7]. One drawback in it, however, is the
relatively weak lateral confinement due to the lateral
material intermixing [6,7]. Recent successes in the fab-
rication of the strained lateral superlattice quantum
wire structures point to the possibility of additional
lateral confinement due to the deformation potential
[1,2]. In this paper, the effects of the strain distribu-
tion in the quantum wire arrays are analyzed using a
linearized finite-element method [8,9] including both
the hydrostatic and shear strain components. The ef-
fects of the strain on the band structures are modeled
after Pikus and Bir [10,11]. The resulting optical prop-
erties in the strained and unstrained lateral superlat-
tice quantum wires are compared between different
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types of stress profiles by calculating the optical gain
and its polarization dependency [9,12,13].

II. STRESS PROFILES

In quantum well structures, there is only one type
of strain profile: That is the uniaxial strain. Whereas,
in the quantum wire structures, the strain profile can
be uniaxial along either the lateral direction or the
vertical direction. The strain can also be hydrostatic
by surrounding the quantum wires with one material.
Fig. 1 shows some of the possible stress types for the
InGaAs quantum wires surrounded by the InAlGaAs
materials.

The wire material is taken as Ing3Gag7As and
the surrounding materials are Alg4GaggAs and/or
Ing3Alg 5Gag.oAs. Table 1 shows the relevant mate-
rial parameters for these three materials [14]. The
Alp 4Gag gAs material has a smaller lattice constant
and a larger bandgap energy than Ing3GaprAs,
hence it provides both the compressive stress and
the potential band offset. On the other hand, the
Ing.3Alg 5Gag.2As material has a higher bandgap en-
ergy but almost the same lattice constant as the quan-
tum wire material, so it provides only the potential
band offset.

Typical strained quantum wire array is as shown in
type B, where an InGaAs/InAlGaAs lateral superlat-
tice is grown on AlGaAs substrate (15]. In that case
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FIG. 1. Cross sectional profile of strained quantum
wires. Arrows indicate the direction of stress. The
Alo.4Gag ¢ As material provides both the compressive stress
and the potential band offset. The Ing3Alp.5-Gag.2As
material has almost the same lattice constant as the
Ing.3Gao.7As, so it only provides the potential band off-
set. Thus type A has the hydrostatic stress, type B has
the uniaxial stress along the vertical direction, type C has
the lateral stress, and type D has no stress.

the stress is applied uniaxially along the vertical di-
rection, as commonly happening in the strained quan-
tum well structures. However, if one grows an In-
GaAs/AlGaAs lateral superlattice on AlGaAs sub-
strate, the stress is from both directions as in type
A [3]. Furthermore, if one uses InAlGaAs as the sub-
strate material and grows InGaAs/AlGaAs lateral su-
perlattice, the stress is along the lateral direction {2].
Therefore, one can expect laterally uniaxial strain in
type C.

The actual lattice volume change profile for each
type is calculated by an finite-element method [8] and
is plotted in Fig. 2. The wire width and the wire sepa-
ration are taken as 50 A and the wire height is taken as
100 A, which are close to the optimum quantum wire
lateral dimensions. The volume change reflects the hy-
drostatic strain profile since AV/V = €z + €y + €2
Type D has almost no lattice mismatch so it is an un-
strained quantum wire array and its obvious strain
profile is omitted in Fig. 2. The shear strain compo-

(a) Type A ) Type C

FIG. 2. Volume change in the various types of the
strained quantum wire arrays shown in Fig. 1. Wire width
and separation are 50 A and wire height is 100 A. The
volume change reflects the hydrostatic strain profile since
AV)V = €zz + €yy + €22

nents are also calculated and included in the analysis
of the band structures as outlined in the reference [8].

In type A, the wire material is compressed approx-
imately 2.6 %. In type B, both the wires and barriers
are compressed about 2.2 % and the strain is uniform
along the lateral direction since the wire and barrier
materials have almost the same lattice constants. In
type C, the wire material is very slightly strained but
the barrier material is expanded by approximately 2.4
%. In both type A and type C, there is a strong discon-
tinuity in the strain profile along the lateral direction.

III. BAND STRUCTURES

The effects of the strain on the band structure are
calculated by using the Pikus and Bir model [8]. Fig. 3
shows the corresponding band profiles along the hor-
izontal direction at the center of the quantum wire.
Types A-C are the strained quantum wire arrays and
type D is the unstrained quantum wire array as illus-
trated in Fig. 1. In Fig. 3, C denotes the conduction
band, and HH and LH denote the heavy hole and light
hole bands, respectively. The dashed lines indicate the
bulk band positions with no strain effect.

In type A, the conduction band shifts upwards, and
the HH and LH bands split as they shift downwards,
as in most compressively strained materials. In type
B, the band change shows a similar trend with type A
except that the band deformation is almost uniform

TABLE 1. Material parameters for InAlGaAs materials under investigation. The conduction and valence band offsets
are estimated with respect to Ing.3Gao.7As quantum wire material.

Ino.3Gao.7As Alp 4Gao 6As Ino.3Alo.5-Gao 2As
Bandgap, Eg (eV) 1.019 1.966 1.948
lattice constant, a, (A) 5.7748 5.6574 5.7787
(lattice mismatch) (=21 %) (0.006 %)
CB offset, E;: (eV) 0 0.663 0.576
VB offset, Ey, (eV) 0 0.285 0.352
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FIG. 3. Band profile along the horizontal direction at the center of the quantum wire in various types of the strained(A-C)
and unstrained(D) quantum wire arrays shown in Fig. 1. C denotes the conduction band, and HH and LH denote the
heavy hole and light hole bands, respectively. The dashed lines indicate the bulk band positions with no strain effect.

inside and outside the quantum wires. This is be-
cause the lattice constants of the quantum wire and
barrier regions are almost the same. Fig. 3(c) shows
the resulting band deformation in type C. In this case,
the net volume change inside the quantum wire is very
small hence the conduction band shift inside the quan-
tum wire region is almost negligible.

However, the lattice constant of the barrier region is
smaller than that of the quantum wire region in type
C. Thus, its quantum wire regions will be suppressed
vertically to match the smaller lattice constant of the
barrier regions. The vertically suppressed quantum
wire regions will eventually expand along the lateral
direction to fill the barrier regions. As a result, the
quantum wire regions will be suppressed vertically and
expand along the lateral direction, which is quite sim-
ilar to the quantum well with a tensile strain. There-
fore, the LH band moves upwards and the HH band is
suppressed downwards as shown in Fig. 3(c). When
one compares type C to type A, one can find that

the wires in type C has a geometric similarity to the
barriers in type A, except that its lattice constant is
larger than those of surrounding regions. The quan-
tum wires of type C are lattice matched to the sub-
strate and the barriers between them have a smaller
lattice constant, while the barriers of type A are lat-
tice matched to the substrate and the wires between
them have a larger lattice constant. Thus, the strain
coefficients in the quantum wires of type C would have
the opposite signs from those in the barriers of type A.
In Fig. 3(a), the HH band is higher than the LH band
in the barrier regions of type A. Therefore, in type C,
the LH band becomes higher than the HH band since
the signs of the strain coeflicients are reversed. The
largest split energy between HH and LH bands among
the four types is observed in type C and the second is
in type B. It is almost twice as large as that in type
A, not to mention the unstrained type D where the
HH and LH bands are degenerate.
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FIG. 4. Band diagrams of various types of the strained(A-C) and unstrained(D) quantum wire arrays shown in Fig. 3.
Energy level is with respect to the top of the bulk valence band of Ing.3Gag.7As with no strain effect. The quantum wires

are parallel to the z-axis and are distributed along the y-axis.

Fig. 4 shows the actual subband energy dispersion
diagram in the various types of the quantum wire ar-
rays shown in Fig. 1. For simplicity, only the top
valence band states up to 4 or 6 states are plotted.
The zero level is the bulk valence band edge of the
Ing 3Gag 7As material with no strain effect. The z-
axis is parallel to the wire axis and the y-axis is the
lateral direction along which the quantum wire array
is distributed. Along the array direction, the band
dispersion is almost negligible due to the fairly high
barrier potential height and the heavy valence band
effective mass.

In types A through C, the energy dispersion along
the wire axis is almost parabolic and they show little
valence band intermixing. However, in type A, the
HH-LH subband separation is about 86 meV. Thus,
one can see a significant valence band intermixing at
lower than that energy level. The energy splitting

between the top two valence band states varies signif-
icantly from one type to another. They are approx-
imately 23.0, 11.7, 52.1, and 26.6 meV for types A
through D, respectively, as shown in Table 2. Type C
has the largest value since the subbands are all LH-
like so the effective mass is small. Whereas, type B
has the smallest value since the subbands are domi-
nantly HH-like. Types A and D would have effective
masses in between types B and C.

Although one can estimate the effective masses of
the valence subbands from the subband energy separa-
tion, it is only valid along the growth direction. The
effective masses along the quantum wire axis, how-
ever, can be more accurately estimated from the sec-
ond order derivatives of the energy dispersion along
the quantum wire axis. Since Fig.4 has already shown
the valence band energy dispersion along the wire axis,
one can readily estimate the effective masses of each
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TABLE 2. Band characteristics of the four types of quantum wire arrays shown in Fig. 1. E; and E, are the CB and
VB band offsets, Egg-ELy is the HH-to-LH subband separation, m} is the in-plane effective mass of the top valence
subband along the quantum wire axis, E,2-E.1 is the subband energy gap between the top two valence subbands, and P,

Py, and P, are the relative magnitudes of the momentum matrix elements along the z, y, and z polarizations.

Type A Type B Type C Type D
E; (meV) 514 559 516 581
E,(meV) 201 358 199 354
Exwn-Erg (meV) 86 143 —147 -4
my, (mo) 0.080 0.085 0.121 0.112
Ey2-Ey1 (meV) 23.0 11.7 52.1 26.6
P,: TE, 0.60 0.56 0.41 0.55
P,: TE, 0.12 0.32 0.01 0.03
P.: TM 0.19 0.04 0.49 0.32

subband from the second order derivatives of the en-
ergy dispersion. Table 2 shows the in-plane effective
masses along the wire axis, mj_, of the top valence
subband in the four types of the quantum wire ar-
rays. It clearly indicates that the in-plane effective
mass of the LH-like subband in type C is heavier than
that of the HH-like subband in type A or B. This
phenomenon can be explained as follows. The uni-
axially compressive stress along the vertical direction
tends to induce the effective mass heavier along the
vertical direct ion while it makes the effective mass
lighter along the lateral direction, and vice versa for
the tensile strain[10,16]. Therefore, in the HH-like
subbands of types A and B, the increase in the effec-
tive masses along the growth direction would reduce
the effective masses along the in-plane direction. On
the other hand, in the LH-like subbands in type C, the
decrease in the effective masses along the growth direc-
tion would make the in-plane effective masses heavier.
Thus the valence band effective masses in the strained
quantum wires would be strongly anisotropic and very
hard to predict without comprehensive optical gain
calculations [13].

IV. POLARIZATION DEPENDENCE

Due to the complicated nature of the valence band
structure, it is quite difficult to tell whether a valence
subband is heavy holé-like or light hole-like. Since
its effective mass is strongly anisotropic and the sub-
bands are usually strongly intermixed with adjacent
subbands, it is almost impossible to determine from
the band structure only. One of the best ways to
judge the subband nature would be to characterize
the polarization dependence of the dipole momentum
matrix elements of the subband under consideration.
Since both the optical gain and the PL intensity are
proportional to the dipole momentum matrix element
[13], the analysis of its polarization dependence will

lead to overall gain anisotropy characterization. In
typical quantum wires, the heavy hole-like subband
would show the maximum dipole momentum when the
electric field is polarized along the quantum wire axis.
Whereas, the light hole-like subband would show the
maximum dipole momentum when the electric field is
polarized along the strongest lateral confinement di-
rection. Fig. 5 shows the dipole momentum matrix
elements in various types of quantum wire arrays as
well as the optical gain for three different polariza-
tions. Again, the z-axis is chosen to be parallel to
the quantum wire axis, the y-axis along the lateral di-
rection, and the z-axis along the growth direction, as
shown in the diagram on the top of Fig. 5. The spher-
ical plots of the dipole momentum matrix elements are
all projected to the same perspective as in the top di-
agram. In the unstrained quantum wire array, the top
valence band is mostly HH-like, so the dipole momen-
tum becomes the strongest along the wire axis [13], as
shown in Fig. 5(d). Thus, as shown on the right side
of Fig. 5(d), the optical gain is maximum for the x-
polarization as denoted by TE.x, while it is minimum
for the y-polarization as denoted by TE.y. In the gain
calculation, the energy broadening is taken as 7 meV
and temperature as 300 K.

In case of type A, the dipole momentum is maxi-
mum along the TE.x polarization and so is the ma-
terial gain. However, the overall shape of the dipole
momentum is squeezed along the lateral and the verti-
cal directions. In type B, where the stress is along the
vertical direction, the shape of the dipole momentum
is also squeezed along the vertical direction. Thus the
optical gain for the TM polarization is almost negli-
gible. In type C, where the stress is along the lat-
eral direction, the shape of the dipole momentum is
also squeezed along the lateral direction and is boosted
along the vertical direction. Hence the material gain
is maximum for the TM polarization. For this par-
ticular type of strain, the material gains for the TM
and TE.x polarizations are almost the same, so one
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FIG. 5. Polarization dependence of optical gain in var-
ious types of quantum wire arrays. (Left side): the spher-
ical plots of the dipole momentum matrix elements which
are projected to the same perspective as in the diagram
shown on the top. (Right side): the material gains for
three polarizations along the z, y, and z axis which are de-
noted by TE.x, TE.y, and TM polarizations, respectively.

can expect a polarization independent optical amplifi-
cation between two polarizations. On the other hand,
the material gain for the TE.y polarization is almost
negligible, thus one can expect a high extinction ratio

between the TM and TE.y polarizations. The mag-
nitudes of the dipole momentum matrix elements for
three polarizations are summarized in Table 2.

V. OPTICAL GAIN

The maximum material gains as a function of the
radiative current density in the various quantum wires
are calculated [13] and plotted in Fig. 6(a). The vari-
ation of the threshold current density as a function of
total cavity loss is also plotted in Fig. 6(b). They are
also compared to those of the unstrained GaAs quan-
tum wire array with the same lateral dimension [13].
The active volume is taken as the whole quantum wire
array plane including the quantum wires and the bar-
riers between them. Generally, the effective mass in
the InGaAs is smaller than that of the GaAs hence the
energy differences in the quantized states are larger in
the InGaAs quantum wires than in the GaAs quan-
tum wires for the same lateral dimension. Thus, the
four types of InGaAs quantum wires have a higher
optical gain than the GaAs quantum wires as shown
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FIG. 6. (a) Variation of the material gain as a function
of the radiative current density, and (b) variation of the
threshold current density as a function of the total cavity
loss in the strained (A-C) and unstrained (D) Ing 3Gao.7As
quantum wire arrays. Those of the GaAs/AlosGao.sAs
with the same lateral dimension are also shown for a com-
parison.
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in Fig. 6. Among the InGaAs quantum wires, type C
strained quantum wire array has a higher optical gain
than any other types of strained or unstrained quan-
tum wire arrays. As seen from the band structure in
Fig. 4, the large energy difference between the top
valence subbands would contribute to obtaining the
highest optical gain. When the energy splitting be-
tween the top valence subbands is smaller than 1 kT,
the kinetic momentum of the holes from the different
subbands would have a different value and is usually
smaller than that of the electrons at the quasi-Fermi
surface. The mismatch in the kinetic momentum be-
tween the holes and the electrons will reduce the ra-
diative recombination due to the momentum conser-
vation law. However, if the energy splitting between
the top vi.lence subbands is larger than 1 kT, the ra-
diative recombination between the conduction band
and the top valence subband will be greatly enhanced
since the kinetic momentum of the electrons and holes
at the quasi-fermi surfaces will be the same. This is
why the larger valence subband splitting results in the
enhanced optical gain. For types A and B quantum
wire arrays, however, the optical gain is smaller than
for type D unstrained quantum wire array due to the
smaller valence subband splitting at the top. Conse-
quently, the threshold current density for type A and
B would be larger than that of type D. For instance,
when the total cavity loss is 100 cm™!, the threshold
current densities are 103, 120, 130, and 132 A/cm2
for the types C, D, A, and B quantum wire arrays,
respectively. Thus certain types of strained quantum
wires show larger or smaller threshold current densi-
ties than the unstrained quantum wire array. There-
fore, the stress profile should be carefully chosen to
enhance the optical gain in the strained quantum wire
structures.

VI. CONCLUSIONS

In this paper, various types of strained quantum
wire arrays are analyzed using the finite-element
method [8,13]. The strain profile is rigorously cal-
culated numerically including the hydrostatic and the
shear strain components. The effect of the strain on
the optical gain properties is quantitatively analyzed
for various types of InAlGaAs quantum wire arrays.
The polarization dependence of the optical gain turns
out to be sensitive to the stress profile. Considering
this phenomena, one can obtain a desirable optical
anisotropy by controlling stress profiles, which can be

exploited either for the single polarization optoelec-
tronic devices or for the polarization independent de-
vices.
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