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Kobe 657-8501, Japan

(Received 6 August 2001; accepted for publication 21 January)2002

We present theoretical investigations of subband structures and optical absorption properties of
periodic quantum wires. The calculation is based on the multiband effective mass theory, where
effects such as the valence-band mixing effects, the dependence of crystallographic orientation, and
the strain effect using a total energy minimization technique are duly taken into account. We use the
finite element method to solve the eigenvalue problem with periodic boundary conditions for the
quasitwo-dimensional quantum confinement effect. We study strain effects on subband structures
and optical properties, and dependence of the optical properties on the crystallographic orientation.
© 2002 American Institute of Physic§DOI: 10.1063/1.1459098

I. INTRODUCTION associated with the coordinate transform, and lateral periodic
boundary condition are taken into account.
Semiconductor quantum wirlQWR) lasers with low In Sec. II, we briefly describe the calculation procedure

threshold current, wider bandwidth, and narrower spectrabased on the multibankiXp perturbation method including

linewidth have become essential as light sources for opticahe strain effect. The effect of the crystal orientafiéron

communication systems. They are promising for possibléoth the strain tensor distribution and the subband structures

polarization-stabilized vertical cavity surface-emitting lasersis described by considering not only a coordinate transform

(VCSELS. So far, various kinds of QWRs with various cross but also a spinor transform. In Sec. I, we apply our model

sections and various crystallographic orientattofishave  to an analysis of the strain tensor distribution, subband struc-

been studied to fabricate uniformly high density QWRs andures, and optical properties of corrugated QWRs with em-

achieve successful application to QWR lasers. phasis on the importance of the strain effect and the crystal-
In the valence band of such QWRs, a reduction of thdographic orientation. Finally we summarize our conclusions.

dimensionality enhances heavy hdleH) and light hole

(LH) mixing and increases the nonparabolicities compared

with those of quantum wells. So far, almost all the QWRs!!- CALCULATION PROCEDURE

fabricated, such as T-shaped, V-grooved, corrugated QWR@®, Band calculation

have been classified as quasibounded quantum wires which

are weakly bounded in the lateral direction and their prope

ties have not yet been fully understood. On the other hand; - LT
the strain effect which is inherent and is caused by IatticeOptIcal properties, it is necessary to know both the subband

mismatch between the QWR and barrier material stronglftrUCtureS(E'ky dispersion relationsand the wave functions

depends on the cross-sectional shape of the QWR. Therefor%f, carriers in the QWR. For simplicity, we assume that the
we have to know the exact strain tensor distribution incoqductlon and V"’?'e”C_e bar_1ds are decqupled, an.d the para-
QWRs for optimal design of the lasers, since strain signifi—bc,)IIC band approxwpaﬂon with an effectlv_e m'elmﬁ IS ap-
cantly affects the subband structures. In addition, the cryst lied to the conduction band. This can be justified by the fact

orientation of QWRs is also an effective parameter by WhiCht at‘:] the Egnd dgap eners\ﬁll ev) is I?rgle:trlﬁn dlfLet:engei
to optimize laser performance. Therefore, it is quite impor-In € subband energy. Yvhen we cajcuiate the subband struc-

tant to analyze the subband structures and the optical pro%{res of _the va_lenc_e b_and qf the QWR.’ we use thed4

erties of strained and arbitrarilyf lfkl]-) oriented QWRs ikus—Bir Hamiltoniafiincluding the strain effect

precisely for optimal design of QWR based optical devices. |1:HHT)2:LHT)|3:LH| }|4:HH])
In this article, we present an analysis of the strain effect

on the subband structures and optical propertieghddl]- P+Q -S R 0

oriented quasibounded QWRgeriodic in the lateral direc- -s" P-Q 0 R

tion). Our calculation uses a finite element meth&EM) H(ky. Ky .k;)= RY 0 P—Q s

based on multiband-effective-mass theoiry which the ef- + +

fects of the valence-band mixing, strain, spinor transform 0 R S P+Q

All matrix elements are written in terms of ttinger param-

dAuthor to whom correspondence should be addressed; electronic maiﬁter_sl Y1r Y2» 73 _deformation potentialsa,, b, d, and
ogawa@eedept.kobe-u.ac.jp strain tensors;; (i,j=x,y,2).

r First, we consider a strained QWR oriented in fp&0]
Odirection which we take as theaxis. For calculation of the

(2.9
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The basis function set] for the matrix operator in Eg. When we analyze the valence-subband structure of an
(2.1) comprises the Bloch functions at the top of valence[hkl]-oriented strained QWR, we transform the original
band, which are expressed as crystal coordinate systefix,y,2 into another onex’,y’,z’)

3 3 1 to match the crystallographic orientation. In addition, the
’E’ §> =Uujo=— 5 [(X+iY)1), wave vectors are also transformed to
31 1 )
E'E _u2,0__%|(x+|Y)l_ZZT>’ Ky Ky
ky = Rt(¢! 01 5) ky’ ’ (23)
3 1 1 k K,/
—,— o) =U = —=|(X—=iY) 1 +2Z]), ‘ ‘
2" 2 N
E’_ §> —uy o=i|(X—iY)l>- 2.0 vyhere the coordinate rotation matrix is defined by, respec-
2" 2 ) tively,

C0S4 COSH CoSp+SinS(—sin¢) cosdcoshsing+sinscos¢y  cosd(—sing)
R(¢,6,5)=| —sindcosfcosg+coss(—sing) —sindcosdsing+cosscose —sind(—sinb) (2.9
sin# cosg¢ sinédsin¢g cosé

Using Eq.(2.3), we replacek,, k,, andk, by k,,, ky/, andk,,, respectively, in Eq(2.1). Then the Hamiltonian should be
transformed taking into account the spinor transform

HY =Ry (SR ()R, () H R (4) R ()RS ()T, (2.9
where the spinor rotation matrices are defined by
expi2p) 0 0 0
0 expli3¢) 0 0
R (¢)= : (2.6
‘ 0 0 exp(—i3¢) 0
0 0 0 exp—is¢p)
|
and merically solve this eigenvalue equation using a FEM based
on the Galerkin method presented in the literafure.
as V3aZb V3ab? b3 P
- —v3a’b a®-2ab? —b%+2a’h v3ab?
0 - ’
y(6) vdab® b3-2a%h a-2ab® v3ab B. Strain calculation
—b? v3ab? —v3a’b a’, To calculate the band structures of the strained QWR
_ . using the Pikus—Bir Hamiltonian, E.1), we have to know
[a=coq6/2),b=sin(6/2)]. 27 the strain tensor distribution. In the QWR, we cannot, apply
At this time, the base function set is transformed to the biaxial strain adopted in conventional analysis of quan-
. , tum wells(QWS), so we use the energy theorem and assume
uio Uio the plain strain problem:
ug,O, =[RY(S)RY(HR’ * Ulé’o 2.8 =0 29
ug’o/ _[ z( ) y( ) z(¢)] ug’o ( . ) syy_ . ( . )
Uzo Uzo At this time, the Hooke’s law is expressed as
In the QWR, the wave numbeks andk, are substituted o Cyh Cip O e e
. . . XX XX xx0
by operators ak,—id/dx and k,— —idldz, respectively, lc., c 0
: . . . . . Ozz| = 12 11 €2z|—| &z0| |, (2.10
since the system is quantized in both thandz directions. o e e
Finally, we obtain the eigenvalue equation, X 0 0 Cu X 20

H* (ky) @i (x,2) =E(k,) P} (x,2), which contains the ef- wheree;;, are initial strain tensors. In this article, we con-
fects of strain and crystallographic orientation. We can nusider strained-layer quantum wires, assuming that the growth
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direction is along thez axis, since stress far direction is
free, which means the stress tensor for afexis o, is zero.
Then the initial strain tensor becomes

Z [221] 29.64 6.36 [nm]

A . =

GaAs (111)[ 10
o Cy C 07| a—a 8
- o a Ty [ Ing.15Gag gsAs Tofy Lr
0 [=|Cp Cy O ,
1 1 €m0 GaAs 10
0 0 0 Cull o ® -
_ (211 Y[170] X[T74]
1
. FIG. 1. Schematic structure of th221] oriented I 1:Ga, gsAs corrugated
dp—a P _ 12 9 . 1 wire guantum wire under investigation. Periodic boundary conditions are applied
f07 (r) Cn (0)(r)= 0 barrier. to the left and right side"; andT,).
0 i

4

j§=:1 <GCmT,1Ui,o|e'er|Glr)1,jU}),o>

Analysis of the system begins by adopting a coordinate 2

system k',y’,z") which is related to the coordinate system
(x,y,2 of the primary crystallographic axes of the substrate
by the rotationU’

(2.19

2

4
2, (Griler )istleerlujo

U=R. (2.12
whereG® and GV are the conduction and valence envelope
The relationship between coordinate systems for vectorfynctions, respectively. In the rotated coordinate system
and tensors is expressed as (x’,y',z'), we have to use Eq2.8) as the base functions.

dé:UBadﬁ!
8;[;: Uianﬁsij y
Clan=UayUpsUikUjiCopij

IlI. NUMERICAL RESULTS

Based on the calculation procedure presented in Sec. Il,
we have confined ourselves to analysis of the subband struc-
tures and wave functions of the corrugated
GaAs/Iny 1:Ga gsAs/GaAs QWR shown in Fig. 1. This
) o o structure has the same structure as that fabricated in the
where summation convention is used over indices that arfjiyamizu Laboratory at Osaka University. It was grown on a
repeated. (221)-oriented GaAs substrate by molecular-beam epitaxy
(MBE), and the InGaAs layer became corrugated with high

uniformity as reported in the literaturé.
Once we have obtained both the band structures and the y P

wave functions of the QWR, the optical absorb coefficient
in the QWR is given by

(a,B,7,0,i,],k1=X,y,2),

C. Optical properties

TABLE I. Parameters used in calculation of the QWRs.

wpeCo = om 5 Parameter GaAs InAs
a(@)=—1g fo |eMun(ky)] o (A) 5.6532 6.0584
E, (eV) 1.519 0.42
il 7y, AE, (eV) 0.0852
X[ECU(ky)—ﬁw]z+(ﬁ/Tm)2dk , (2.13 AE, (eV) 0.1278
" 6.85 20.4
whereSis the QWR’s areag is the polarization vectonand 7z 2.10 8.3
m are the indices of the conduction subband and valencés 2.90 9.1
subband, respectively), is the refractive indexu, is the M /M 0.067 0.023
permeability of vacuung is the light speed; is the Planck  a, (ev) -7.17 —-5.08
constant divided by 2, and 7, is the relaxation time in the a, (eV) 1.16 1.00
band. The momentum matrix elememsare a=a;—a, (eV) —8.33 —6.08
b (eV) -1.7 -1.8
d(ev) —4.55 -3.6
leM(ky)omT 2= eM(k)ST 2+ [eM(k)STH?,  (2.14  Cyy (X 10" dynefen) 11.879 8.329
C1, (X 10' dyne/cnt) 5.376 4.526
C,4 (X 10 dyne/cn?) 5.94 3.96
|eM(ky) S 2= (@S] [ever| D) 2 . . 558
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FIG. 2. Distributions of(a) x and (b) z displacements using the energy ) T e
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FIG. 4. (@) Shifts in energy of the first conduction subbaiatik,= 0) from
the strain effect.(b) Shifts of the first and second valence subbafigs
In our calculation, the energy gap and effective mass of-k, dispersion relations The origin of the energies are set, respectively, at
In,Ga, _,As is calculated using the relations the conduction band bottom and valence band top of InGaAs.

Eq(I')=0.422+0.7x+0.4x*(eV),

. (3.1 given in Table P To solve the generalized eigenvalue prob-
Me/mMp=0.0251~x)+0.07x—0.016X(1~-Xx). lem, we use the Lanczos tridiagonalization procedure with

The other material parameters were determined by linearlyParse matrix forma:

interpolating the values of InAs and GaA¥egard’s rulg, Figures 2a) and 2b) show the calculated strain dis-
placement distributions. Because of the boundary condition,
under which the displacements are set to zero on the top and
bottom boundaries, the displacements in thdirection are

10 10 times smaller in magnitude (18) than those in the

o direction (10 2). On the other hand, because the latéxal

displacements are concentrated on the GaAs/InGaAs upper

" boundary, the roof of the QWR is compressed from both
sides. This is due to initial compressive strain in the struc-
ture. It should be noted that these results of the QWR are
quite different from those of a usual strained GW.

We also show the wave functions at thepoint (k,
=0) both with strain and without strain effects in Figéa)3-

o 3(d), respectively. Due to the two-dimensional strain effects,
that the confinement potential for carriers from the strain
tensors becomes enhanced around the roof of the QWR, the
wave functions are stressed out of the roof region and be-
come similar to those of a quantum well.

Figures 4a) and 4b) show the energy shifts of the sub-
band structures from strain effects. The shifts in energy of
12 both the conduction subband and valence subband are small,
x@m  x10 i and the valence-subbaitt-k, dispersions are almost para-

FIG. 3. Compariso_n of the_envelope wave function of_the first condgctionbo”C_ At the I" point (ky=0 and the Bloch periodic wave

subband at thé" point (a) with the strain effect andb) without the strain number in thex direction, KX=O), the first and second sub-

effect. The heavy holéHH) component$G, andG,) of the envelope wave . .

function of the first valence subband at fgoint (c) with the strain effect bands are degenerate, and the occupied LH percentage is

and (d) without the strain effect. only 1%. This is because the shape of the confinement po-

3 &
x 10
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FIG. 5. Optical absorption coefficients) with the strain effect andb)
without the strain effect.

tential is QW like, and two-dimensional quantum confine-
ment effects in the direction are weak.
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FIG. 6. Dependence of the degree of optical polarization on the crystallo-
graphic orientation.

this result may be helpful in optimizing laser characteristics
of lasers fabricated on oriented substrates.

IV. CONCLUSIONS

Based on the multiband-effective-mass theory, we have
formulated a subband calculation procedure for periodic
strained QWRs. We have taken into account the effects of the
band mixing between HH and LH states, periodic boundary
conditions, strain effects, and the crystallographic orienta-
tion. The absorption coefficient of QWRs can be calculated
from the results of our procedure.

We have applied our calculation to an analysis of the
properties of a corrugated InGaAs/GaAs QWR. It was found
that the periodic shapes of the confinement potential and the
strain effects significantly affect the optical absorption prop-
erties. Furthermore, it was also found that the orientation of
QWRs changes the degree of polarization. These results

From these subband structures, we have calculated thg,q,y that our method of band structure design can be used to

optical absorption coefficients in Figs(a and %b), where
integration over wave numbéy in Eq.(2.13 is only around
the band edgek,~5.0X 10’ m~ ! at a Bloch wave number
of K,=0), which is sufficiently large to show the optical
properties of the QWR. The difference betwern and

improve laser characteristics.
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