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A criterion for strain balancing of wurtzite group-Ill nitride-based multilayer heterostructures is
presented. Single and double strain-balanced GaN/AlIGaN quantum well structures are considered
with regard to their potential application in optoelectronic devices working at communication
wavelengths. The results for realizable, strain-balanced structures are presented in the form of
design diagrams that give both the intersubband transition energies and the dipole matrix elements
in terms of the structural parameters. The optimal parameters for structures operating.atand

1.55 um were extracted and a basic proposal is given for a three level intersubband laser system
emitting at 1.5%xm and depopulating via resonant longitudinal optid¢aD) phonons f w o~90

meV). © 2003 American Institute of Physics. [DOI: 10.1063/1.1556177

I. INTRODUCTION and then we present design diagrams oriented their possible
application in optoelectronics.

In recent years intersubband transitiokSBTS) in
AlGaN-based heterostructures have emerged as a promisimtig THEORETICAL CONSIDERATIONS
route for access to the near-infrared spectral range, while
also showing ultrafast carrier dynamics. A few groups have
reported mtersubband absorption for wavelengths around 1
and 1.55um .~ that are important for optoelectronic tele-
communications, as well as ultrashort relaxation timgs
~fs in quantum well structures and superlattie¥. These
experimental successes suggest possible application in quan- — Sioafulk
tum well infrared photodetectoQWIPS, optical switches ST
or even intersubband lasers. Improvements in the molecular
beam epitaxy growth technique that allow control of IayerWherelk is the width andf, strain energy density of thith
widths of the order of a few monolayers make feasible théayer.. ) ) )
design and growth of complex structures. However, growth Within the framework of classical elastic thedtythe
of uniform, dislocation-free multilayer, optically thick stacks elastic energy density of thkth layer is
is still a considerable challendt!? To achieve pseudomor-

. . . . _ (k) (k) (k)

phic growth, there is the requirement of strain balance upon fk—E 2 C 2
the whole structure. Although multilayer structures generally e
show much better stability against relaxation than do homowhere C(k) is the elastic tensor element aﬁﬁo the strain
geneous strained layers, one should still aim at achieving fullensor element for a hexagonal crystallographlc system in
strain balance when designing such a structure in order tgatrix notatio® of the kth layer.
have reliable, reproducible growth. Since we consider a wurtzite based multilayer system

Several approaches to the design of strain-balance@irown along thd0001] axis, the corresponding stress tensor
structures have been considefédbut they were usually re- €lement ¢3) should equal zero. By using formulas given in
stricted to tWO_|ayer Structure(g_g_, Sing|e quantum wells Refs. 15 and 16 the biaxial strain tensor has only diagonal
based upon semiconductor materials with cubic symmetry. I€lements and is given by

The zero-strain conditidA is the only theoretical ap-
roach that accounts for different elastic constants of layers,
contrast to the more common average lattice or thickness
Welghted method¥! It is based on minimizing the average
elastic energy for the whole multilayer structure, i.e.,

@

Ay

this article we extend the “zero-strain” approdthto e, O 0
multilayer structures based upon wurtzi@g., GaN/AIN €1 € €5 0 0
. . . . . €1
semiconductors grown in the conventiof@D01] direction, e=| €5 € €4]= , 3)
Ci3
€5 €y €3 O 0 —2— €1
¥Electronic mail: eenvj@leeds.ac.uk Cs3
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wheree;=(a—ag)/ag is the in-plane straina is the buffer
in-plane lattice constarialong the wurtzitea axis) anda is

the lattice constant of a layer in strain-free conditions. From
Egs.(2) and(3) it follows that the strain energy density in a
layer is

f=Ay-[€972, (4)

where A=cC;+Cqpo— 2c531033. Equation (1) may then be
written as

ISP AL

f=— 5
DI ® z
The pse(l*k';jomor?kh_'cl:) Cond|t_'0n .relates the strain in adjacerﬁlG. 1. Conduction band profile and wave function moduli of single and
layers (i andej” ') and is given as coupled double GaN/AlGaN QWs, and the notation of structural parameters.
A-1 (k- -1 8
NONLS WOSTLS w ©)
k ax

with respect to transition energies betwééh and|2), and
and the average in-plane stress that follows is |2) and|3), with a view towards their potential application
— in three-level intersubband laséfs.
of 2 : .
= In the calculations we have employed the effective mass
gV litlatlgt, -, model and solved the envelope function Schinger equa-
tion with bulk nonparabolicity included via the energy de-
o€ pendent effective magswo band Kane modgf® Nonlinear
3,96(11> R piezoelectric and spontaneous polarizations were also
included® and the fields induced were calculated from the
(7 simple expressidh (all constraints of that approach are sat-
The zero-stresgor strain—balanc)econdigion Teans that the isfied heré?
in-plane stress is zero, and using{"/9eM=a,/a, (k S (PPl /o

=23, ... ,) Eq(?) then giveS szw, (10)
j<~k'k!/ €k

9€'?) EPCY
! + Agfg_s)l

1 2
X Alfg_ )|1+A2€g_ )lzae(l)
1

a a ‘ .
AL+ AP, = + AgePls—+ -+, =0, (8)  whereP;=P_+P,, is the total polarization given as a sum

a2 a3 of piezoelectric and spontaneo(syroelectrig¢ polarization
which delivers the buffer lattice constant necessary for thevithin a layer of widthl; . In calculating the alloy band gap

strain-balanced multilayer structure as we have included the effect of bowiRd.
N The Schrdinger equation used within this model is
EkzlAkl k/ak
TS Ad 2 © A . 4 DT 11
k=1Aklk/ai T2 7z\mzE) dz (z2)V=EV, (11

and, therefore, in case of GaN/AlGaN structures, the Al con- " . :
. . where the position- and energy-dependent effective mass is
tent in the buffer follows straightforwardly.
: o m(z,E)=m(2){1+[E—U(2)1/E4(2)}, wherem(z), E,(2)
If & multilayer structure has periodicity, the above eX'andU(z) denote, respectivel E;he arabolic effectiv% mass
pression should be understood to apphntiayers that con- ' P Y. P '

stitute a single period, and the whole structure will thenggzg ggpeagigcgﬁggﬂict}fsnaz?jn?h:d%?;lr??a;igﬂﬂgszctehde o-
clearly be strain balanced. g P p

The strain level in individual layers directly influences fzggﬁbbfltlhtgrfﬁa;’;gla(l:%rrlr? ggﬁ;g;na_ﬁ]?seceauus;ig; nrf:u-be
the conduction band profile, due to the large strain- P : q y

dependent, piezoelectric polarization induced electric field. solved by a standard shooting method, starting with a well-

. : . : .~ behaved wave function on one side and scanning for energies
This means that strain-balanced device design and optimiza- o ) .
. . . where it is well behaved on the other side. However, this
tion are more complicated than would be the case with no . . . :

method loses stability for wider structures, typically with

polarization. T_his _is because any single structural paramet(?hoSe five wells or so. We have therefore employed a finite-
cannot be varied independentiy order to change the sub- difference method, in which E@11) is written in discretized

band structurg so the strain-balance condition has to be me orm, in N, points along thez axis like, e.g., in Ref. 24, and

as well. In the remaining part of this article, we present Sun_reduces t6 & matrix eigenvalue problem. where the Hamil-
able design diagrams for strain-balanced single and doublg . ix is tridi 9 L H P h '
GaN/AlGaN QW structures; see Fig. 1. Single QW structuresmnlan m?‘”'x IS tr lagonal. However, tne enerﬁyappears
were explored with respect to the ISBT energies and dipolé]Ot only in the main diagonal, but in all the terrisa the

matrix elements corresponding to the-2 transition with a effective masp which leads to a nonlinear eigenvalue prob-

. . . L . . . _lem,
view towards their possible application in devices like
QWIPs or saturable switches. Double QWs were explored [H(E)]¢=Eu, (12
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which cannot be solved by conventional diagonalization rou-
tines that handle linear eigenvalue problefis]s=Ey
(which would be the case if the Hamiltonian, i.e., the effec-
tive mass in it, is not energy dependerin the field of elec-
tronic structure calculations nonlinear eigenvalue problems
also appear, e.g., in augmented plane wave methods, but th
matrix there is not tridiagonal, and the computational de-
mands are considerably larger than for linear eigenproblems=<"
so sophisticated methods have been devised to speed up tt
process? Here, however, we take advantage of the tridiago-
nal form of the finite-difference representation E#l) for
fast solving of Eq(12). We first scan for energids; where

det[H(E)]-E[1])=0 (13 10 12 14 16 18 20 22 24 26 28 30
is satisfiedthe E; are obviously the eigenvalues of E42) I, [A]
and[1] is theN,X N, unity matrix]. Calculation of the deter-
minant of the tridiagonal matrf is fast and scales linearly FIG. 2. Contour plot of the transition energigslid line) and dipole matrix
with its sizeN, (just as does the shooting methodence it is element square_(ﬂashed lingbetween level$l) and|2) in single AlGaN/

. . .. . . . GaN QWs obtained for a range of structural parameters.

easy to achieve high precision. In this particular problem it
suffices to find just the sign, not the full value of the deter-

minant, and supply it to the bisection routine, a feature whichset set to 2 eY?”?2 A fixed value of the barrier width was
almost cuts into half the Computational time. Norma”y, Onechosen agb: 60 A since it does not influence the results
is interested in only a few lowest, rather than &ll, eigen-  much.
values of Eq(12). In order to give specific examples, we consider the cases
To find the eigenvectors, i.e., the wave functions, Edof 1.3 (~950 meV\j and 1.5%m (~800 me\} transitions,
(12) can be written, for any particuldg; in the form of @ which are important in applications. The structural param-
fictitious linear eigenproblem, eters that deliver the 1.58n intersubband absorption can be
([HEDT-E[1]) =\, . (14) read from the _solid line Ia_bel_ed 8_00([#1 units of meV in
Fig. 2. Any choice along this line gives the same wavelength,
One of theN, eigenvalues\ will be (almost, because of but the dipole matrix element;, varies. There are two sets
roundoff errorg equal to zero, and the eigenvector corre-giving, e.g.,d2,=16 A?; these are at the intersections of the
sponding to it is actually the eigenvector of E42) corre-  dashed line labeled 16 with the 800.0 solid line. Usually one
sponding to eigenenerdy; [other eigenvalues and eigenvec- aims to have the largest possitidg,, and theseoptimal
tors of Eq.(14) are physically meaninglebg-or this task we  structural parameters occur where a dashed line just touches
use standard diagonalization routif€@SPACK) that allow  the 800.0 solid line: in this case it is the dashed line labeled
evaluation of a single, selected eigenvector—that with the, i.e., the maximal value afs,=20 A? and it is obtained
already known, zero eigenvalue. Alternatively, upon findingwith I,,=18 A andx,= 0.8 (this point is marked by a circle
eigenvalues;, one may also calculate eigenvectors by solv-and an arrow in Fig. 2 Similarly, one can see from Fig. 2
ing the tridiagonal system of linear equations correspondinghat the absorption at 1.3n can be achieved only in a rather
to Eq. (12) using appropriate fast routiné$but this ap-  narrow range of parameteris;<17A andx,>0.85, and the
proach was found to offer somewhat less stability. largest possible value @ﬁzz 16 A? is obtained forl,,=17
The method was found to be about as equally fast anth and x,=0.94 (also marked in Fig. 2 Along with the op-
accurate as the shooting meth@d cases where both work timal parameters, Fig. 2 shows the range of parameters that
well), while retaining full stability where the shooting can provide any(suboptimal structure for a given wave-
method fails. length, and also indicates where the sensitivity to a param-
The calculated results were used to make contour plotster becomes only marginal. These may be important when
from which the sets of structural parameters that deliver thghe optimal design cannot be fabricated, for whatever reason.
transition energy or matrix element of interest may be easily  The contour plots shown in Figs. 3 and 4 show ISBT
read, thus allowing some optimal choice to be made. energies corresponding to the=2 and 23 transitions in
double QW structures as a function of their structural param-
eters[for the notation see Fig.()], i.e., the first well ()
IIl. NUMERICAL RESULTS AND DISCUSSION and middle barrier Wldthlg), for two fixed values of the
second well width ,,=6 and 8 A. In this calculation the
Figure 2 shows contour plots of both the ISBT energiesouter barriers were chosen to be of AIN, in order to accom-
and dipole matrix elements squared, corresponding to the fnodate the three states, and their widths were also set to 60
—2 transition in a single QW structure as functions of theA. An interesting case, in view of the possible application of
relevant structural parametdisr the notation see Fig.(d)], double QW systems as active regions of intersubband lasers,
i.e., the well width {,,) and the Al content in the barrier occurs when the energy of the42 transition is close to the
layer (x,~Uy/AE., whereAE. is the conduction band off- longitudinal optical(LO) phonon energy#{w, o~90 meV in
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IV. CONCLUSION

A strain-balance condition for wurtzite GaN-based
multilayer structures was been derived and useful, “design-
friendly” contour plots for single and double QW structures
complying with the strain-balance requirement are given.
From these plots optimal parameters were extracted for ISBT
absorption-based devices, as well as for a candidate structure
for a three level intersubband laser.
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