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Interface-related exciton-energy blueshift in GaN/AlxGa12xN zinc-blende and wurtzite single
quantum wells

H. Wang, G. A. Farias, and V. N. Freire
Departamento de Fı´sica, Universidade Federal do Ceara´, Centro de Cieˆncias, Caixa Postal 6030, Campus do Pici,

60455-760 Fortaleza, Ceara´, Brazil
~Received 2 July 1998; revised manuscript received 17 March 1999!

The role of nonabrupt interfaces on the confined exciton energy blueshift in zinc-blende and wurtzite
GaN/AlxGa12xN single quantum wells~QWs! is investigated. The theoretical calculations are performed
taking into account a range of values for the electron and heavy-hole effective masses in both phases, which is
compatible to those that have been measured and/or estimated from first principles calculations. The interface
related ground state exciton energy blueshift is shown to depend strongly on the nonabrupt interfaces widths in
the case of thin QWs (,

;80 Å), being a little higher in zinc-blende than in similar wurtzite QWs. For a 50 Å
~80 Å! wide GaN/Al0.3Ga0.7N single QW whose nonabrupt interfaces have a thickness of 10 Å, the nonabrupt
interface related ground state exciton energy blueshift is 26 meV~5 meV! and 19 meV~3 meV! in the
zinc-blende and wurtzite phases, respectively. It is shown the impossibility of the sharp interface picture to
describe exciton related emission properties of GaN/AlxGa12xN single QWs with a precision better than 10
meV. @S0163-1829~99!02532-1#
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I. INTRODUCTION

Recent research interest in GaN and AlN based quan
wells ~QWs! is driven by their blue-green light emissio
properties, which find technological applications in ligh
emitting diodes and lasers.1 Since sapphire substrates pr
sented many advantages in the growth process, most of e
GaN/AlxGa12xN QWs were grown in the wurtzite phase.2–10

However, there is an increasing interest nowadays in z
blende GaN/AlxGa12xN QWs due to the improvement o
their growth processes to take advantage of the higher G
saturated electron drift velocity, easy cleavage, and lo
band energy in technological applications.11–22 Despite sev-
eral measurements and electronic structure calculations
uncertainty in the values of some important parameters
both wurtzite and zinc-blende GaN and AlN is still impo
tant. This is the case of the electron and hole effect
masses, for example, for which a relatively large range
values were considered in the literature.23–38 This range of
values is due to the samples quality used in the experime
as well as the differences and/or the improvement in the G
and AlN band structure calculations performed with fi
principles methods. The interfaces quality in wurtzite a
zinc-blende GaN/AlxGa12xN QWs is also not clear since re
sults on their heterointerfaces characterization continue t
very limited. Meanwhile, interface effects should be ve
important in GaN/AlxGa12xN QWs because they ca
strongly change their confinement properties. It is w
known, for example, the important role of the interfaces
the optical properties of GaAs/AlxGa12xAs QWs, see the
revision paper on this subject by Herman, Bimberg, a
Christen.39 Since for the same Al molar fraction content th
confinement depth in GaN/AlxGa12xN QWs is stronger than
in GaAs/AlxGa12xAs QWs, interface effects should be mo
important in the former than in the latter.

Although most of the early experiments on the optic
PRB 600163-1829/99/60~8!/5705~9!/$15.00
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transitions in GaN/AlxGa12xN QWs resorted to a quantum
confinement picture~and then confined QW excitons! for
their description~see Khanet al.,2 for example!, the optical
emission mechanism in GaN/AlxGa12xN QWs is a matter of
controversy nowadays.40 Confined excitons seem to have a
important role,41 but localized and trap states related to co
positional fluctuations are also relevant.42–44 To the knowl-
edge of the authors, formal theoretical calculations on
exciton energy in GaN/AlGaN QWs were published on
recently, being restricted to the wurtzite phase and tota
disregarding interface effects.45,46 Chung and Chang45 have
investigated the effects of well width and Al molar fractio
in the barriers regions on the exciton peak and binding
ergy in wurtzite GaN/AlxGa12xN QWs. They performed cal-
culations within the effective mass approximation usi
heavy-hole effective masses 0.27 and 0.30m0 (m0 is the free
space electron mass! for the GaN and Al0.2Ga0.8N layers,
respectively. Through a variational technique in the mom
tum space, Chung and Chang45 have obtained for large QW
a confined exciton binding energy about 18 meV, which i
meV lower than the most recently published data on the b
GaN exciton energy (;26 meV).47–49 However, using a
hole effective mass of about 1.1m0 along thec-axis direction
(m0 is the free electron mass!, they found a larger bulk value
~around 25 meV! for the exciton binding energy, which i
very close to the bulk GaN exciton energy. In both cas
Chung and Chang45 argue to have obtained good agreeme
of their theoretical calculations with available experimen
data~only seven points collected from three experiments! for
QWs of several widths and aluminum molar content in t
Al xGa12xN barriers. Bigenwaldet al.46 performed a careful
study of the electronic and optical properties of wurtz
GaN/Al0.3Ga0.7N QWs in the context of a six-band envelop
function approach, obtaining a large well limit behavior f
the confined exciton binding energy close to 26 meV, bu
much higher exciton binding energy for shorter well widt
5705 ©1999 The American Physical Society
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in comparison to the results of Chung and Chang.45

Nonabrupt interfaces should occur in actual wurtzite a
zinc-blende GaN/AlxGa12xN QW samples, at least as a co
sequence of the chemical potential difference betw
GaN-AlxGa12xN heterojunctions.50 However, all previous
theoretical calculations concerning GaN/AlxGa12xN QWs
have addressed to ideal semiconductor interfaces, and
the confinement potential was always described within
sharp interface picture. Recently, a blueshift in the photo
minescense spectra due to quantum well thickness fluc
tions and a graded interface related GaN phonon m
broadening have been observed, the former with a tim
resolved photoluminescence experiment,8 and the latter
through a resonant Raman scattering experiment.9 These re-
sults indicate the need to obtain information concerning n
abrupt interface effects in GaN and AlN based heterostr
tures.

A theoretical investigation is performed in this work o
the role of nonabrupt interfaces in the exciton energy bl
shift in GaN/AlxGa12xN zinc-blende and wurtzite singl
QWs. The GaN/AlxGa12xN nonabrupt interface descriptio
is an adaptation of the framework that Freire, Farias,
co-workers51 have used to study nonabrupt interface effe
in GaAs/AlxGa12xAs heterostructures within the effectiv
mass approximation. The confined exciton energy is
tained following a variational approach. The aluminum m
lar fraction x is limited to be smaller than 0.43 to avoidG
and X band mixing effects in the zinc-blende QW
calculations.30 The uncertainty in the electron and heav
hole effective mass values23–38on the exciton energy is take
into account by considering fluctuations (615% in the case
of electrons,630% in the case of heavy holes! around spe-
cific values, which have been selected among the publis
data.23,35 Considering that actual GaN/AlxGa12xN zinc-
blende and wurtzite single QW samples have nonabrupt
terfaces, an analysis of the results presented in this w
allows us to highlight the impossibility of the sharp interfa
picture to describe the ground state exciton energy in 5
~80 Å! wide GaN/Al0.3Ga0.7N zinc-blende and wurtzite ac
tual single QW samples with a precision better than 26 m
~5 meV! for the former, and 19 meV~3 meV! for the latter.

This work is organized as follows. In Sec. II, a descripti
of the GaN/AlxGa12xN QW model which considers the ex
istence of nonabrupt interfaces is presented. Results and
cussions on the interface related exciton energy blueshi
GaN/AlxGa12xN zinc-blende and wurtzite single QWs a
described in Sec. III. Concluding remarks close this work
Sec. IV.

II. GaN/Al xGa12xN QUANTUM WELL MODEL
AND EQUATIONS

The light emission peaks due to confined excitons
GaN/AlxGa12xN single QWs are shifted towards high e
ergy in comparison to those associated with the GaN con
ing layers.2 This blueshift can be of several tenths of me
depending on the quantum wells width and confinem
depth. To investigate the role of nonabrupt interfaces on
blueshift of the ground state electron-heavy-hole (e-h) exci-
ton energy peaks, the GaN/AlxGa12xN single QWs are de-
scribed in here within the framework of the effective-ma
d
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approximation considering the following Hamiltonian in c
lindrical coordinates:52

H52
\2

2me2h
F1

r

]

]r
r

]

]r
1

1

r2

]2

]f2G2
\2

2

]

]ze
F 1

me
'~ze!

G ]

]ze

2
\2

2

]

]zh
F 1

mh
'~zh!G ]

]zh
1Ve~ze!1Vh~zh!

2
e2

e@r21~ze2zh!2#1/2, ~1!

wherer, f, andza (a5e for electrons anda5h for heavy
holes! are the relative electron-heavy-hole cylindrical syste
coordinates,me

'(ze) andmh
'(zh) are the electron and heavy

hole effective mass perpendicular to the grown planes of
@001# and @0001# oriented GaN/AlxGa12xN zinc-blende and
wurtzite single QWs, respectively,e59.5 is the GaN dielec-
tric constant6,47,48,53 me-h5me

i mh
i /(me

i 1mh
i ) is the reduced

mass of the electron-heavy-hole pair, andVa(za) is the
graded quantum confinement potential for thea-type carrier,
whose expressions are given later@see Eq.~4!#.

In both zinc-blende and wurtzite phases, GaN has a di
gap at the axis passing through theG-symmetry point and
AlN has an indirect gap at the axis passing through theG- to
X-symmetry points.29,30,34 The compound alloy AlxGa12xN
presents a direct to an indirectG˜X gap transition whenx
.0.43~Ref. 30!, x.0.57~Ref. 34! in the zinc-blende phase
The bowing dependence of the AlxGa12xN gap energy~in
eV! on x is given by30,54–60

Eg,AlxGa12xN~x!5~12x!Eg,GaN1xEg,AlN1bx~x21!,
~2!

whereb is bowing coefficient, which is equal to 0.53 eV fo
the zinc-blende phase55 and 1.0 eV for the wurtzite
phase;57–60 Eg,AlxGa12xN , Eg,GaN, and Eg,AlN are the

Al xGa12xN, GaN, and AlN gap energy in the axis whic
passes through theG point, respectively ~see Table
I!.14,18,19,29,35,61–65

To the knowledge of the authors, no experimental res
has been published up to now concerning the dependenc
the electron and heavy-hole masses on the aluminum m
fraction in the AlxGa12xN alloy @ma,AlxGa12xN

' (x), a5e for

electrons anda5h for heavy holes#. In this work, contribu-
tions to this dependence duex2 terms are disregarded, whic

TABLE I. Zinc-blende and wurtzite GaN,AlN gap energies a
electron and heavy-hole effective masses in theG point at low
temperatures.m0 is the free space electron mass.

Sample Eg
G~eV! me

'(me
i )/m0 mh

'(mh
i )/m0

GaN zinc blende 3.30 0.19~0.19! 0.86 ~2.00!
AlN zinc blende 6.00 0.33~0.33! 1.43 ~4.55!

GaN wurtzite 3.50 0.19~0.19! 2.00 ~2.04!
AlN wurtzite 6.28 0.35~0.35! 3.53 ~11.14!
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means that the electron and heavy-hole mas
ma,AlxGa12xN

' (x) in the G point are related toma,GaN
' and

ma,AlN
' through the following linear relation:

ma,AlxGa12xN
' ~x!5~12x!ma,GaN

' 1xma,AlN
' . ~3!

Mirrored on the interface description framework th
Freire, Farias, and co-workers51 have used to study non
abrupt GaAs/AlxGa12xAs heterostructures, it is assumed th
the expressions forEg,AlxGa12xN and ma,AlxGa12xN

' (x) are

valid for very thin samples, i.e., few monolayers wid
Al xGa12xN films. Consequently, the replacement ofx by a
pt

th
n

ls

on
-
rs
th
es

t

function of z, x˜y(z), in Eqs. ~2! and ~3! turns out to be
possible. This replacement allows to obtain the AlxGa12xN
gap energy as well as the electron and heavy-hole mass
term of y(z), which is very useful for the description o
nonabrupt GaN/AlxGa12xN interfaces. Assuming that th
spatial variation of the aluminum molar fractiony(z)
changes linearly from x˜0 (0˜x) in the
Al xGa12xN-GaN (GaN-AlxGa12xN) interface, the graded
potentialsVa(za) ~in eV! and the effective massesma

'(za)
describing the carriers confinement in a nonabr
GaN/AlxGa12xN single QW within the effective mass ap
proximation, are given by
Va~za!/Qa5H 0, uzau,wa/22w

@Eg,AlN2Eg,GaN2b#y~za!1by2~za!, wa/22w,uzau,wa/2,

@Eg,AlN2Eg,GaN2b#x1bx2, uzau.wa/2,

~4!

m'
a~za!/m05H ma,GaN

' , uzau,wa/22w,

ma,GaN
' 1@ma,AlN

' 2ma,GaN
' #y~za!, wa/22w,uzau,wa/2,

ma,GaN
' 1@ma,AlN

' 2mGaN
' #x, uzau.wa/2,

~5!
e,
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d/or
where y(za)5x(uzau2wa/21w)/w, Qa is the band offset
for the a-type carrier, which is considered to beQe :Qh
570:30 in this work,4,5,7,8,45,46,54w is the width of the sym-
metrical nonabrupt interfaces andwa is the width of the
abrupt QWs, andm0 is the free space electron mass.

Since an analytical solution of the Schro¨dinger equation
for the Hamiltonian describing the nonabru
GaN/AlxGa12xN single QW@see Eq.~1!# is not possible, a
variational approach solution is resorted. By disregarding
electron-heavy-hole interaction, the following two indepe
dent equations~one for each type of carrier! are obtained:

H \2

2

]

]za
F 1

ma
'~za!G ]

]za
1Va~za!J ca~za!5Eaca~za!,

~6!

whereca is the wave function for thea-type carrier, which
can be calculated~together with the carriers energy leve
Ea) through the scheme of Ando and Itoh66 to solve Eq.~6!
numerically.

Restricting the interest to ground state excitons in n
abrupt GaN/AlxGa12xN single QWs, in a variational ap
proach the following trial wave function for the carrie
ground state can be used to calculate approximately
ground state exciton binding energyEb(wa ,w) in nonabrupt
GaN/AlxGa12xN single QWs:

C~ze ,zh ,r!5ce~ze!ch~zh!ce2h~r!, ~7!

with

ce2h~r!5S 2

pl2D 1/2

exp~2r/l!, ~8!
e
-

-

e

and wherel is the variational parameter. In this cas
Eb(wa ,w) is given by

Eb~wa ,w!52min
l

^C~ze ,zh ,r!uHuC~ze ,zh ,r!&. ~9!

Then, the ground state exciton energyEex(wa ,w) as a
function of the GaN/AlxGa12xN single QW widthwa and
interfaces thicknessw is

Eex~wa ,w!5Eg,GaN1Ee~wa ,w!1Eh~wa ,w!2Eb~wa ,w!,
~10!

whereEe(wa ,w) andEh(wa ,w) are, respectively, the elec
tron and heavy-hole ground state energy in the nonab
QW, which are obtained from the numerical solution of E
~6!. While the lattice constants and gap energy of the zi
blende and wurtzite GaN and AlN phases are well est
lished, this is not the case for their electron and heavy-h
masses. In the range of measured and first principles
mated values for them,23–38 Table I presents those whic
seems to be the best choice nowadays.35 To investigate the
effect of the carrier effective masses range of values on
ground state exciton energy, results are also obtained con
ering a 615% (630%) variation of the electron~heavy-
hole! mass in both the GaN and AlN phases. The differen
on the range of values for the electron and heavy-h
masses is a consequence of the difficulty in measuring an
calculating ~better to say estimating! them with first prin-
ciples methods.



lid,
ngles, and
are,
binding

.

5708 PRB 60H. WANG, G. A. FARIAS, AND V. N. FREIRE
FIG. 1. The well width dependence of the ground state exciton binding energyEb(wa ,w) in zinc-blende GaN/Al0.3Ga0.7N single QWs
with abrupt interfaces~left panel!, 10 Å ~central panel!, and 20 Å~right panel! wide interfaces. The results depicted with long dashed, so
and dotted lines were obtained considering the gap energy and the carriers effective masses given in Table I. The black circles, tria
squares show the ground state exciton binding energyEb(wa ,w) calculated considering that the electron and heavy-hole masses
respectively,115 and130 % heavier than those in Table I. The open circles, triangles, and squares show the ground state exciton
energyEb calculated considering that the electron and heavy-hole masses are, respectively,215 and230 % lighter than those in Table I
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III. THE INTERFACE RELATED EXCITON
ENERGY BLUESHIFT

The existence of nonabrupt interfaces changes the w
function C(ze ,zh ,r) spreading into the AlxGa12xN barrier
regions, and shifts the confined electron and heavy-hole
ergy levels toward higher energies. The resulting increase
the confinement degree due to the nonabrupt interfaces
hances carriers localization in the central region of
GaN/AlxGa12xN single QWs, blueshifting the exciton bind
ing energyEb(wa ,w). This behavior is clearly shown in Fig
1 and Fig. 2 for zinc-blende and wurtzite GaN/Al0.3Ga0.7N
single QWs, respectively. In these figures, one can obs
the variation of the exciton binding energy with the we
width wa when the interface width is 0 Å~sharp well, left
panel!, 10 Å ~nonabrupt well, central panel! and 20 Å~non-
abrupt well, right panel!. The exciton energies in these QW
calculated using the data given in Table I are depicted
long dashed, solid and dotted lines in Fig. 1 and Fig. 2, wh
those obtained considering a variation of115 and130 %
(215 and230 %), respectively, on the electron and heav
hole mass in both GaN and AlN are represented by bl
~open! circles, triangles, and squares. Consequently, all
possible range of values for the exciton binding energy t
can be obtained as a consequence of an imprecise knowl
concerning the electron and heavy-hole masses are locat
the region between the black and open symbols. Any exp
mental data on GaN/Al0.3Ga0.7N single QW confined related
exciton binding energies should be localized in the reg
between the black and open symbols if the electron
heavy-hole masses in the samples are in the range of va
considered here.

According to the assumption the actual nonabrupt in
face thickness does not change if the same process is
ve
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for growth of GaN/AlxGa12xN single QWs of severa
widths,67 the nonabrupt interface effects become less imp
tant when the well is larger. Consequently, the nonabr
interface related exciton binding energyEb(wa ,w) shift to-
wards higher energies is smaller when the QWs are wid
For the same well and interface width, the exciton bindi
energy is always a little higher in the wurtzite than in t
zinc-blende QWs, which can be observed comparing Fig
to Fig. 2. The two-dimensional~2D! exciton binding energy
should decrease when the well is thin enough~see, for ex-
ample, classical papers52 on confined excitons in
GaAs/AlxGa12xAs QWs!, approaching asymptotically to th
three-dimensional exciton binding energy value of the se
conductor type in the barriers. On the other hand, when
well is wide enough, the two-dimensional exciton bindin
energy should decrease continuously, approaching asy
totically to the three-dimensional exciton binding ener
value of the semiconductor type in the well. In both Figs
and 2, it is clear that the very thin well asymptotic behav
should occur in GaN/Al0.3Ga0.7N single QWs only when
their widths are smaller than 50 Å. However, the existence
wide enough interfaces can anticipate the asymptotic
proach to the 3D Al0.3Ga0.7N exciton binding energy since i
reduces the mean width of the confinement QW—this beh
ior is clearly shown in the right panels of Figs. 1 and 2.
the wide well behavior case, the exciton binding energy
zinc-blende and wurtzite GaN/Al0.3Ga0.7N single QWs cal-
culated in this work approaches asymptotically the bulk G
exciton binding energyEb(3D) , which is 26 meV in both the
zinc-blende and wurtzite phases,68 a result that is in very
good agreement with recent experimental data.47–49

Although the interface related energy shifts on the grou
state exciton binding energyEb(wa ,w) due to carriers con-
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FIG. 2. The well width dependence of the ground state exciton binding energyEb(wa ,w) in wurtzite GaN/Al0.3Ga0.7N single QWs with
abrupt interfaces~left panel!, 10 Å ~central panel!, and 20 Å~right panel! wide interfaces. The results depicted with long dashed, solid,
dotted lines were obtained considering the gap energy and the carriers effective masses given in Table I. The black circles, tria
squares show the ground state exciton binding energyEb(wa ,w) calculated considering that the electron and heavy-hole masses
respectively,115 and130 % heavier than those in Table I. The open circles, triangles, and squares show the ground state exciton
energyEb(wa ,w) calculated considering that the electron and heavy-hole masses are, respectively,215 and230 % lighter than those in
Table I.
e
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igs.
rgy
The
finement in GaN/AlxGa12xN single QWs are small~less than
5 and 10 meV whenw510 andw520 Å, respectively, for
80 Å wide wells!, the interface related corrections on th
electron and heavy-hole energy are much bigger, and co
quently the nonabrupt interface related ground state exc
energy blueshift is remarkable. This is shown in Fig. 3 a
e-
n

d

Fig. 4, that present the behavior of the ground state exc
energy in zinc-blende and wurtzite GaN/Al0.3Ga0.7N single
QWs as a function of the abrupt well widthwa ~lines and
symbols in Figs. 3 and 4 have the same meaning as in F
1 and 2!. In these figures, the ground state exciton ene
blueshift increases when the interface widths are thicker.
and
ngles, and
tively,
FIG. 3. The well width dependence of the ground state exciton energyEex(wa ,w) in zinc-blende GaN/Al0.3Ga0.7N single QWs with
abrupt interfaces~left panel!, 10 Å ~central panel!, and 20 Å~right panel! wide interfaces. The results depicted with long dashed, solid,
dotted lines were obtained considering the gap energy and the carriers effective masses given in Table I. The black circles, tria
squares show the ground state exciton energyEex(wa ,w) calculated considering that the electron and heavy-hole masses are, respec
115 and130 % heavier than those in Table I. The open circles, triangles, and squares show the ground state exciton energyEex(wa ,w)
calculated considering that the electron and heavy-hole masses are, respectively,215 and230 % lighter than those in Table I.
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FIG. 4. The well width dependence of the ground state exciton energyEex(wa ,w) in wurtzite GaN/Al0.3Ga0.7N single QWs with abrupt
interfaces~left panel!, 10 Å ~central panel!, and 20 Å~right panel! wide interfaces. The results depicted with long dashed, solid, and do
lines were obtained considering the gap energy and the carriers effective masses given in Table I. The black circles, triangles, a
show the ground state exciton energyEex(wa ,w) calculated considering that the electron and heavy-hole masses are, respectively,115 and
130 % heavier than those in Table I. The open circles, triangles, and squares show the ground state exciton energyEex(wa ,w) calculated
considering that the electron and heavy-hole masses are, respectively,215 and230 % lighter than those in Table I.
s
xis

r
in

in
re
si-
f

strong interface related exciton energy blueshift is a con
quence of the mean well width shortening due to the e
tence of nonabrupt interfaces in GaN/AlxGa12xN single
QWs. Comparing Fig. 3 to Fig. 4, one can see that fo
given well width, the ground state exciton energy
e-
-

a

GaN/Al0.3Ga0.7N zinc-blende QWs is always smaller than
similar wurtzite QWs, while nonabrupt interface effects a
more important in the former than in the latter. This is ba
cally a consequence of the fact that~i! the GaN gap energy o
the former is smaller than that of the latter and~ii ! the car-
ares show

sses
FIG. 5. The interface related ground state exciton energy blueshiftDEex(wa ,w)5Eex(wa ,w)2Eex(wa ,w50) in zinc-blende~left panel!
and wurtzite~right panel! GaN/Al0.3Ga0.7N single QWs. The results depicted by solid~dotted! lines were obtained consideringw510 Å
wide (w520 Å), and the electron and heavy-hole masses given in Table I. The results represented by open triangles and squ
DEex(wa ,w) calculated considering that the electron and heavy-hole masses are, respectively,215 and230 % lighter than those in Table
I, while those represented by black triangles and squares showDEex(wa ,w) calculated considering that the electron and heavy-hole ma
are, respectively,115 and130 % heavier than those in Table I.
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riers QW depth confinement energy in the former~489 meV
for electrons, 210 meV for heavy holes! is also bigger than in
the latter~437 meV for electrons, 187 meV for heavy-hole!.

The partial superposition of the regions delimited
black and open symbols in the panels of Figs. 3 and 4
important. It means that the uncertainty on the carriers ef
tive masses in zinc-blende and wurtzite GaN/AlxGa12xN
single QWs can hide the existence of nonabrupt interface
actual samples. In fact, according to the variations on
carriers effective masses assumed in this work, the gro
state exciton energy in 80 Å wide zinc-blende~wurtzite!
GaN/Al0.3Ga0.7N single QWs can be found between 3.2
eV ~3.492 eV! and 3.290 eV~3.483 eV! whether the inter-
faces are sharp or as wide as 10 Å. Indeed, when the s
interface picture is used to explain measurements of
ground state exciton energy in actual GaN/AlxGa12xN single
QWs, an underestimate of the well width of the sample h
to be considered to be achieved a better agreement bet
measurements and theoretical calculations. The results
sented in this work allow us to suggest that the underesti
tion of the well width can be as high as 20 Å. Another dire
consequence is that methods for evaluation of the carr
effective masses which need a comparison with the gro
state confinement related exciton energy calculated wi
the abrupt interface picture are of limited precision.

Figure 5 presents a clear picture of the interface rela
exciton energy blueshift DEex(wa ,w)5Eex(wa ,w)
2Eex(wa ,w50) behavior in nonabrupt zinc-blende an
wurtzite GaN/Al0.3Ga0.7N QWs with interface widthsw
510 Å ~solid lines and triangles! andw520 Å ~dotted lines
and squares!. By comparing the left and right panels of Fi
5, one can observe that for a given well width, the nonabr
interface related confined exciton energy bluesh
DEex(wa ,w) is always a little bigger in zinc-blende than
wurtzite QWs. In both phases,DEex(wa ,w) is stronger in
the case of thin wells, but decreases when the wells
wider. It can be as big as;100 meV (;25 meV) in the
case of 50 Å wide wells with 20 Å~10 Å! interfaces~several
times stronger than in similar GaAs/Al0.3Ga0.7As QWs!, and
less than 3 meV for well widths larger than 100 Å. The
figures highlight the strong interface related contribution
the exciton energy blueshift in GaN/AlxGa12xN wells due to
the carriers confinement. Since the GaN zinc-blende lat
constant isa54.5 Å and the wurtzite structure parameter
the growth directionc55.1 Å, a 10 Å interface width has
only about two monolayers, which is less than the thickn
fluctuations suggested to exist in recent photoluminesce
experiments performed by Smithet al.,8 in GaN/AlxGa12xN
multiple QWs, and the graded interface width in Ga
~AlGa!N single QWs obtained by Behret al.9 according to
their resonant Raman scattering measurements. Co
quently, it seems absolutely necessary to take into acc
the existence of nonabrupt interfaces when studying
quantum confined related exciton energy blueshift
GaN/AlxGa12xN wells.

All the previous presented and discussed results were
tained considering an aluminum molar fractionx50.3 in the
Al xGa12xN barriers. Considerable degree of tuning on t
confinement related exciton based light emission can be
tained by changingx, e.g., the confinement well depth, su
gesting that it is important to know how the confined excit
is
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energy changes with the variation of the aluminum mo
fraction in nonabrupt GaN/AlxGa12xN wells. The depen-
dence of the ground state exciton energy in 50 Å wide zi
blende and wurtzite GaN/AlxGa12xN (x,0.4) single QWs
on the nonabrupt interface widthw and on the aluminum
molar fractionx is presented in the top and the bottom of F
6, respectively. This dependence is a little stronger in
zinc-blende phase than in the wurtzite phase. Finally,
interface effects on the exciton energy is shown to be m
relevant when the aluminum molar fraction is higher, whi
is due to the enhancement of the confinement degree.

IV. CONCLUDING REMARKS

Instead of giving a detailed description of interface roug
ness in quantum wells, the nonabrupt interface descriptio
this work should be recognized as a way to provide a m
estimate for the interface potential and carriers effect

FIG. 6. The dependence of the ground state confine exc
energyEex(wa ,w) in zinc-blende~top! and wurtzite~bottom! 50 Å
wide GaN/AlxGa12xN single QWs on the interface widthw and on
the aluminum molar fractionx. The surfaces were calculated co
sidering the gap energy and the carriers effective masses give
Table I.
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masses resulting from fluctuations on the interface thickn
in integral multiples of one monolayer. The well has to
wide enough (wa.30 Å) for the concept of mean fluctua
tion roughness to make sense. Consequently, the nona
interface model presented in this work can not be very g
to describe, for example, localization effects related w
well thickness variation of few monolayers.

Recently, Smithet al.8 have investigated optical trans
tions in very thin (;25 Å GaN layers! GaN/Al0.07Ga0.93N
multiple quantum wells. They observed an excitonic tran
tion peak blueshift of 54 and 79 meV at 10 and 300
respectively, and have attributed the 25 meV difference
tween the blueshifts as due to the recombination of locali
excitons~at 10 K! and free excitons~at 300 K!. Arguing the
enhancement of the exciton binding energy in multiple qu
tum wells also makes band-to-band recombination l
likely, Smith et al.8 have concluded that the 25 meV diffe
ence can be interpreted as a measure of the exciton loca
tion energy, which suggests a well thickness fluctuation
64 Å . Using the nonabrupt interface model presented
this work to describe interface effects in samples as thin
those of Smithet al.8, if instead of an abrupt GaN abrup
well it is considered nonabrupt 2564 Å wide
GaN/Al0.07Ga0.93N QWs whose interfaces are 8 Å thick, the
calculated blueshift can agree with the measurement. H
ever, explaining the variation of the blueshift with the tem
perature as measured by Smithet al.8 is beyond the concep
tual framework of the nonabrupt interface model presen
in this work.

In conclusion, the effects of nonabrupt interfaces on
.
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ground state exciton energy in zinc-blende and wurtz
GaN/AlxGa12xN QWs were evaluated. It was obtained th
the ground state exciton energy blueshift due to the existe
of nonabrupt interfaces in GaN/AlxGa12xN zinc-blende
single quantum wells is a little higher than those in simi
wurtzite structures. The calculations showed that the in
face related confined exciton blueshifts are stronger in t
quantum wells. The results allow us to suggest that
achieve a better understanding of the confined exciton ba
emission properties in actual GaN/AlxGa12xN QWs, it is
necessary to use models in which the existence of nonab
interfaces is taken into account. Finally, although recent
perimental results on the optical properties
GaN/AlxGa12xN QWs have been published,2–10 they are
very limited. It was not feasible to use them to test the no
abrupt interface model proposed in this work, specially b
cause information related to the interface characteriza
were not given in those publications, as well as the photo
minescence peaks dependence on well widths in the rang
to 150 Å. Nevertheless, the presented results are worth
experimental confirmation within their limit of validity.
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