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Electronic and optical properties of d-layer GaNÕ„GaAs…n superlattices
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First-principles total energy calculations reveal qualitative differences betweend-layer GaN/(GaAs)n super-
lattices and their corresponding random alloys. Whereas the optical bowing coefficient for the superlattices is
typically 30% smaller than that of the alloys with the same concentration, the optical transition matrix elements
are comparable to that of GaAs~GaN! and show only weak dependence on nitrogen concentrationx. This is
because the band-edge states are localized near the GaN region. In contrast, in the random alloys, whereas the
conduction band-edge is localized on the N site, the valence band-edge states are increasingly localized into the
GaAs-rich region, resulting in significant decrease in optical transitions with increasingx.

DOI: 10.1103/PhysRevB.67.235305 PACS number~s!: 73.21.Cd, 71.55.Eq, 71.20.2b, 78.66.Fd
ni

m
u
bl

s
-

ian
ivi

sti

o

s
pl
ic

-
p
p

e

dy

ita
ys
a
al
ca
ak
-
h

o
n

tant
arp
e of

in
the

ex-
ons

r

e

-
ula-
ms
ss
n 5

l
the
nd
eV,

rpo-
-

es

.
re-

the
fur-
out
an

be-

ave
Direct-gap GaAs and GaN are important optoelectro
materials. Because the band gaps of GaAs and GaN are
and 3.4 eV, respectively, the GaAs12xNx alloy is a promising
light-emitting material covering the entire visible spectru
However, it has been observed that with only a small amo
of N, the GaAsN random alloys actually show considera
redshift ~instead of the blueshift! in the optical transition.1

This discovery has lead to intense study of the dilute GaA
alloys in the low-gap~infrared! regime. The physical mecha
nism of the redshift has been explained in terms of a g
optical bowing caused by the large size and electronegat
differences between nitrogen and arsenic,2,3 although the
physical origin of the conduction band-edge states is
under intense debate.4–6 A theoretical study7 also showed
that the optical transition matrix elements depend strongly
nitrogen concentrationx, being large whenx;0, but almost
zero whenx520%. Clearly, such a strong dependence i
drawback, as it hinders many potential optoelectronic ap
cations. Attempts have been made to improve the opt
properties by fabricating short-period (GaN)m /(GaAs)n su-
perlattices, as cubic GaN can be grown on the GaAs~001!
substrate8,9 with a critical layer thicknessm;1 monolayer
for pure GaN~Ref. 10! and larger for alloys. For the GaIn
AsN systems, it has been shown that the short-period su
lattices can increase the photoluminescence by a factor u
twelvefold with respect to the random alloys.11 To date, how-
ever, the physical origin of the large enhancement is larg
unexplained.

Using first-principles total energy calculations, we stu
the electronic and optical properties ofd-layer GaN/(GaAs)n
superlattices for n53 to 15 or, equivalently, for x
56.25–25 %. We find that the superlattices have qual
tively different physical properties than the random allo
These include the following.~i! The supperlattices exhibit
30% smaller optical bowing coefficient than that of the
loys. ~ii ! The band-edge states of the superlattices are lo
ized near the GaN region, a result that depends only we
on the GaAs layer thicknessn. As such, the conduction band
edge state never approaches that of GaAs, no matter
large then ~or how small thex). In contrast, in the random
alloys the conduction band minimum~CBM! state becomes
delocalized from the GaN region in the N impurity limit, s
no gap state remains.~iii ! The calculated optical transitio
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matrix elements of the superlattices, being nearly a cons
of 0.2 a.u., are comparable to those of GaAs. This is in sh
contrast to the random alloys, where a strong dependenc
the matrix elements onx has been predicted.

Our first-principles calculations were carried out with
the framework of the density-functional theory. We used
local density approximation~LDA ! ~Ref. 12! for the
exchange-correlation energy functional and a plane-wave
pansion for the basis set. Extensive structural relaxati
were carried out with theVASP code13 and the ultrasoft
vanderbilt pseudopotentials14 with a cutoff energy of 450 eV.
For the optical properties, we used theLBNL code15 and the
Troulier-Martins potential with a 40 Ry cutoff energy. Fo
the Brillouin zone integration, we used the equivalentk-point
scheme~i.e., we used thek points that are equivalent to th
ten specialk point for the zinc blende cell!. Upon relaxation
of the c/a ratio, however, thek-point mesh was kept un
changed. The in-plane lattice constant used in the calc
tions is that of the GaAs substrate 5.587 Å. All the ato
were fully relaxed, with the remaining atomic forces le
than 0.05 eV/Å. The total energy is converged to less tha
meV per 32-atom supercell. We obtainedc/a'(n21)/2
10.78 for any odd numbern between 3 and 15. It is wel
known that the LDA underestimates the band gap. In
following, we have corrected the band gaps of GaAs a
GaN according to the experimental values 1.52 and 3.4
respectively. For the superlattices, we used a linear inte
lation scheme with respect tox to obtain the band gap cor
rections.

Figure 2~a! shows by filled circles, the calculated energi
of the valence band maximum~VBM ! and CBM states as a
function of N concentrationx with respect to those of GaAs
For VBM, we assume they follow the same trend as p
dicted by the effective mass model~see below!. Separately,
Fig. 2~b! shows the band gap change as a function ofx. We
see that much of the band gap change takes place in
conduction band rather than the valence band. To gain
ther understanding of these energy changes, we carried
an effective-mass model calculation in which we consider
electron/hole in a one-dimensional periodic potential.16 To
construct the potential, we calculated the band offset
tween GaAs and epitaxiallystrainedGaN by using the gen-
eral potential, all electron, linearized augmented plane w
©2003 The American Physical Society05-1



I

ll

ns
e

e
e

on

t
n
a

n
e
e

e

a

up
m
l

d
,
s

tu

bl
0%
ex
o

f

v

ec-

e

ate
the
n

t-
rge

d
ion
sN
tate
aN
n in
for
the

the

to

del
e

n
ff-

XUAN LUO, S. B. ZHANG, AND SU-HUAI WEI PHYSICAL REVIEW B 67, 235305 ~2003!
~LAPW! method,17 shown in Fig. 1. We obtain a type-II
band alignment with the conduction band offsetDEc 5 1.63
eV and the valence band offsetDEv50.31 eV. We also use
mGaN

e 50.2m0 andmGaAs
e 50.067m0 for the conduction elec-

tron states, wherem0 is the free electron mass, andmGaN
h

50.6m0 andmGaAs
h 50.53m0 are the valence hole states. A

the m* ’s are taken from experiment18 or first-principles
calculations.19 The results of the effective-mass calculatio
are shown in Fig. 2~a! by the open triangles. Because th
valence band offset is small and the hole wave function
more localized on GaAs, the results are not very sensitiv
the hole effective mass used here. The agreement betw
the effective-mass model and the first-principles calculati
is reasonable. This suggests that~a! the gap correction
scheme used in the direct calculation is reasonable, as
effective-mass model does not involve any such correctio
~b! Quantum confinement is solely responsible for the g
change in the superlattices. Also, an interesting predictio
the effective-mass calculations is that, due to the relativ
large conduction band offset, the energy level of the low
conduction band state in the superlattice willneverreach the
bulk GaAs conduction band edge, no matter how large thn
or how small thex. This is in contrast to GaAsN random
alloys, where the conduction band edge is expected to
proach that of GaAs in the N impurity limit.

Figure 2~b! shows the calculated band gaps for the s
perlattices~filled circles! versus the band gaps of the rando
alloys calculated previously7 by an empirical pseudopotentia
method ~EPM! ~open circles!.20 Both the superlattices an
the random alloys show significant band gap reductions
demonstrated in Fig. 2~c! by the large bowing coefficient
b(x)5nEg(x)/x(x21), wherenEg(x) is the deviation of
the calculated gap from the linear average of the consti
band gap.

However, there are also important differences. Noticea
the bowing coefficients for the random alloys are about 3
larger than those of the superlattices. As a result, for
ample, to obtain a 1.1-eV band gap for either photovoltaic
long-wavelength laser applications, one needsx;17% or a
(GaAs)5 /GaN superlattice, but for random alloy,x;10% is
sufficient. Figure 3 shows the wave function squared~or
charge! for the conduction and valence band-edge states
n53, 7, and 15 (x525, 12.5, and 6.25 %!, respectively. We
see from Fig. 3 that both the VBM and CBM states ha

FIG. 1. The calculated type-III band offset between GaAs a
epitaxially GaN by using LAPW method. The conduction band o
setDEc51.63 eV and the valence band offsetDEv50.31 eV.
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significant fractions localized near the GaN region, irresp
tive of the thickness of the GaAs layern. The total amount of
chargewithin one GaN layer increases withn ~or in other
words decreases withx), even though the percentage in th
entire GaN region decreases withn. In contrast, previous
study for the random alloys showed that only the CBM st
remains to be localized near the nitrogen region whereas
VBM state is increasingly more localized in the As regio
whenx increases.7 The reason that the VBM of the superla
tice is localized on the N layer is mainly caused by the la
c/a distortion in the GaN layer, which lead to theG4 state
move much higher above theG5 state. It has been suggeste
that a strong localization of the CBM state in the GaN reg
is the reason for the large bowing in the random GaA
alloys.2 In the present case, however, although the CBM s
of the superlattices shows clear localization near the G
region, a significant amount of the charge can also be see
the GaAs region. Hence, the smaller bowing coefficients
the superlattices could be attributed to less localization of
CBM states in the GaN region.

Recently, the EPM approach has also been applied to

FIG. 2. Calculated~a! energy of band-edge states with respect
the GaAs VBM and CBM~solid lines!, ~b! the band gap, and~c! the
bowing coefficient ford-layer GaN/(GaAs)n superlattices~filled
circles!. For comparison, the results of an effective mass mo
@open triangles in~a!# and those of an EPM calculation for th
random alloys@open circles in~b! and ~c!# are also shown.
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FIG. 3. Planar averaged charge densities
CBM and VBM states, respectively, ford-layer
GaN/(GaAs)n superlattices.~a! and ~b! are forn
53 (x525%); ~c! and ~d! are for n57 (x
512.5%); and ~e! and ~f! are for n515 (x
56.25%).
,
ct
th

V

cu
aA
hu
r

se
od
o
d

l-
d

ls
d
.u

la
ic

ac

d

i

n
as

t
-

d
a
e

tion
as
re-
y
t.

a

M

d-layer GaN/(GaAs)n superlattices.21 Smaller band gaps
and hence larger bowing coefficients, have been predi
than those being reported here: for example, 0.775 eV for
(GaAs)14/GaNstrained superlattice, while we obtain 1.32 e
for the (GaAs)15/GaN and 1.23 eV for the (GaAs)13/GaN
superlattices, respectively. The problem with the EPM cal
lations lies in the use of incorrect band offsets between G
and GaN. The GaN is strained on the GaAs substrate, t
strained values, such as the one obtained here from fi
principles calculation, should be used. Using the band off
for the strained systems, however, our effective mass m
does not support the previous EPM results, but is in go
agreement with our first-principles results that, of course,
not need any band offset as input.

Figure 4~a! shows, by filled circles, the calculated optica
transition matrix elements squared between the band-e
states atG. They are defined as

M5u^cv„k,r …uPucc„k,r …&u25U(
G

GCv„G…Cc* „G…U2

, ~1!

where P is the momentum operator anducs(k,r )&
5(GCs(k,G)ei (k¿G)•r, with s5v or c as the VBM and
CBM wave functions, respectively. For comparison, we a
calculatedM for bulk GaAs, as well as for unstrained an
strained bulk GaN. They are 0.286, 0.433, and 0.299 a
respectively. Hence, we find that formation of the super
tices has only a modest effect on optical properties, wh
are not sensitive to the GaAs layer thickness. This is, in f
highly desirable for optical applications. In contrast, Fig. 4~a!
also shows, by open circles, the matrix elementM for the
GaAs12xNx random alloys, calculated by the EPM metho
Here, M is instead a strong function ofx, being reduced
initially at a rate of about 0.014 a.u. for every 1% increase
x and to become nearly zero forx525%. To understand the
variation of the M withx for the superlattices, we study i
Fig. 4~b! the product of the VBM and CBM states, defined
P5*^cv(z)ucv(z)&^cc(z)ucc(z)&dz. The quantityP here
reflects the degree of spatial charge overlap between
VBM and CBM states. IfP is small, the wave function over
lap *^cv(z)ucc(z)&dz would also be small. So, too, isM
@see Eq.~1!#. Figure 4~b! shows, by open triangles, fille
circles, and filled squares, the calculated Ps in the GaN
GaAs ~sub!regions and for the superlattices as a whole. R
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flecting the strong localization of both the CBM and VBM
states in the GaN region in Fig. 3, the productP in Fig. 4~b!
is significant and increases noticeably withx in the GaN
region and, hence, in the entire superlattices. The situa
for the random alloys is, however, qualitatively different,
the VBM state is more and more localized in the GaAs
gion with increasingx, while the CBM state remains ver
much in the GaN region except in the N impurity limi

FIG. 4. ~a! Calculated dipole transition matrix elements as
function of x. The filled circles are for thed-layer GaN/(GaAs)n
superlattices, whereas the open circles are for the GaAs12xNx ran-
dom alloys, calculated by an empirical pseudopotential method.~b!
The products of the wave function squared of the VBM and CB
as a function ofx, for the GaN region~open triangles!, the GaAs
region ~filled circles!, and the entire superlattices~filled squares!.
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Hence,M decreases withx. From the above analysis, on
might expect thatM for the superlattices should also increa
with x, but the actual result in Fig. 4~a! instead shows a
saturation. We find that this is a result of intermixing b
tween theG-derived CBM (G1c) state and theX-derived
(X3c) states folded to theḠ. The intermixing, which is larger
for smaller periodn, takes away spectra weight from theG
transition and puts it into the forbiddenG-X3c transition. As
a result, the overall optical transition matrix element d
creases slightly with decreasingn or increasingx.

In summary, we studied the electronic and optical prop
ties of d-layer GaN/(GaAs)n superlattices using first
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