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First-principles total energy calculations reveal qualitative differences betd«srer GaN/(GaAs) 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 Ga&%aN) and show only weak dependence on nitrogen concentratidiis 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 increasing
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Direct-gap GaAs and GaN are important optoelectronianatrix elements of the superlattices, being nearly a constant
materials. Because the band gaps of GaAs and GaN are 106 0.2 a.u., are comparable to those of GaAs. This is in sharp
and 3.4 eV, respectively, the GaAsN, alloy is a promising  contrast to the random alloys, where a strong dependence of
light-emitting material covering the entire visible spectrum.the matrix elements or has been predicted.

However, it has been observed that with only a small amount Our first-principles calculations were carried out within
of N, the GaAsN random alloys actually show considerablethe framework of the density-functional theory. We used the
redshift (instead of the blueshiftin the optical transitiot.  local density approximation(LDA) (Ref. 12 for the
This discovery has lead to intense study of the dilute GaAsNexchange-correlation energy functional and a plane-wave ex-
alloys in the low-gaginfrared regime. The physical mecha- pansion for the basis set. Extensive structural relaxations
nism of the redshift has been explained in terms of a giantvere carried out with thevasp codé® and the ultrasoft
optical bowing caused by the large size and electronegativityanderbilt pseudopotentiafswith a cutoff energy of 450 eV.
differences between nitrogen and arsénicalthough the For the optical properties, we used ttenL codé® and the
physical origin of the conduction band-edge states is stillTroulier-Martins potential with a 40 Ry cutoff energy. For
under intense debafe® A theoretical study also showed the Brillouin zone integration, we used the equivalepbint

that the optical transition matrix elements depend strongly oscheme(i.e., we used thé points that are equivalent to the
nitrogen concentratior, being large whemx~0, but almost  ten speciak point for the zinc blende cellUpon relaxation
zero whenx=20%. Clearly, such a strong dependence is &f the c/a ratio, however, thek-point mesh was kept un-
drawback, as it hinders many potential optoelectronic applichanged. The in-plane lattice constant used in the calcula-
cations. Attempts have been made to improve the opticaions is that of the GaAs substrate 5.587 A. All the atoms
properties by fabricating short-period (GgN)YGaAs), su-  were fully relaxed, with the remaining atomic forces less
perlattices, as cubic GaN can be grown on the G&®®  than 0.05 eV/A. The total energy is converged to less than 5
substrat®® with a critical layer thicknessn~1 monolayer meV per 32-atom supercell. We obtaineda~(n—1)/2

for pure GaN(Ref. 10 and larger for alloys. For the Galn- +0.78 for any odd numben between 3 and 15. It is well
AsN systems, it has been shown that the short-period supeknown that the LDA underestimates the band gap. In the
lattices can increase the photoluminescence by a factor up following, we have corrected the band gaps of GaAs and
twelvefold with respect to the random allo¥/sTo date, how- GaN according to the experimental values 1.52 and 3.4 eV,
ever, the physical origin of the large enhancement is largelyespectively. For the superlattices, we used a linear interpo-

unexplained. lation scheme with respect toto obtain the band gap cor-
Using first-principles total energy calculations, we studyrections.
the electronic and optical properties ®ayer GaN/(GaAs) Figure Za) shows by filled circles, the calculated energies

superlattices forn=3 to 15 or, equivalently, forx  of the valence band maximufvBM) and CBM states as a
=6.25-25%. We find that the superlattices have qualitafunction of N concentration with respect to those of GaAs.
tively different physical properties than the random alloys.For VBM, we assume they follow the same trend as pre-
These include the followingi) The supperlattices exhibit a dicted by the effective mass modglee below. Separately,
30% smaller optical bowing coefficient than that of the al-Fig. 2(b) shows the band gap change as a function. aive

loys. (i) The band-edge states of the superlattices are locabee that much of the band gap change takes place in the
ized near the GaN region, a result that depends only weaklgonduction band rather than the valence band. To gain fur-
on the GaAs layer thickness As such, the conduction band- ther understanding of these energy changes, we carried out
edge state never approaches that of GaAs, no matter hoan effective-mass model calculation in which we consider an
large then (or how small thex). In contrast, in the random electron/hole in a one-dimensional periodic poterifialo
alloys the conduction band minimuf@BM) state becomes construct the potential, we calculated the band offset be-
delocalized from the GaN region in the N impurity limit, so tween GaAs and epitaxiallgtrainedGaN by using the gen-

no gap state remaingiii) The calculated optical transition eral potential, all electron, linearized augmented plane wave
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CBM significant fractions localized near the GaN region, irrespec-
T T tive of the thickness of the GaAs layerThe total amount of
chargewithin one GaN layer increases with (or in other
1.52eV 1.63 words decreases witk), even though the percentage in the
l entire GaN region decreases with In contrast, previous

¢ study for the random alloys showed that only the CBM state
remains to be localized near the nitrogen region whereas the
TO.ZO VBM state is increasingly more localized in the As region
whenx increaseg.The reason that the VBM of the superlat-
GaAs GaN tice is localized on the N layer is mainly caused by the large
c/a distortion in the GaN layer, which lead to thg, state

FIG. 1. The calculated type-Ill band offset between GaAs andmove much higher above tHg; state. It has been suggested
epitaxially GaN by using LAPW method. The conduction band off- that a strong localization of the CBM state in the GaN region
setAE.=1.63 eV and the valence band offseE,=0.31 eV. is the reason for the large bowing in the random GaAsN

alloys? In the present case, however, although the CBM state
(LAPW) method}’ shown in Fig. 1. We obtain a type-lll of the superlattices shows clear localization near the GaN
band alignment with the conduction band offadt. = 1.63  region, a significant amount of the charge can also be seen in
eV and the valence band offséE,=0.31 eV. We also use the GaAs region. Hence, the smaller bowing coefficients for
Mgan= 0.2My and mg,a=0.067n, for the conduction elec- the superlattices could be attributed to less localization of the
tron states, wheren, is the free electron mass, amd,, ~ CBM states in the GaN region.
=0.6m, andmi,,=0.53m, are the valence hole states. Al Recently, the EPM approach has also been applied to the
the m*’s are taken from experimeffit or first-principles
calculations™® The results of the effective-mass calculations 2
are shown in Fig. @) by the open triangles. Because the
valence band offset is small and the hole wave function is
more localized on GaAs, the results are not very sensitive to
the hole effective mass used here. The agreement between
the effective-mass model and the first-principles calculations
is reasonable. This suggests th@ the gap correction
scheme used in the direct calculation is reasonable, as the
effective-mass model does not involve any such corrections.
(b) Quantum confinement is solely responsible for the gap 1.4
change in the superlattices. Also, an interesting prediction of
the effective-mass calculations is that, due to the relatively
large conduction band offset, the energy level of the lowest
conduction band state in the superlattice wilverreach the
bulk GaAs conduction band edge, no matter how largenthe
or how small thex. This is in contrast to GaAsN random
alloys, where the conduction band edge is expected to ap-
proach that of GaAs in the N impurity limit.

Figure 2b) shows the calculated band gaps for the sup- 8
perlatticedfilled circles versus the band gaps of the random
alloys calculated previoushpy an empirical pseudopotential
method (EPM) (open circles?® Both the superlattices and
the random alloys show significant band gap reductions, as
demonstrated in Fig.(2) by the large bowing coefficients
b(x) = AE4(X)/x(x—1), whereAEy(x) is the deviation of
the calculated gap from the linear average of the constitute
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However, there are also important differences. Noticeably, ! : : :
the bowing coefficients for the random alloys are about 30% 0.0625 0.1250 0.1875 0.2500
larger than those of the superlattices. As a result, for ex- (n=15) (n=3)

ample, to obtain a 1.1-eV band gap for either photovoltaic or N concentration

long-wavelength laser applications, one neeesl7% or a FIG. 2. Calculateda) energy of band-edge states with respect to
(GaAs)/GaN superlattice, but for random alloy;-10% IS the GaAs VBM and CBMsolid lines, (b) the band gap, ang) the
sufficient. Figure 3 shows the wave function squafted  powing coefficient fors-layer GaN/(GaAs) superlattices(filled
charge for the conduction and valence band-edge states fogircles. For comparison, the results of an effective mass model
n=3, 7, and 15 x=25, 12.5, and 6.25 %respectively. We [open triangles in(@] and those of an EPM calculation for the
see from Fig. 3 that both the VBM and CBM states haverandom alloygopen circles inb) and(c)] are also shown.
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X = 25% X =12.5% X = 6.25%
(@) (© (e)
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FIG. 3. Planar averaged charge densities for
CBM and VBM states, respectively, fa¥-layer
GaN/(GaAs), superlattices(a) and (b) are forn
=3 (x=25%); (c) and (d) are for n=7 (x
=12.5%); and(e) and (f) are for n=15 (x
=6.25%).
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S-layer GaN/(GaAs) superlatticeé_l Smaller band gaps, flecting the strong localization of both the CBM and VBM
and hence larger bowing coefficients, have been predicte#fates in the GaN region in Fig. 3, the prod&dn Fig. 4b)
than those being reported here: for example, 0.775 eV for this Significant and increases noticeably within the GaN
(GaAs) 4,/ GaNyineq SUPErlattice, while we obtain 1.32 eV region and, hence, m_the entire superl_attl_ces. T_he situation
for the (GaAs)s/GaN and 1.23 eV for the (GaAg)GaN for the random .aIons is, however, quallltatlvgly different, as
superlattices, respectively. The problem with the EPM calcuthe VBM state is more and more localized in the GaAs re-
lations lies in the use of incorrect band offsets between GaAgion with increasingx, while the CBM state remains very
and GaN. The GaN is strained on the GaAs substrate, thugjuch in the GaN region except in the N impurity limit.
strained values, such as the one obtained here from first-
principles calculation, should be used. Using the band offsets__  0.25
for the strained systems, however, our effective mass mode2 superlattice
does not support the previous EPM results, but is in goodS 0.20
agreement with our first-principles results that, of course, dog
not need any band offset as input.

Figure 4a) shows, by filled circles, the calculated optical-
transition matrix elements squared between the band-edg¥
states af". They are defined as

M (ar

0.15
0.10

2
M = [(, (k,F)|P| (k1)) = ; GC,(G)CE(G)| , (1) 0.05

Matrix eleme

where P is the momentum operator andig(k,r)) 0.00

=35Cy(k,G)e*+®) T with s=v or ¢ as the VBM and 0.06
CBM wave functions, respectively. For comparison, we also
calculatedM for bulk GaAs, as well as for unstrained and 0.05
strained bulk GaN. They are 0.286, 0.433, and 0.299 a.u.
respectively. Hence, we find that formation of the superlat-
tices has only a modest effect on optical properties, which@ 4 g4
are not sensitive to the GaAs layer thickness. This is, in fact
highly desirable for optical applications. In contrast, Fig)4
also shows, by open circles, the matrix elembhfor the
GaAs _,N, random alloys, calculated by the EPM method.
Here, M is instead a strong function of being reduced
initially at a rate of about 0.014 a.u. for every 1% increase in 0.00 !

overlap

0.04

0.02

VBM and CBM

0.01

x and to become nearly zero fare=25%. To understand the 0.0625 0.1250 0.1875 0.2500
variation of the M withx for the superlattices, we study in _

Fig. 4(b) the product of the VBM and CBM states, defined as N concentration
P=f<¢u(z)|wv(z)><¢c(z)|¢c(z)>dz. The quantityP here FIG. 4. (a) Calculated dipole transition matrix elements as a

reflects the degree of SPa“a' charge overlap b_etween tr\‘ﬁnction of x. The filled circles are for thé-layer GaN/(GaAs)
VBM—and CBM states. IP is small, the wave function over- superlattices, whereas the open circles are for the Gafg ran-
lap f{#,(2)|#(z))dz would also be small. So, too, il dom alloys, calculated by an empirical pseudopotential mettimd.
[see Eq.(1)]. Figure 4b) shows, by open triangles, filled The products of the wave function squared of the VBM and CBM
circles, and filled squares, the calculated Ps in the GaN angk a function ofx, for the GaN region(open triangles the GaAs
GaAs (subregions and for the superlattices as a whole. Reregion (filled circles, and the entire superlatticélled squares
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Hence,M decreases witlx. From the above analysis, one principles methods and compared them with random GaAsN
might expect thaM for the superlattices should also increasealloys. Qualitative differences in the electronic and optical
with x, but the actual result in Fig.(d) instead shows a properties are identified. Whereas smaller bowing coeffi-
saturation. We find that this is a result of intermixing be-cients are generally expected for the superlattices, their
tween thel'-derived CBM (;.) state and theX-derived optical-transition matrix elements show only weak depen-
= . - o dence on the nitrogen concentration This makes the
(Xsc) states foIQed to the. The intermixing, V.VhICh Is larger S-layer GaN/(GaAs) superlattices potentially useful for op-
for smaller periodn, takes away spectra weight from the o
.. . ! o tical applications, because for the random alloys, M de-
transition and puts it into the forbidddn-X5. transition. As . ;
. " . creases drastically asincreases.
a result, the overall optical transition matrix element de-
creases slightly with decreasimgor increasingx. This work was supported by the U.S. DOE-SC-BES under
In summary, we studied the electronic and optical properContract No. DE-AC36-99G010337 and by the MPP Super-
ties of S-layer GaN/(GaAs) superlattices using first- computer time at NERSC.
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