Optical consequences of long-range order in wurtzite AlGa;_.N alloys
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The effect of 1:1 long range order on optical properties ofGs N alloys is investigated by means of
first-principles calculations combined with large-scale atomistic empirical-pseudopotential simulations. We
propose an intra-band mechanism of ordering-induced band gap reduction for different optical polarization.
The scaling of band gap reductions with order parameter is analyzed. Our simulations of inhomogeneous
ordering suggest that coexistence of ordered and random domains may explain the large magnitude of the
observed redshifts upon ordering.
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Spontaneous CuPt ordering of otherwise random
zincblenddll-V semiconductor alloys(e.g., Galn; _,P) re-
sults in doubling of the unit cell into an alternate monolayer
superlattice (GaRY(InP),. This cell doubling foldshonTI’
bands onto the Brillouin zone center, creating new optical
transitions due to such inter-vallég.g.,I"-L) coupling. The
recent discovery of 1:1 long-range orderingwartzite -V
nitride alloys AlGaN (Ref. 2 and In



axis along (0001], whereas thel's, states havep,,
charactef?!3 The different character of these valence states
results in two different types of optical transitions at thresh-
old: the xy-polarized I'j;<1's, and the zpolarized
I';c—Ty,, with different transition energieg” andE(”,
respectively. Upon long-range ordering, thg, state of the

wurtzite constituents AIN and GaN form thg  (T";,) state
of ordered AlGal, whereas thd’s, state of the wurtzite

constituents form thé';,(I'5,) state of AlGaN (we denote
states of the ordered compound by bar, and indicate its par-
enthood in parenthesesThe wurtzite structure also has a
deeper valence state d&fg, symmetry(Fig. 1). This state
creates upon ordering anothBg,(I'g,) state. We see that
valence band states of different symmetri€g @ndI's) in

the constituent compounds have now formed states of the
same symmetry+3,(I's,) and I'5,(I'g,)—in the ordered
alloy. These states must now repel each ottfevoided
crossing”), thus displacing the valendé;, (I's,) state up-
wards. Figure 1 also shows that the, andI" 5. conduction
states of the wurtzite constituents create, upon ordering, the
equal-symmetry statel;.(I';;) andT";.(T"'3c). Such states
must also repel each other, lowering the conduction band
minimum (CBM). Thus, upon ordering, the upward shift of
I';,(I's,) will reduce thel';,—I';, band gap, while the
downward shift of I';(I'y;) will reduce both theESY
=TI'3,—T'yc and theE? =T, — Ty gaps.

To evaluate the magnitude of the ordering-induced band
gap reductions for AlGa N alloy, we perform first-
principles calculations for AIN, GaN, ordered AlGgNand
random A} sGa sN modeled by special quasirandom struc-
tures (SQS,** using 16 and 32 atom superce(8QS8 and
SQS16.2*15We use the local-density approximati¢inDA )
(Ref. 16 for the exchange-correlation potential. The calcu-
lations are done with the VASP plane-wave pseudopotential
codel’ using projector augmented way@AW) potentials'®
The Gad orbitals are included in the valence states. A 500
eV plane wave cutoff is used. The density of tkgoint
samplings is chosen to be close to that with 40 irredudible
points for a four-atom unit cell of wurtzite AIN or GaN. The
lattice constant and c/a-ratio of the random alloy are fixed to
the averages of the optimized AIN and GaN values, while
allowing relaxation of all cell-internal atomic positions. All
the structural parameters of the ordered phase are fully opti-
mized. We do not include the small




valence band volume deformation potentialfor a zinc
blende structure. The accuracy of the fit results compared to
the target values is within 0.01 eV for principal band gaps;
less than 0.001 eV for the crystal field splittings and valence
band offsets; within around 0.1 eV for energies Iof, ,
Mic, My, Az, Asg, andL, 5 states; within 2% for
I'5c, and within a few percent foK,. andH ;. ; within 2%
for band gap pressure coefficients; and within 5% for valence
band volume deformation potentials. With the present poten-
tial, a 1536-atom celfand five configurationcalculation for
random A}, sGa&, sN alloy gives the band gap bowing coeffi-
cient of 1.06 eV, which is in the range 0.7-1.33 eV of re-
cently measured valué$.Our calculated effective masses
are close, within around 30%, to measured electron effective
masse® and non-spin-orbit LDA calculated hole effective
masses® while being systematically underestimated. The
calculated band gap reductions atE(Y=0.19(0.17),
AE{?=0.11(-0.02), and AE4=0.15(0.09) eV, which
are probably more accurate than the LDA val(i@sparen-
theses

Figure 2 shows how the band gap of the Aba(




in (12— N-layer thick random-alloy slabsz=0). We

use a 1X 12x 12 supercell, consisting of 6912 atoms, aver-
aging over three configurations. The averaged order param-
eter over supercell is defined as=N,/12. Remarkably,
already atNyq=4-7 (»=0.33-0.58) the calculated band
gap reductionFig. 3) is as large as 0.1-0.15 eV, approach-
ing the maximal band gap reduction value AfEq(1)
=0.15 eV. Thus, the existence of ordered and random do-
mains can explain the observation»0.1 eV band gap re-
ductions for partially ordered, »=0.3-0.6, alloys, even
though their values are close &E (7= 1). The »* and *
scaling laws of homogeneous ordering are not applicable in
this case; thus simple extrapolations fraya-0.3—0.6 toy

=1 are unjustified.




