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Abstract

The electronic structure of the zincblende (ZB) phase of AIN, GaN and InN has been investigated by using the exact-exchange
(EXX) Kohn—Sham density functional theory, with the Gaand In 4 electrons treated both as valence states and as part of
the frozen core. Our EXX bandgaps for AIN and GaN (obtained with the semicorel @e8trons included as core states)
are found to be in good agreement with previous EXX calculations, GW results and available experimental data. When the
semicored electrons are treated as valence states, the EXX bandgap of ZB-GaN is found to be in excellent agreement with
the GW results. However, both the EXX and GW bandgaps are about 0.4 eV smaller than experiment. For InN, where the
application of the GW approach is problematic, due the negative LDA bandgap, the EXX approach allows for a fully consistent
treatment. Contrary to common belief, the removal of the self-interaction, by the EXX approach, does not account for the large
discrepancies between the LDA (or GGA) results and experiment for the position of the sednixzords.
0 2005 Elsevier B.V. All rights reserved.
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1. Introduction ory approach2,3] to calculate the electronic structure
of AIN, GaN and InN. The semicor electrons of Ga
The group-IIl nitrides have attracted a lot of atten- and In are treated both as valence states and as part of

tion because of their technological applicati¢t In the frozen core.

the present work we use the pseudopotential exact-

exchange (EXX) Kohn—-Sham density functional the- ) )
2. Computational details

* Corresponding author. . The band structure calcuIaFions are performed us-
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wave basis set and first-principles pseudopotentials Table 2
(PPs)[5]. All three semiconductors considered are as- AsinTable 1 butfor the ZB phase of GaN. The experimental results
sumed to be in the zincblende (ZB) phase. Through- for GaN are taken from Reff17,18]

out this work the experimental lattice constants are Property LDA EXX

used (4.37, 4.50 and 4.98 A for AIN, GaN and InN, nod with d nod with d
respectively). The norm-conserving scalar-relativistic £ (3.3) 222 165 352 288
EXX-PPs are generated as described in [&f. The EL 488 443 623 564
transferability of these PPs and the corresponding EX (5.63) 343 330 499 466
LDA (local-density approximation for the exchange- g, 17.7) _ 1380 _ 1480
correlation energy) ones is carefully checked. More Total vBw (14.2) 1540 1600 1563 1600
details about the generation of these PPs will be given Upper vBW 673 732 624 663

elsewherd7].
The LDA calculations employ the Ceperley—Alder Table 3
exchange-correlation data as parameterized by Perdew,2°¢
. As in Table 1 but for the ZB ph f INN
and Zungeri8]. In the EXX calculations, the above s InTable 1 butforthe 2B phase of In

LDA correlation functional is utilized. Brillouin zone ~ P"oPey LDA EXX

integration is performed on a regular >4 4 x 4 nod with d nod with d
Monkhorst—Pack mesh. A plane wave energy cutoff of E; 0.27 —0.44 149 081
60, 65 and 70 Ryd is applied for AIN, InN, and GaN, Ef 351 295 475 414
respectively. To calculate the independent particle po- £ 2.87 282 463 420
larizability, xo (see Ref[3]), plane waves up to an  Ey4 - 1356 - 1350
energy cutoff of 35, 45 and 55 Ryd are considered, Total VBW 1399 1460 1437 1474
respectively. Moreover, the Hamiltonian in the plane Upper vBW 553 610 509 549

wave representation is fully diagonalized and all the
obtained conduction states are included, in the calcu-
lation of xo. For GaN and InN, with the semicote
electrons treated as core states, the energy cutoffs use
are exactly as those of AIN. The k-point sampling and
the energy cutoffs are carefully testgf], and found

to give an excellent convergence.

AIN, GaN and InN, respectively, obtained using the
&DA and EXX approaches. Consistent pseudopoten-
tials are used in both LDA and EXX calculations. The
listed properties are the direct bandgap atfhpoint
(EL), indirectI” to X bandgap £5), indirectI" to L

bandgapEé), position of the semicorg bands below
the top of valence band£(), total valence band width
3. Results and discussion (VBW) and upper VBW. The available experimental
results for AIN and GaN are also listed rables 1
and 2
Let us start with the bandgaps of AIN and GaN,
obtained with the semicoréelectrons of Ga included
as part of the core. The important features to note are

Table 1 _ _ as follows.
Selected EXX and LDA electronic structure properties of the ZB

phase of AIN. The available experimental results (see R§¥.are .
shown in parentheses. All tabulated quantities are in eV () Tables 1 and 2how that both our LDA and EXX

results are in excellent agreement with the corre-

In Tables 1-3we summarize the most important
electronic structure parameters of the ZB phase of

Propert; LDA EXX .

Fp Y 227 - sponding results of Ref9], and the EXX results
Ee i are in very good agreement with the GW calcula-
Es}i 7.25 as8 tions[9].

E; (5.11) 827 506 (ii) For GaN, the EXX value foz!" is in very good
Total VBW 1481 1495 agreement with experiment, while that Eg( is
Upper VBW 591 533 9 P ’

about 0.6 eV smaller than experiment.
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(iif) For AIN, experimental results are available only
for E} of wurtzite (W) phase (6.033 eV, R¢10])
and E) of the ZB phase (5.11 eV, see R]).
Recent LDA calculationg11] have shown that
for ZB and W structures of AIN the values Efgr
are almost identical (by 0.01 eV)able 1shows
that the EXX results are in good agreement with
these experimental data.

(iv) The bandgaps are highly underestimated in LDA
calculations, as expected.

Now we turn to our calculated LDA and EXX
bandgaps of the ZB phase of GaN and InN, obtained
with the Ga @& and In 4/ electrons treated as valence
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an increase in the EXX bandg§j. Thus, the present
EXX estimate of the bandgap of W-InN can only be
considered as tentative.

The EXX correction to the LDA bandgaps is found
to be quite the same for the three considered com-
pounds (about 1.3 eV), despite the large differences
in their bandgaps. Moreover, tlkedependence of this
correction is found to be very weak when the semi-
cored electrons are treated as valence states. When
these electrons are included as part of the frozen core,
the correction at th& -points is found to increase by
0.3-0.5eV.

The EXX results forE,; are very close to those
of the LDA, using LDA-PPs. This means that the re-

states. The remarkable features to note, in this case,moval of the spurious self-interaction, by the EXX

are as follows.

(i) The EXX results forEé" are of 0.6 and 0.7 eV
smaller than those obtained with the semicdre
electrons treated as core states for GaN and InN,
respectively.

(i) Interestingly, these reductions are almost iden-
tical to those found in LDA calculations, using
LDA-PPs. This shows that the nature of thed
interaction[14] is the same within both approxi-
mations.

(iii) This makes the EXX value for theEgF of ZB-
GaN of 2.88 eV, which is significantly smaller
than experiment (se@&able 2. Therefore, im-
proved correlation (with respect to LDA) is re-
quired, when the semicoré electrons are ex-
plicitly included in the calculations. In fact, GW
calculations based on EXX resulfs] have yield
improved bandgaps, over those of EXX, for GaN
and some II-VI compounds.

We focus now on the bandgap of InN, which
is still strongly debated12]. Based on the EXX
bandgap of ZB-InN (with the semicoré electrons
included as valence states, sksble 3 and assum-
ing the same error as that of the similarly calculated
EXX bandgap of GaN, a bandgap for ZB-InN of
1.2 eV can be suggested. That of the W phase is
about 0.2 eV highef13]. This estimated bandgap for
W-InN is higher than the recent experimental values
(0.7-1.0 eV), and smaller than the previously widely
accepted value, of 1.9 eV. However, one should note
that the EXX-GW calculations do not always lead to

approach, does not account for the discrepancy be-
tween LDA results and experiment. This is a remark-
able finding, since it is in contradiction with common
understandind16] that such discrepancy is due to
the self-interaction, present in the LDA calculations.
These unexpected results are explained as fol[@jvs

In the case of pseudoatoms, the downward shifts in the
eigenvalues the cation semicetstates by going from
LDA to EXX calculations (i.e. by the removal of the
self-interaction), are comparable to those of thesN 2
and N 2 states, see Refi7] for more details.

4, Conclusions

The EXX approach is used to investigate the elec-
tronic structure of the zincblende phase of AIN, GaN
and InN. Our main results and conclusions are as fol-
lows.

(i) The EXX bandgaps of AIN and GaN (with the
Ga 3/ electrons are treated as part of the core)
are in very good agreement with previous EXX
calculations, GW results and experiment (except
for ES of GaN).

(ii) Treating the semicore electrons as valence states
reduces significantly the bandgaps of GaN and
InN, making that of GaN appreciably smaller
than experiment. This shows that improved cor-
relation (over that of LDA) is necessary, in this
case.

(i) Contrary to common belief, the removal of the
self-interaction, by the EXX method, does not ac-
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