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Cation dependence of the electronic structure of III-V nitrides
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Abstract. The ab initio pseudopotential method is used to study the effects of the cation
potential on the clectronic structure of two prototypical [II-V nitrides, AIN and GaN. We
examine both materials in the wurtzite and zinc-blende structures and compare these results
with previous calculations for BN. Effects due to the s, p and d angular components of the Al
and Ga potentials are studied. Because the charge densities of both AIN and GalN are dominated
by N, the difference in the valence band charge density between these compounds is small.
This is the reason that they have similar ground-state structural properties. Individual electronic
levels at high-symmetry points, however, are aitered by several electronvolts because of changes
in the cation potential. This is the origin of the significant difference between the fundamental
gaps of these compounds.

1. Introduction

The ID-V nitrides have recently gained more attention primarily because of their possible
use in devices such as short-wavelength diodes and lasers. Aluminum and gallium nitride
in the wurtzite (W) structure are especially interesting because of the large difference
between the band gaps (E; = 6.2 eV for AIN, and 3.5 eV for GaN) but nearly identical
lattice constants of these materials. The similarity in structure exists for all ALX/GaX (X=
N, P, As, 8b) pairs, where the AlX gap is consistently about 1.5 times that of GaX. The
nitride pair is the most dramatic because it has the largest difference (=~ 3 eV) between
the gaps. This suggests that it may be possible to fabricate a class of AIN/GaN alloys
and superlattices [1] with widely tunable gaps. Experimental efforts have been directed at
overcoming film growth problems [2-5] for the pure materials and show promise for growth
of good-quality wz as well as zinc-blende (ZB) films. The increasing number of theoretical
studies of bulk AIN [6-9] and GaN [6,9-15] and alloys and superlattices of these materials
[16,17] mirrors the growth in technological interest.

In general, to obtain a wide-band-gap ITI-V material, it is necessary to have deep atomic
potentials and a small lattice constant. Compounds containing light elements with small
atomic radii, such as boron and nitrogen, are therefore good candidates for these materials.
The IV B compounds—BN, BP, and BAs—were studied in detail by Wentzeovitch and
coworkers [18, 19]. The trend in these compounds is from fairly ionic (BN) to covalent (BP)
to almost a reversal of roles between the cation and anion (BAs or AsB). These properties
were explained in terms of the ionic pseudopotentials acting on the valence electrons,

As an example, BN was found to be similar to typical OI-V compounds in its charge
distribution. Since both atoms lack p core states there is no repulsive p-pseudopotential and
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both potentials are strong and comparable to each other. The resulting charge density is
therefore more similar to GaAs than to the more ionic III-V compounds such as AIN and
GaN. In contrast, BP was found to have a charge distribution similar to diamond where there
are two local maxima along the bond, of nearly equal heights. Since P is Eess electronegative
than N, the B p potential in BP pulls charge from the anion site into the bond region. As
a result, the valence bands in BP have a significant contribution from the p states of B as
well as from the P atoms. The B compound with the largest lattice constant, BAs, could
be more accurately described as arsenic boride based an its charge density. As in BP, there
are two local maxima along the bond. In BAs, however, the slightly larger maximum is
located near the B atom. A comparison between the self-consistent charge density and the
superposition of the free atoms reveals a transfer of charge from the As atom t¢ the B atom.

Band gaps in the B compounds decrease in going from BN to BAs. Within the
local density approximation (L.DA) [20], all three materials were found to be indirect, with
calculated gaps of 4.2, 1.2, and 1.25 eV for BN, BP, and BAs, respectively, The LDA
systematically underestimates band gaps [21] (the measured gaps [22] are around 6 eV for
BN and 2 eV for BP); however the qualitative trend should be correct.

In addition to the B compounds, the HI-V nitrides are also very good candidates for
large-band-gap semiconductors. In the present study we focus on BN, AIN and GaN. As
discussed above, BN is a typical [TJ-V semiconductor with a large band gap and small lattice
constant. Although AIN and GaN have similar structural properties, they have anomalously
different band gaps. To investigate the physical similarities and differences of this pair,
cation effects in AIN and GaN are discussed and comparison is made with previcus studies
of BN,

Table 1. Ionization potential, electronegativities, and sizes of atomic B, Al, and Ga.

B Al Ga
Ionization potential (eV/atom) 8.30 598 598
XGarcia * 1,92 1.62 1.67
XPauIing 2.0 1.5 1.6
Tpauting (AP 0.88 1.26 126
rac (A 0254 0479 0492

? From first principies [23].
b Covalent radii derived from tetrahedrally coordinated solids [24].
¢ Zunger-Cohen atomic radii from [25].

Atomic characteristics of B, Al, and Ga are listed in table 1. While the ionization
potentials, electronegativities, and radii of Al and Ga are very close, B is significantly smaller
(due to its lack of core p states) and has a higher ionization potential and electronegativity
than the heavier group Il elements. From these simple considerations, one would expect
that AIN and GaN would be more ionic and have larger lattice constants than BN.

In table 2 we give some siructural data for the Wz phase, solid state ionicities, and the
experimental band gap for wz AIN and GaN. The structural properties of AIN and GaN are
very similar, yet there is a large difference between their band gaps. Lattice parameters for
AIN and GaN in both the WZ and zB phases differ by at most a few percent. In contrast,
their band gaps differ by almost 3 eV. Considering the similarities of Al and Ga shown in
table 2, the large difference between the fundamental band gaps of wz AIN and GaN is
surprising. To explore this observation we consider an obvious difference between Al and
Ga which is the lack of core d states in Al. In this paper an investigation of the roles of the
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Table 2. Experimental® structural parameters {a, c/a, «) for the wurtzite (wz) phase, ab initio
solid state ionicities, and the fundamental band gap in the wz structure for AIN and GaN,

AIN GaN
a (A) 3,110 3.160
cla 1601 1.622
u 0.382 0.377
Bo(GP2) 202 195
2t 0.794 0.780
fi© 0.449 0.500
Eg V) 6.2 35

2 See references within [7] and [i4].
® First-principles charge asymmetry coefficient from [26].
¢ Phillips ionicity [27].

different angular momentum components of the potentials in these compounds is given. In
addition, we have studied the energy levels in both the ZB and WZ structures for AIN, GaN,
and two materials having an Al-Ga hybrid potential and a N potential. Section 2 describes
the calculational methods used, section 3 contains a discussion of the results, and section 4
gives some conclusions.

2. Calculational method

We use the standard ab initio pseudopotential method {28} to calculate the single-particle
energy levels within the LDA, The exchange and correlation potential derived [29] from the
Monte Carlo calculations of Ceperley and Alder [30] is used. Hamann-Schliiter-Chiang
(H5C) [31] potentials are used for Gaand Al. A Troullier—Martins [32] soft pseudopotential is
used for the stronger N core in order to achieve good convergence for the energy eigenvalues
with a moderate-size basis set. The self-consistent calculation uses a plane-wave basis set
with a cut-off energy of 40 Ryd. Increasing the cut-off to 80 Ryd showed no significant
change in the relative energy levels.

Here we treat the Ga 3d electrons as part of the Ga core. Partial core comections are
used to model the core-valence exchange and correlation potentials [33]. This correction
is important for computing the structural properties of Ga compounds [34], and has been
shown [9] to give LDA band structures that compare very well with calculations [6] that
include the d electrons as part of the valence complex.

How the Ga 3d electrons should be treated in calculations of structural and electronic
properties of GaN, however, is currently an open question. A wide varlety of theoretical
methods have been used recently to study ZB and Wz GaN [6, 9-15], some of which include
the 3D states in the valence complex and some where they are treated as band states. Among
the published studies, there is fair agreement for the ZB and WZ lattice constants, excepting
[13]. In contrast, bulk moduli and band gap values for cubic GaN vary by as much as
30-60% depending on the method and size of basis set used. Variations in calculated gap
values for the WZ phase are similar,

It has been found [6, 12] that the Ga 3d electrons have a significant effect on the lower
part of the valence band. Pseudopotential calculations for cubic GalN [10, 13] that put the 3d
electrons in the Ga core give structural properties that agree well with those of [6] and [12].
In contrast, values for the gap calculated using these pseudopotential methods lie 0.6-0.7 eV
higher than the all-electron values. Here we report a gap for cubic GaN 0.1-0.2 eV above
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the all-electron values. Because the treatment of the Ga 3d electrons is an open question
the values reported here may be in error by several tenths of an eV or more. This variation
does not affect our comparisen of the nitrides, however.

For this study, we use lattice constants for AIN and GaN from [7] and [14], respectively,
which are well within the variation of reported theoretical values. Structural parameters for
the ZB and WZ phases were not relaxed from these values.

3. Results and discussion

The s, p, and d components of the HSC potentials for Al and Ga are shown in figure 1. The
minimum in the Ga p potential is slightly farther from the ion than that in Al, but the depth
differs by only 1 eV. The physically relevant differences are found in the s and d potentials.
The Ga s potential is more than 5 eV deeper than the Al s. This change can be explained
by the underscreening by the core d electrons in Ga. For Al, the s and p core electrons
lie close to the nucleus and effectively screen the core. The wavefunction for the Ga 3d
electrons, however, reaches a maximum at a much larger radius. As a result, the valence s
elecirons feel a stronger potential in Ga than in Al. The energy difference between s-like
states in AIN and GaN has been attributed to the sensitivity of these states to the depth
of the potential well near the nucleus [6]. This is true, however the difference is due not
simply to the fact that Ga has a larger Z than Al but to the presence of Ga d core states
which do not effectively screen the larger core charge.

A more pronounced difference between the Al and Ga potentials is found in the shape
of the d channel. The Ga d potential is repulsive [35] at the core and has a narrower and
slightly deeper minimum than the Al d channel.

To separate the effects of the s, p, and d components of the Ga potential, we create
three Al/Ga hybrid pseudo-atoms. Starting with the full Al potential we substitute one of
the three channels with the corresponding Ga channel. These three hybrids are denoted
by Al(Ga s), Al(Ga p), and Al{Ga d). The Al(Ga 1) potentials provide a systematic way
of examining the difference between the behaviours of the Al and Ga full potentials. We
present electronic energy levels for the three hypothetical Al(Ga )N compounds along with
the results for AIN and GaN.

The theoretical lattice constant of pure AIN in the WZ [7] and zB [9] structures is used
for all five materials. Changes in the lattice constant have been shown [36] to significantly
alter band gaps in group-IV semiconductors. The pressure dependence of the band gap
of wz GaN has been measured [37] and using the variation in the reported calculated
lattice constants one could estimate the error in the calculated gap. Based on the structural
similarities of AIN and GaN, however, we expect that the differences between the band
structures of these compounds are mainly due to differences between the cation potentials.
For this reason, we decouple the effects of volume and potential by studying all materials at
a fixed volume, A similar study performed at slightly higher or lower volume would give
qualitatively the same results. References to calculations for GalN in this paper will refer to
GaN at the AIN lattice constant unless the GaN volume is explicitly specified.

3.1. The BN/AIN/GaN series

A summary of the calculated ionicity gaps beiween the lower and upper valence band
complexes, and fundamental band gaps for AIN, Al(Ga s)N, Al(Ga p)N, Al(Ga d)N, and
GaN in both the zB and WZ phases, is given in table 3. Gaps for BN [18] are given
for comparison. Although the GaN lattice constants were taken from [14], calculated
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Figure 1. Al and Ga pseudopotentials generated using the usc [31] method. The s, p and d
components are shown in (a), (b), and (c), respectively.

fundamental gaps for both zB and wz GaN are 30-35% higher, and in better agreement
with other reported theoretical values, than in that study. As expected, all fundamental gaps
are small compared to experiment, due to our use of the LDA.

Table 3. Calculated ionicity gaps and band gaps in eV for AIN, Al{Ga s)N, Ai(Ga p)N, Al{Ga
d)N, and GaN in the wz and zp structures, Values for BN [18] are given for the zB structure
only. Both the direct and indirect gaps for the zp structure are given. Gaps for GaN at its
equilibrium lattice constant are shown in parentheses,

BN AN  AlGas)N AKGap)N  AlGad)  GaN
Awz — 638 603 645 591 5.65 (5.51)
Azp 36 623 587 6.25 577 5.30 (5.15)
EIfTWZ) — 391 347 393 2.92 2.40 (2.25)
E7T(ZB) 86 422 M 425 3.04 2.54 (2.14)
ELX(ZB) 42 317 334 316 3.14 327 (3.19)




968 J L Corkill et al

BN follows the same trend in band gaps as found for AIN and GaN, where the direct
gap in the 2B structure depends more strongly on the cation potential than the indirect I' —
X gap. However in contrast to AIN and GaN, the first conduction band state at I' in BN is
the T'f;. The I'§, which is the lowest conduction band state in the Al and Ga corfipounds,
lies several eV above the I'[; in BN,

Althcugh the B potential is much deeper than that for Al and Ga, the charge distributions
for the heavier I~V nitrides have similar characteristics to the BN charge density. Here we
examine the effect of d core states in Ga compared to Al to study the differences between
AIN and GaN. A similar study of BN and AIN could be performed by focusing on the core
p states.

3.2, Wurtzite

Since the equilibrium structure fot both AIN and GaN is the Wz phase, we first exariine the
differences in électronic structure for this phase. Because of the similarities betwten Wz
and ZB, this study provides a basis for understanding the differences in electronic structure
between zB AIN and GaN, and allows us to explore trends in the BN~AIN-GaN series.

Table 4. Electronic levels for AIN, Al(Ga s)N, Al{&Ga p)N, Al((:}a d)N, and GaN in the wz
structure at the equilibrium volume for AN, All levels are in ¢V and are referencéd to the
lowest 7 state in each compound.

AIN  AlGasN  AlGapN = AlGad)N  GaN

ry 0.00 Q.00 0.00 0.00 0.00
ry 2.1% 246 213 2.52 2.78
ry %12 9.24 9.05 9.13 9.11
ry 1521 1562 15.19 16.19 £6.63
rs 19.12 19.09 19.12 t9.11 12.03
X°[38) 1388 2021 19.86 20.65 20.85

Selected energy levels for the five Al/GaN Wz compounds are given in table 4. All
levels are given relative to the lowest valence band state at I'. The charge density for pure
AIN is given ii figure 2 and differences between the charge densities of AIN and AKGa
SN, AGa p)N, Al(Ga d)N, and GaN are given in figures 3-6. As expected, substitution
of the Ga p potential causes only small chahges—Iess than 19%—in each energy level when
compared to pure AIN. Changes in the charge density are almost negligible compared to
pure AIN, and are much smaller than changes seen in the compounds with altered s and d
potentials.

Neglecting the p channel for now, we examine the trends within the othér four
compounds, XN, where X = Al, Al{Ga s), AHGa d), and Ga. As shown in table 3, the
change in the gap for both structures is due to effects of the s and d potentials of an equal
footing. ‘The s channel accounts for 30% of the change while the d channel is responsible
for 65-70% of the direct gap reduction from AIN to GalN.

We find that the energy difference between the bottom of the valence band and the
bottom of the conduction band state at I' remains constant whereas the top of the valence
band rises with respect to these levels in going from AIN to GaN at constant volume.

The angular decomposition [39] of the lowest I'] and I'{ states shows that they are s
like on both the cation and anion and highly concentrated on N. These states move together
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Figuré 2. The valence band charge density in the [110] plane for wz AIN is shown. Dotted
contours correspond to 2, 4, 6, and 8 electrons/unit cell. Solid coritours correspond to 10, 20,

.+ 150 electrons/unit cell.

with changes in the cation potential simply because their charge densities are so simiiar.
The top of the valence band I'}, however, has mostly p character on the anion, while the
character on the cation changes from pd in AIN and Al(Ga s)N to mostly p in Al(Ga d)N
and GaN.

Although our zero of energy is set at the lowest I'Y, from our knowledge of the atomic
potentials (see figure 1) it is more accurate to say that the increase in energy between the
s-ltke and pd-like states is a combination of the decrease in energy of the s-like I'] and I'§
levels in response to the stronger Ga s channel and the increase in energy of the pd-like 'Y
valence band maximum in response to the repulsive d channel. In this sense, our arbitrary
energy reference can be misieading if taken as a true zero of energy but the guantitative

discussion of cation effects is facilitated by making this choice.
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Figure 3. The differcnce in valence band charge density between wz Al(Ga )N and AIN in the
[110] plane is shown. Contours are drawn for —0.6, —=0.4, ., ., 0.8 electrons/unit cell, Negative
contours are dotted,

Several of the states at I can be thought of as fixed relative to the lowest " state. The
second I} and first '} differ only about 1-1.5% each among the four XN. The first I'j and
the top of the valence band I} rise with respect to the lowest state at I'. For these states,
the change due to the full Ga potential can be seen to be 2 sum of the changes from the s
and d potentials alone. For example, the first 'y state rises by 0.27 eV when the s potential
from Ga is substituted for the Al s, 0.33 eV when the d potential is substituted, and a total
of 0.59 ¢V for the full Ga potential. The top of the valence band I'] rises by 0.41, 0.98, and
1.42 eV for substitutions of the s channel, d channel, and full Ga potential, respectively.

Domination of the charge density by the N atom causes the total change arising from
the replacement of Al by Ga to be the sum of the changes due to the difference in each
angular component of the two atoms. In both AIN and GaN, a change in the cation potential
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Figure 4. The difference in valence band charge density between wz Al(Ga p)N and AIN in
the [110] plane is shown. Contours are drawn for —0.4, —0.2, 0.0, and 0.2 electrons/unit cell.
Negative contours are dotted.

produces a very small perturbative change in the charge density and potential of the solid,
A few individual levels may feel the change in cation potential and this is the origin of the
changes in the relative energy levels. Hence, the energy gaps can vary on the order of several
eV, but the basic charge distribution for the filled states remains relatively unchanged.

In the analogous system of AlAs/GaAs this will not be true [40]. The arsenides are
much less ionic and there is a relatively more significant amount of charge on the cation
than in the nitrides. For the less ionic case, the changes due to individual differences in the
s and d channels of the potential will be too large to treat as perturbations and will cause
a charge redistribution which will affect the band structure more significantly than in the
nitrides.

In contrast to the cases discussed above, the changes for the first X° state do not follow
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Figure 5. The difference in valence band charge density between wz Al(Ga d)N and AIN in the
{110] plane is shown. Contours are drawn for — 1.6, —1.4, ..., 2.0 electrons/unit cell, Negative
contours are dotted.

this rule of addition. Angular decomposition of the X° reveals that contributions from the
S, P» Aey,yz.ze, a0d diz_ya2 3,3 2 components are of the same order of magnitude. This is in
contrast to the decomposition of the T states, which are dominated by no more than two
components for each atomic site. For the X staté, the interactions between added charge
from a deeper s potential and redistribution of charge by the d potential cannot be ignored.

3.3. Zinc blende

The sttuation for the ZB structure is almost completely analogous to the findings for Wz.
We predict, however, a change from an indirect gap to a direct gap material in going from
AlN to GaN. This change can basically be attributed to the higher symmetry of the X state
in z8 than in wWZ [6].
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Figure 6. The difference in valence band charge density between wz GaN (at ap for AIN) and
AiN in the [110] plane is shown. Contours aré drawn for —1.2, —1.0, ..., 2.0 electrons/unit
cell. Négative contours are dotted.

Selected energy levels for the five Al/GaN ZB compounds are given in table 5, As in the
wz structure, substituting the p channel of Ga for the Al-p does not change the electronic
energy levels at thie high-symmetry points.

For the other four XN compounds, the first conduction band state at I' again moves
rigidly with the lowest valence band I state as the potential is changed. The bottom of the
conduction band stays constant to within 0.3%. The top of the valence band I'}; rises with
changes in the s and d channels as in the WZ structure.

Enérgy changes due to the change in s and d potentials are again additive. For example,
the I'}s state rises by 0.43 and 1.17 eV with respect to the lowest I state when the s and d
channels, respectively, are changed from Al to Ga. The total change from AIN to GaN is

1.62 eV =~ 043 4+ 1.17 eV.
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Table 5. Electronic levels for AIN, ANGa s)N, AKGa p)N, Al(Ga d)N, and GaN in the zB
structure at the equilibrium volume for AIN. All levels are tn eV and are referenced to the
lowest T} state in each compound,

AIN Al{Ga s)N Al(Ga p)N Al{Ga d)N GalN

ry 0.00 000 0.00 0.00 0.00
r, 1509 1552 15.06 16.26 16.71
T 19.31 19.2% 19.31 19.30 19.25
XS 1826 1886 18.22 19,37 19.98

Here, the X state has a higher symmetry (pd on the cation, sd on N) than in the
W2z structure and the changes from the s and d potentials decouple. The total change
due to the substitution of Ga for Al is simply the sum of the s- and d-induced changes
(0.60 + 1.11 ~ 1.72&V). '

3.4. Structural properties and ionicity

Since the electronic levels are affected by the change in cation potential, one may ask
why the structural properties of AIN and GaN remain so similar. The charge in all five
compounds (see figures 2-6) is heavily concentrated on the N site. As discussed with
reference to the WZ structure, changes in the energy of several states at high-symmetry
points are small compared to the domination of the charge distribution by the N atom.
The largest change in charge density arising from our potential substitutions, in the Al(Ga-
d)N and GaN compounds, is only 1% of the maximum p{(r) in AIN. Hence, bonding
properties, bulk moduli, lattice constants, phonon modes, and other structural and ground
state properties are expected to be similar in AIN and GaN.

The case of ionicity is interesting since it can be related both to properties of the
charge density on the whole and to features in the band structure, The solid state ionicity
can be derived from first principles [26] by evaluating the strength of the symmetric and
antisymmetric parts of the bond charge. Since the bond charge on the cation increases very
slightly in going from AIN to GaN, the solid state ionicity decreases from 0.794 to 0.780
(see table 1). Another measure of the ionicity [41] is the difference in energy between the
lowest s-derived valence bands and the p-derived complex directly above them, called the
ionicity gap. Table 3 lists the ionicity gaps for the four compounds studied in both the wz
and ZB structures. In comparison to the ionicity gap in BN, we see that the Al and Ga
compounds are relatively similar, while the trend agrees with the af initio ionicity scale
based on the bond charge.

In addition to the large band gap differences, another surprising difference between
AIN and GaN is the transition pressure from the WZ to the rocksalt phase. It is almost
three times higher for GaN than for AIN; AIN transforms from wz to rocksalt at pressures
around 15 GPa [42] while the transition for GalN is around 40 GPa [43]. This discrepancy
is most likely related to the lack of core d states in Al. Similar differences are found for
the pressure-induced structural transitions [44] and pressure dependences of Raman modes
(45] for Si and Ge. Since the Wz phase favours sp° bonding over contributions from d-like
states, the transition from WZ to rocksalt will most likely increase the d character of the
charge density. The repulsive d potential of Ga reduces the effective volume availabie for
these d states, causing the increase in d character to be energetically costly. The transition
pressure from W2 to rocksalt for GaN is expected therefore to be somewhat higher than the
transition pressure for AIN.
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4. Conclusions

This study yields information about the origins of the similarities and differences of the
structural and electronic properties of the I~V nitrides. The variation in the band gaps for
the series BN-AIN-GaN is studied. For BN, which behaves like a typical III-V compound
with deep atomic potentials and a small lattice constant, a large energy gap results. For the
heavier III-V nitrides, AIN and GaN, although they have similar structural properties, their
band gaps differ by several eV. Since the AlX gap is consistently a factor of 1.5-2 larger
than the GaX gap for the arsenides and antimonides as well as the nitrides, this study may
prove useful in explaining the gap differences for the series of AlX/GaX pairs.

Since Ga has core d electrons, Ga has a repulsive d pseudopotential. The d potential in
Al, however, is fairly attractive around the core. A comparison of the s channels for Al and
Ga shows that the Ga s is deeper than the Al s due to underscreening by the core d electrons
in Ga. Differences in the atomic potentials of Al and Ga cause individual electronic levels
at high-symmetry % points to shift by several eV relative to the bulk of the band structure
in going from AIN to GaN. Although the charge density remains essentially unchanged, a
large change in the fundamental band gap results. The detailed study of AIN, Al{Ga s)N,
Al(Ga p)N, Al(Ga d)N, and GaN presented here separates and quantifies the effects of the
s and d channels of the potentials. The change in s potential from AIN to GaN accounts
for 30% of the total band gap reduction while the d potential is responsible for 65-70%.

It is predicted that the differences between AlAs and GaAs are more complicated, since
the arsenides are much less ionic. Differences between the Al and Ga potentials will have
a much larger affect for these compounds than they do for the nitrides,
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