
Valence band splittings and band offsets of AlN, GaN, and InN
Su‐Huai Wei and Alex Zunger 
 
Citation: Applied Physics Letters 69, 2719 (1996); doi: 10.1063/1.117689 
View online: http://dx.doi.org/10.1063/1.117689 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/69/18?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Tight-binding branch-point energies and band offsets for cubic InN, GaN, AlN, and AlGaN alloys 
J. Appl. Phys. 113, 123705 (2013); 10.1063/1.4796093 
 
Valence-band splittings in cubic and hexagonal AlN, GaN, and InN 
Appl. Phys. Lett. 97, 232101 (2010); 10.1063/1.3524234 
 
InAs/GaSb(001) valence‐band offset: Independence of interface composition and strain 
Appl. Phys. Lett. 69, 3218 (1996); 10.1063/1.118015 
 
Valence‐band discontinuity between GaN and AlN measured by x‐ray photoemission spectroscopy 
Appl. Phys. Lett. 65, 610 (1994); 10.1063/1.112247 
 
New high pressure phases of the III‐V compounds AlN, GaN, InN 
AIP Conf. Proc. 309, 307 (1994); 10.1063/1.46334 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.138.41.170 On: Tue, 14 Jul 2015 04:12:59

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1326236762/x01/AIP-PT/Asylum_APLArticleDL_070815/AIP-JAD-Trade-In-Option2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=SuHuai+Wei&option1=author
http://scitation.aip.org/search?value1=Alex+Zunger&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.117689
http://scitation.aip.org/content/aip/journal/apl/69/18?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/12/10.1063/1.4796093?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/97/23/10.1063/1.3524234?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/69/21/10.1063/1.118015?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/65/5/10.1063/1.112247?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.46334?ver=pdfcov


Valence band splittings and band offsets of AlN, GaN, and InN
Su-Huai Wei and Alex Zunger
National Renewable Energy Laboratory, Golden, Colorado 80401-3393

~Received 8 July 1996; accepted for publication 20 August 1996!

First-principles electronic structure calculations on wurtzite AlN, GaN, and InN reveal crystal-field
splitting parametersDCF of 2217, 42, and 41 meV, respectively, and spin–orbit splitting parameters
D0 of 19, 13, and 1 meV, respectively. In the zinc blende structureDCF[0 andD0 are 19, 15, and
6 meV, respectively. The unstrained AlN/GaN, GaN/InN, and AlN/InN valence band offsets for the
wurtzite ~zinc blende! materials are 0.81~0.84!, 0.48~0.26!, and 1.25~1.04! eV, respectively. The
trends in these spectroscopic quantities are discussed and recent experimental findings are analyzed
in light of these predictions. ©1996 American Institute of Physics.@S0003-6951~96!02044-X#

The valence band maximum of wurtzite semiconductors
is split both by spin–orbit interactionD0 and by the noncu-
bic crystal-fieldDCF, giving rise to three states at the Bril-
louin zone center:G9v , G7v

(1) , andG7v
(2) . ~In the absence of

spin–orbit splitting, these levels become a doubly degenerate
G6v and a singly degenerateG1v!. This letter addresses theo-
retically the magnitude and trends ofD0 andDCF in group III
nitrides AlN, GaN, and InN, and a related quantity, the va-
lence band offsets between these binary crystals. A number
of interesting questions arise here.First, regarding the
crystal-field splitting parameters, previous band structure
calculations1 using the linearized muffin-tin orbital method
with atomic sphere approximation~LMTO-ASA! suggest
thatDCF is negative in wurtzite AlN, GaN, and InN~G1v is
aboveG6v!, but more recent calculations2–4 and interpreta-
tion of experimental measurements4,5 clearly indicate that
DCF ~GaN! should be positive.Second, regarding the spin–
orbit parameterD0, experience from other column III
pnictides6 shows thatD0 increases with the atomic number
of the cation, i.e.,D0 (InX).D0(GaX).D0(AlX) for X5P,
As, Sb, but in nitrides there is a substantial hybridization
with the cationd orbitals1,7 that could reverse the order of
D0 when the cation changes in a column of the Periodic
Table.Third, regarding the band offsetDEv , previous core-
level photoemission measurements8,9 and calculations10–13

suggest that the band offset for AlN/GaN is around 0.8 eV,
but a recent core-level photoemission measurement14 sug-
gested a much higher value of 1.36 eV. Furthermore, for
GaN/InN and AlN/InN, the recently measured values9 of
DEv51.05 and 1.81 eV, respectively, are considerably
larger than the corresponding values in other III–V systems,
DEv(GaX/InX);0.1 eV andDEv(AlX/InX);0.6 eV for
X5P, As, Sb.15 In this letter, we will use the first-principles
general potential linearized augmented plane wave~LAPW!
method to study the crystal-field and spin–orbit parameters
as well as the unstrained valence band offsets of AlN, GaN,
and InN in both the wurtzite~WZ! structure and the
metastable16 zinc blende~ZB! structure. Our results will be
analyzed and compared with previously published data,
clearing up the three issues raised above.

The band structure calculations in the present study are
performed using the density functional theory17 as imple-
mented by the general potential, fully relativistic LAPW
method.18,19We used the Ceperley–Alder exchange correla-
tion potential20 as parameterized by Perdew and Zunger.21 In

the nitrides, the Ga 3d and In 4d states participate in chemi-
cal bonding,1,7 thus, they are treated here dynamically in the
same way as thes andp valence states are. The band struc-
tures are calculated at the experimental lattice constants22 for
all but zinc blende AlN, for which experimental data are
unavailable, so the LAPW method is used to predict the lat-
tice constant. The cell-internal structural parameteru of the
wurtzite unit cell is obtained by minimizing the total energy
and force.19

The crystal-field splitting parametersDCF are calculated
in the absence of spin–orbit interaction. The spin–orbit split-
ting parametersD0 are obtained by fitting the fully relativis-
tic LAPW calculated top three energy levels atG (E1 , E2,
and E3, in decreasing order! to the quasicubic model of
Hopfield23 @shifted by (D01DCF)/6]

E~G9v!51/2~D01DCF!,

E~G7v
~1 !511/2@~D01DCF!

228/3D0DCF#
1/2, ~1!

E~G7v
~2!!21/2@~D01DCF!

228/3D0DCF#
1/2.

Note that the valence band splittingDE125E12E2 and
DE135E12E3 are directly measurable quantities whereas
the crystal-field splittingDCF and the spin–orbit splitting
D0 are parameters of the theory, obtainable in experiment
only indirectly via fitting to Eq.~1!.

The unstrained valence band offsetDEv~AN/BN! be-
tween two nitrides AN and BN is calculated using the same
procedure as in the photoemission core-level spectroscopy
measurement.8,9,14 The valence band offset is given in this
procedure as

DEv~AN/BN!5~Ev2ECL!BN2~Ev2ECL!AN1DECL .
~2!

Here, (Ev2ECL)AN and (Ev2ECL)BN are the core-level to
valence-band-maximum~VBM ! energy separations for pure
AN and BN, respectively at their respectiveequilibrium lat-
tice constants, hence, these quantities are characteristic of
eachbulkmaterial. The last term in Eq.~2! is the difference
in core-level binding energy between AN and BN at the
AN/BN heterojunction, thus, this quantity depends on the
interface orientation and on the strain at the heterojunction.
However, the dependence is usually small.24 In this study,
we calculateDECL using ~001! superlattices for the zinc
blende nitrides, and~0001! superlattices for the wurtzite ni-
trides. The superlattice substrate lattice constantā is taken as
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the average lattice constants of the constituents. The other
structural parameters of the superlattices are fully relaxed by
minimizing the quantum mechanical force,19 thus, interfacial
effects on the band offsets are taken into account. Our
method has been demonstrated to be successful in predicting
valence band offsets of numerous semiconductor
systems.25–28 The uncertainty in our present calculation is
estimated to be about 0.1 eV.

Table I shows the calculated spectroscopic valence band
parameters in wurtzite and zinc blende AlN, GaN, and InN,
while Table II gives the calculated valence band offsets be-
tween AlN, GaN, and InN in the zinc blende structures@with
~001! orientation# or wurtzite structures@with ~0001! orien-
tation#. We next discuss the salient features of these results.

The crystal-field parameterDCF is proportional to the
deviation of the structural parametersu and c/a from their
unrelaxed value 3/8 andA8/3, respectively~whenu53/8 and
c/a5A8/3, the two anion–cation bond lengths are equal!:16

DCF[E~G6v!2E~G1v!

5DCF
0 1a~u20.375!1b~c/a21.633!. ~3!

We finda 5217 eV andb 52 eV for GaN, suggesting that
accurate determination ofDCF requires careful calculation of

u. Unfortunately, most1–3,29 previous calculations ofDCF

used an ideal value ofu50.375, thus overestimatingDCF.
Our u values are in good agreement with previous pseudo-
potential calculations16,30,31and with the LMTO calculations
of Christensen and Gorczyca,32 but the calculated values of
Kim et al.33 using a full-potential LMTO method~u50.383,
0.379, and 0.388, for AlN, GaN, and InN, respectively! are
somewhat larger than the present results, especially for InN.
We find thatDCF is large and negative for AlN but positive
for both GaN and InN. The large and negativeDCF value for
AlN is partly due to its largeu value@Eq. ~3!#. Our calculated
DCF~GaN!542 meV is consistent with the interpretation of
recent experimental measurements.4,5 Correcting via Eq.~3!
the calculated DCF value of Palummo et al.3 of
DCF~GaN!580 meV and that of Suzuki and Uenoyama2 of
DCF~GaN!573 meV for their use ofu50.375 rather than the
relaxedu values~Table I!, we find that theirDCF values are
consistent with ours. However, applying an analogous cor-
rection to the unrelaxed LMTO-ASA calculation of Lambre-
cht and Segall1 ~which gaveDCF52250, 220, and210
meV for AlN, GaN, and InN! produces even more negative
values ofDCF, in disagreement with our calculated values
and with experimental observations.4,5 Most likely, the error
in the LMTO-ASA calculation is due to the neglect of non-
spherical potential terms.

The magnitude of the spin–orbit splitting increases with
atomic number. In general,p states have a positive contribu-
tion to D0, while d states have a negative contribution. In
phosphides, arsenides, and antimonides there is but a weak
coupling of cationd character at the VBM, soD0 reflects
mostly p bonding and increases as the cation is heavier.6

D0(AlX),D0(GaX),D0(InX). In nitrides, on the other
hand, the N2p orbital is so deep in energy as to effectively
hybridize with the semicore cationd state, leading to a
significant mixture of d character at the VBM. This
reverses the order toD0(AlN).D0(GaN).D0(InN). This
d-hybridization- induced reduction ofD0 is more effective in
the heavier InN than in the lighter AlN. We, thus, find that
the former has almost zero spin–orbit splitting. Table I com-
paresD0 for wurtzite and zinc blende structures, showing the
latter to be larger. This is because in the wurtzite structure
the s orbital is mixed into the top of the valence band, thus,
displacingp character and reducingD0 ~in the zinc blende
structure this mixing is symmetry forbidden!. This s–p mix-
ing is larger in InN than in AlN since the former has a
smaller band gap.

The trends in the valence band offsets in common–anion
II–VI and III–V semiconductors28 reflect mainly the differ-
ence in their cationd to anion coupling: in Al compounds,
the unoccupied cationd orbital isabovethe anionp, sop–d
repulsion pushes the anionp VBM down in energy. On the
other hand, the energies of the occupied Ga 3d and the In 4d
orbitals arebelow the anionp energy, sop–d repulsion
pushes the anionp VBM up in energy. The degree of VBM
shift;Vpd

2 /(ep2ed) reflects the energy separationep2ed of
anion p and cationd orbitals and the matrix elementVpd,
which increases as the nearest-neighbor bond length de-
creases. We find that the calculated valence band offsets for
the zinc blende nitrides~Table II! are larger than the corre-
sponding values in other III–V systems.15 This is because the

TABLE I. LAPW calculated cell-internal structural parameteru, the spin–
orbit parameterD0, the crystal-field parameterDCF , and the valence band
splittingsDE12 andDE13 of wurtziteAlN, GaN, and InN. For GaN and InN
E1 is aG9v state andE2 is G7v

(1) , while for AlN E1 is aG7v
(1) state andE2 is

G9v . In all cases,E3 is G7v
(2). The bottom part of the table gives results for

the zinc blendeforms ~where DCF[0). All results are calculated at the
experimental lattice constants reviewed in Ref. 22 and given in the table,
except for zinc blende AlN for which our calculated value is used.

Properties AlN GaN InN

Wurtzite:

aexp~Å! 3.112 3.189 3.544
cexp~Å! 4.982 5.185 5.718
u 0.3819 0.3768 0.3790
DCF~meV! 2217 42 41
D0~meV! 19 13 1
DE12~meV! 211 7 2
DE13~meV! 224 48 43

Zinc blende:

a~Å! 4.36a 4.50 4.98
D0~meV! 19 15 6

aPresent calculation.

TABLE II. Calculated and measured valence band offsets between AlN,
GaN, and InN inzinc blende@with ~001! orientation# or wurtzite @with
~0001! orientation# structures. We use the convention that a positive value
indicates that the compounds on the right-hand side have a higher valence
band.

AlN/GaN GaN/InN AlN/InN

LMTO ~ZB!a 0.85 0.51 1.09
LAPW ~ZB! 0.84 0.26 1.04
LAPW ~WZ! 0.81 0.48 1.25
Exptl ~WZ!b 1.3660.07 ••• •••
Exptl ~WZ!c 0.7060.24 1.0560.25 1.8160.20

aReference 11, for~110! interface.
bReference 14.
cReference 9.
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p–d repulsion is stronger in nitrides than in other III–V sys-
tems, both due to the shorter anion–cation bond lengths and
the smaller energy differencesep2ed between the cationd
and the N2p orbitals.

The calculated valence band offsets for the lattice mis-
matched GaN/InN and AlN/InN interfaces in the wurtzite
structure are larger than in the zinc blende structure. To un-
derstand the difference between the WZ and ZB interfaces
we have recalculated the core level differenceDECL of Eq.
~2! for zinc blende GaN/InN using~111! oriented interfaces
@corresponding to the wurtzite~0001! superlattice# rather
than ~001! interfaces. We find that the calculatedDECL is
nearly the same as in the wurtzite superlattice calculation,
leading to aDEv~GaN/InN!50.50 eV close to the wurtzite
value of Table II. This suggests that the difference in zinc
blende versus wurtzite valence band offsets of lattice-
mismatched GaN/InN, and AlN/InN is mainly due to the
difference in the strain relaxation at the interface. For the
nearly lattice-matched AlN/GaN system, the wurtzite and
zinc blende structures have similar offsets~the slightly
smallerDEv in the WZ structure is due to the large crystal-
field splitting in wurtzite AlN that raises its VBM energy!.

Using the LMTO method, Albanesiet al.11 calculated
the valence band offsets of the zinc blende nitrides with
~110! interfaces. Their calculated band offsets~Table II! are
consistent with our values. We further find that our calcu-
lated value ofDEv~AlN/GaN!50.81 eV is in good agree-
ment with the core-level photoemission measurement of
Martin et al.8,9 and is consistent with other band structure
calculations.10–13 Our results, however, do not support the
recent core-level photoemission measurement of Waldrop
and Grant14 who find a much larger value
DEv~AlN/GaN!51.36 eV. The reason for this anomalously
large value is presently not understood. Furthermore, our cal-
culated values ofDEv~GaN/InN! and DEv~AlN/InN ! are
considerably smaller than the recent measured value of Mar-
tin et al.9 ~Table II!. Martin et al. have observed a strong
dependence of the core-level energy differenceDECL on the
substrate lattice constantas used. To test this effect, we have
recalculated the core level differencesDECL of GaN/InN us-
ing coherently strained superlattices with three values ofas
5aGaN, ā andaInN. We find that the variation of the calcu-
lated core level difference is only60.1 eV, thus, this calcu-
lation does not support the larger variation observed by Mar-
tin et al.9 Martin et al.9 suggested that the strong substrate
dependence ofDECL could be due to strain induced electric
field in the sample. We find that this explanation is unlikely,
since any macroscopic electric field in the sample should be
effectively screened by an external field of surface charges.

In summary, using first-principles density functional
theory and the LAPW band structure method, we have cal-
culated the valence band splittings and the valence band off-
sets of AlN, GaN, and InN in both the wurtzite and zinc
blende structures. We have pointed out some interesting

trends associated with the nitrides and compared our results
with previously published data. Agreements and discrepan-
cies between the present calculation and previous published
data are discussed. Future experiments are called for to test
our predictions.
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