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Ab initio calculation of excitons in ZnO
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The optical absorption and excitonic properties of wurtzite ZnO are investigated by means of an ab initio
approach taking into account electron-hole correlations. This is done by solving the Bethe-Salpeter equation,
using the results of density functional theory calculations as a starting point. Our main focus is the calculation
of the band edge optical spectra. We have identified ground states for three excitons (A, B, and C), with binding
energies around 68 meV. Excitons A and B are excited mainly by light polarized perpendicular to the ¢
crystallographic axis. The C exciton absorbs mainly light polarized parallel to the ¢ axis. Due to spin-orbit
interactions, excitons A and C show a tiny absorption for the parallel polarization and perpendicular polariza-

tions, respectively.

DOI: 10.1103/PhysRevB.73.045201

I. INTRODUCTION

Zinc oxide is a direct band-gap semiconductor crystalliz-
ing in the wurtzite structure and exhibiting strong excitonic
effects even at temperatures above 300 K. Due to its large
band gap (3.4 €V), it is an attractive candidate for applica-
tions in visible and ultraviolet light emitters, transparent
field-effect transistors, sensors, and piezoelectric devices.!?
Since excitons in ZnO are stable even at room temperature,
this material is also considered for the realization of a room-
temperature polariton laser.*

Similar to the most binary semiconductors, the lowest
conduction-band edge of ZnO is mainly s like, whereas the
states at the valence-band maximum (VBM) are p like. Both
edges are located at the I' point of the Brillouin zone (BZ).
At the VBM spin-orbit coupling (SOC) splits the atomic p
level into two states, one being (j=3/2) fourfold and the
other (j=1/2) doubly degenerate. Further, the hexagonal
crystal field splits the j=3/2 level into two doubly degener-
ate states. When SOC and spin degrees of freedom are ne-
glected the crystal field splits the threefold-degenerate p
level into a nondegenerate state and doubly degenerate one
in the standard notation denoted as I'; and I's. In the double
group notation the I'; state is denoted as I';. SOC splits the
nonrelativistic state I's into I'; and T'y, also in double group
notation. A detailed description of the relativistic band struc-
tures of wurtzite type semiconductors is given in Ref. 6, and
a possible energy-level diagram at the VBM is shown in Fig.
1.

The ordering of the bands at the VBM in ZnO has been
discussed for a long time. From their early studies of the
polarization dependence of reflectivity spectra Thomas’ and
Hopfield® concluded that the energetic ordering at the VBM
should be I';, I'y, I';. This sequence was attributed to a spin-
orbit splitting parameter which is negative as a result of hy-
bridization with the Zn d states and corresponds to the sketch
in Fig. 1. Based on absorption and reflection spectra of four
different samples Park et al.® claimed the I'y, I';, I'; ordering,
I'y being the state with the highest energy. Later, Reynolds et
al.,'” after analysis of polarized reflectance and magnetopho-

1098-0121/2006/73(4)/045201(7)/$23.00

045201-1

PACS number(s): 71.15.Qe, 71.35.Cc, 78.20.Ci, 78.40.Fy

toluminescence, also arrived at the conclusion that the order-
ing should be I'g, I';, I';, and more recent studies of Chichibu
et al.'! and Adachi et al.'> further supported this picture.
Contrary to this, the recent experiments on the magneto-
optical properties of bound excitons'*!# provide evidence of
I'; symmetry of the upper valence band. Moreover, the I'y,
I';, T'; assignments are questioned in the theoretical work by
Lambrecht et al.'> based on density functional theory (DFT),
and it is argued that the original sequence proposed by Tho-
mas and Hopfield is correct. The present work agrees with
this.

The electronic structure at the VBM in ZnO and, thus, its
optical properties near the absorption edge are strongly in-
fluenced by hybridization with the Zn 3d states. In order to
perform reliable Bethe-Salpeter-equation (BSE) calculations
it is important that the basic quasiparticle band structure in-
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FIG. 1. Schematic energy-level diagram of band splitting under
action of the crystal-field and spin-orbit interactions in wurtzite
crystals (from Ref. 6, but changed to the case with negative Ag).
To the left, splitting induced only by the crystal field, to the right
splitting induced only by the spin-orbit interaction. The combined
case is shown in the middle. The gaps E,(A), E,(B), and E,(C)
which enter in the calculations of the binding energies of A, B, and
C excitons, respectively, are indicated in the middle. Note that due
to spin degeneracy the indicated levels are doubly degenerate. In
the picture suggested by Park er al. (Ref. 9) and Reynolds er al.
(Ref. 10) the uppermost I'y and T'; levels are interchanged (and the
Jj=1/2 and j=3/2 levels to the right are also interchanged).
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cludes this effect correctly. It is well known that DFT yields
3d states in Zn which are too high'® in energy and that this
affects spectral as well as cohesive properties. Also in ZnO
DFT predicts the spectral position of the Zn 3d density of
states (DOS) incorrectly.! In that case the overestimate of
the hybridization between the VBM states and the d shell
leads to a too large SOC-induced splitting of the I'y and I';.
Corrections which lower the energies of semicore states can
be made, for example,'®!7 by means of self-consistent self-
interaction-corrected (SIC) calculations'® or simplified SIC
calculations. In the present work we have chosen to use the
LDA+ U method with parameters extrapolated from the val-
ues calculated for other d elements'® and show that this sig-
nificantly improves the calculated optical spectra.

In this work we solve the Bethe-Salpeter equation for
ZnO and calculate the excitonic spectra directly from first
principles. The symmetry properties of the excitons in ZnO
and as well as for other hexagonal semiconductors can be
deduced from the symmetries of the bands involved in the
respective transitions, their (reducible) representations being
given by the direct products of the irreducible representa-
tions of the conduction band (I';) and VBM states (I'g or I';).
The decompositions of these products into irreducible repre-
sentations are

F7XF7—>F5+F1+F2.

The dipole transitions with symmetries I'q and I", are forbid-
den. The excitons with symmetries I's and I'; are dipole
active for light polarization perpendicular and parallel, re-
spectively, to the hexagonal ¢ axis. These relations are useful
for identification of the excitons in calculated or measured
spectra. The exciton associated with the transition between
bands, I';— 1’5, is visible for both perpendicular and parallel
polarizations, whereas the excitons associated with the T’y
—1I'; transition is only visible for light polarized perpendicu-
lar to the ¢ axis.

The paper is organized as follows. The next section de-
scribes the basic ingredients of the computational methods
we have applied. Section III presents and discusses the re-
sults of our calculations. Finally, Sec. IV concludes and sum-
marizes our findings.

II. COMPUTATIONAL METHOD

The computational scheme for calculating the optical re-
sponse that takes into account the electron-hole interaction
employed in this work has already been introduced and ap-
plied by several authors.?®-??> The rigorous theoretical de-
scription of the e-h excitations is based on the equation of
motion of the two-particle Green’s function, known as the
Bethe-Salpeter equation. The computational procedure
solves this equation in approximate manner represented in
the form of an effective eigenvalue problem with the so-
called BSE Hamiltonian:?32*
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The equation is formulated in the basis of electron and hole
quasiparticle states. The excitation spectrum is given by the
eigenvalues of this equation. In this formalism only direct
transitions leading to e-h-excited states with infinite lifetime
are considered. In Eq. (1), H¢ is the effective e-h interaction
and vck denotes an elementary excitation taking place at a
point k of the Brillouin zone, from a valence (v) to a con-
duction (c) band. The actual excitonic eigenstate is a linear
combination of such elementary excitations. The effective
BSE Hamiltonian is thus a sum of three terms:

H¢ = Hdiag+Hdir+Hx, (2)
which are defined as
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The direct interaction term H%" describes the screened Cou-
lomb attraction (W) between the hole and electron. The nec-
essary dielectric matrix is calculated within the random
phase approximation (RPA) including local field effects.>>?
Note that the exchange part of the Hamiltonian, H*, involves
the short-range part of the bare Coulomb interaction (). Ne-
glecting the direct and exchange terms leaves only the diag-
onal part of the Hamiltonian (H%“¢) and results in an inde-
pendent e-h approximation. The quasiparticle states, which
are the basis of the BSE Hamiltonian, are often well approxi-
mated by the DFT wave functions,?’ but the the conduction-
band energies are too close to the VBM. In order to simplify
calculations, we construct our Hamiltonian directly using the
DFT eigenstates and we approximate the self-energy by an
appropriate rigid shift of the conduction bands. This so-
called “scissors operator” or “scissors shift” A is determined
by adjusting the DFT band gap to the measured value.”® As
this shift only appears explicitly in the diagonal part of the
Hamiltonian, it has no direct effect on the binding energies.
It influences, however, the excitonic eigenenergies indirectly
through its effect on the screening interaction (the scissor
shifted DFT states are used when calculating the screening
within the RPA).

The linearized augmented plane-wave method plus local
orbitals (LAPW+LO) is used to calculate single-particle
states.”” We have used the improved form of the basis set,
where the linearization is moved from augmented plane
waves into additional local orbitals.** The implementation of
the BSE scheme within LAPW method has already been ap-
plied to centrosymmetric3'~3* and noncentrosymmetric3* sys-
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tems. DFT calculations were performed within generalized
gradient approximation (GGA), using the Perdew-Burke-
Ernzerhof parametrization of the exchange-correlation
potential. 3

It has already been shown' that DFT with LDA or GGA
places the Zn d peak of the density of states in ZnO much too
close to the valence states. This affects the hybridization of
the Zn d states with valence bands and results in incorrect
spin-orbit and crystal field splitting. In order to correct this
deficiency we applied so called LDA+U method.’® The
method allows for a non-LDA and GGA-treatment of se-
lected set of orbitals with an orbital dependent potential de-
fined by Coulomb and exchange parameters U and J. In our
case they are d orbitals of the Zn atom. LDA+U can be
formulated with several different double-counting correc-
tions (DCC’s): namely, the “fully localized limit” (FLL),?’
“around the mean field” (AMF),?® and the recently proposed
DFT-DCC.?° Because the d shell in Zn is full, the FLL is the
only applicable formulation in our case. In this approach the
extra potential applied to the d shell is of the form

VFLL=(U—J)(%—ﬁU>, (6)

where n, gives the occupancy of the orbital o. In order to
avoid double counting in the nonspherical part of the poten-
tial, Uy=U-J is used instead of separate U and J, and also
the multipolar term proportional to J in the LDA+ U poten-
tial is omitted.

III. RESULTS

The excitation energies are calculated by diagonalization
of the eigenvalue equation (1), which is formulated in the
basis of DFT eigenstates indexed by valence and conduction
bands, and k-point indices. It turns out that an enormously
dense k-point sampling is required to reach numerical con-
vergence. This is related to the fact that the excitonic enve-
lope function is very delocalized in real space and, at the
same time, localized in k space. Closer analysis shows that
only excitations between the topmost valence and the lowest
conduction bands, around the center of the BZ (I' point),
enter into the wave function of the lowest excitons. This
means that, as far as we are interested in the excitation with
energies around the band gap, the BSE Hamiltonian can be
considered as block diagonal in the k index localized around
I'. The outer region does not need to be sampled at all, and
the required density of k points can be reached. The number
of k points can be kept low enough that makes the diagonal-
ization of Eq. (1) possible. A similar approach has been used
for calculation of the binding energies of excitons in GaAs
(Ref. 22) and GaN (Ref. 34). Two parameters control the
sampling: i.e., the volume of the sampled region and the
number of k points inside. The computational cost is propor-
tional to the number of k points only. In the calculations
presented in this work we have used sampling with 13X 13
X 13 mesh (only points that are consistent with the hexago-
nal symmetry were kept). In order to reach the desired den-
sity several calculations with gradually decreased sampled
region have been performed. For large volumes only the T’
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FIG. 2. (Color online) Band-edge absorption in ZnO calculated
with the GGA, (a) results with SOC, (b) results without SOC. E, is
the fundamental gap—i.e., E,(A), where A is the uppermost VBM
level.

point contributes to the excitonic wave functions, resulting in
completely delocalized excitons. For the optimal volume the
excitonic envelope function should be properly sampled, and
at the same time it should be well confined inside the
sampled region. We have found that, for the experimental
structure parameters (c¢/a=1.602, u=0.382, and volume), ac-
curate results for ground state are obtained by sampling a
1/9X1/9 X 1/4 fraction of the BZ which corresponds to the
density equivalent to 7 X 103 points in a full BZ.

The calculations of excitonic spectra have been done with
and without SOC included into the DFT Hamiltonian. In the
SOC case, six valence and two conduction bands have been
included in the BSE Hamiltonian. In the non-SOC case spin
degrees of freedom can be eliminated and the number is
reduced to three valence states and one conduction band. The
schematic diagram of these bands at I" point is presented in
Fig. 1. Figure 2 presents band-edge absorption calculated
with GGA band structure. For calculations without SOC and
light polarized perpendicular to the crystallographic ¢ axis
there are four well-separated peaks in the band gap. The first
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one appears at about —58 meV. This peak consists of two
degenerate excitonic levels. For light polarized parallel to the
¢ axis there are no peaks below the conduction band edge.
The spectra calculated with SOC show naturally more peaks.
We can see that the first peak in non-SOC spectra for per-
pendicular polarization splits into two peaks, at 58 meV and
28 meV. These peaks are usually referred to as A and B
excitons. Apart from a small signal at the position of the A
exciton, the peaks for parallel polarization appear only above
the conduction-band edge. In comparison to the non-SOC
spectra this group of peaks is slightly shifted towards higher
photon energies. The small peak at the position of the A
exciton indicates that the valence band contributing to this
exciton is of I'; symmetry. Comparing these results to the
measurements we see that the position of the first peak for
perpendicular polarization quite well agrees with the experi-
mental binding energies.** However, the SOC-induced split-
ting between A and B peaks, which is here about 30 meV, is
around 15 times larger than the value estimated from experi-
ments (2.4 meV).*! Further, for the parallel polarization we
do not have any peak corresponding to the experimentally
observed C exciton inside the band gap. These discrepancies
are due to errors in the basic GGA band calculation where
the Zn 3d bands are lying at too high energies, which causes
these states to hybridize too strongly with the VBM states.!?
The calculated DOS is presented in Fig. 3. The Zn d peak
almost touches the valence region of the DOS and spreads
between —4 and —6 eV relative to the valence-band edge.
According to the photoemission measurements the position
should be around —7 eV.*?> The source of this error is related
to the insufficient treatment of electron correlations in the Zn
d shell by the GGA.

It is known that the description of the correlation can be
improved by application of an orbital-dependent potential
given by the so-called LDA + U method.*-3° The application
of this method is complicated by the fact that, in general, the
potential is derived on the basis of two empirical parameters
U and J, which, however, have a clear physical interpreta-
tion. U and J are average screened Coulomb and exchange
interactions on a given atom in a given shell. Besides, U and
J can be calculated from first principles.'>*3 Solovyev et al.'’
have calculated the values of U and J for series of 3d metals,
from Ti to Cu, in LaM O3 compounds. They showed that the
parameters scale linearly with the number of electrons in the
d shell. Extrapolating this linear dependence to the Zn case
with ten electrons on the d shell we get for U a value of
about 9 eV and for J approximately 1.2 eV. Because we use
a spherically symmetric formulation of the LDA+ U, only an
effective U,;=U-J needs to be defined. The density of
states resulting from LDA+U calculations is presented in
Fig. 3. The Zn d peak has moved down the energy scale,
with its average position now close to —7 eV, which agrees
perfectly with photoemission. The downshifted d bands are
narrower, spanning the region between —6.2 and —7.8 eV.
Also, the d character in the VBM states has been consider-
ably reduced as compared to the pure GGA calculations. In
the previous linear muffin-tin orbital (LMTO) calculations,
the position of the d levels was optimized with respect to
crystal field and spin-orbit splittings and was found to be
6.25 eV below the valence-band maximum.'3 The effects of
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FIG. 3. (Color online) Density of states of ZnO calculated with
(a) LDA and (b) with LDA+U, U,;=7.8 eV.

the orbital potential on the valence- and conduction-band
levels are presented in Fig. 4. The bands are indexed A, B,
and C from the highest to the lowest energy. It is seen that
the band gap increases monotonically with U, whereas the
A-B and A-C separations decrease.

The excitonic spectra calculated with the LDA+ U band
structure (U,;=7.8 eV) is presented in Fig. 5. For the non-
SOC calculations the doubly degenerate peak visible for per-
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FIG. 4. (Color online) Position of the valence and conduction
bands calculated with LDA+U as a function of U,
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FIG. 5. (Color online) Band-edge absorption in ZnO calculated
with LDA+U, (a) results with SOC, (b) results without SOC.

pendicular light polarization is about 68 meV below the
conduction-band edge, 10 meV lower than for the U=0 case.
As an apparent improvement over the pure GGA calculations
the peak related to the exciton C is now inside the band gap,
about 38 meV below the conduction-band edge (active for
polarization parallel to the ¢ axis). For the SOC calculations
the splitting of the A and B excitons is now only about
3.5 meV, which is much closer to the experimental value of
2.4 meV than the GGA value of 30 meV. The crystal-field-
induced splitting between A-B and C excitons is similar in
both SOC and non-SOC cases, and is about 30 meV. The
experimental splitting is about 40 meV.*' Besides these great
improvements of the excitonic spectra the symmetry proper-
ties of the A and B excitons have not been changed by ap-
plication of the orbital potential. The inset in Fig. 5(a) shows
that the first peak is also visible for light polarized parallel to
the ¢ axis, indicating the I'; character of the contributing
valence band.

The variational coefficients A%, define the contributions
of the elementary excitations between a valence v and a con-
duction ¢ band at the k point of the BZ to the excitonic wave
function. The analysis shows that at the I" point of the BZ the
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TABLE 1. Conduction- and valence-band separation (E.—E,)
and excitation and binding energies.

SOC band E.-E, [eV] Excit. energy [eV] Bind. energy [meV]

- AB 3.3550 3.2873 67.8
- C 3.3835 3.3168 66.7
+ A 3.3489 3.2809 67.9
+ B 3.3527 3.2848 67.9
+ C 3.3797 3.3129 66.8

A, B, and C excitons originate from the separate levels. For
non-SOC calculations they are single states, for the SOC
case they are a combination of doubly degenerate levels. It is
then convenient to index these bands according to the exci-
tons they contribute. In such a case it is possible to define the
binding energy for each exciton as a difference between the
energy difference of conduction and valence bands (E.
—E,) and the excitation energy. In the experimental literature
the binding energy is usually determined from the difference
between the ground and excited levels of exciton utilizing
Elliott’s model.** Assuming the Elliott model is correct these
two ways of calculating the binding energy are equivalent.
As the exciton is excited from its ground state it becomes
more localized in k space® and its energy level approaches
the band energy difference. In principle both ways can be
applied for the calculated spectra. However, in the calcula-
tion it is very difficult to determine precisely the energy of
the excited states due to enormous density of the required k
mesh. Table I collects the energy separation of the conduc-
tion and valence bands, excitation energies, and the binding
energies for LDA+ U calculation with and without SOC. The
binding energies for all excitons are comparable, despite the
difference in the excitation energies. It is worth noting that
non-SOC calculations result in exactly the same binding en-
ergies as the calculations with SOC.

The calculated spectra presented in Figs. 2 and 5 show
that the excitons A and B are visible mainly in the light
polarized perpendicular to the crystallographic ¢ axis, while
the C exciton is visible for light polarized parallel to this
axis. When the SOC is included the tiny absorption of the
exciton A is also observed in the light polarized parallel to
the ¢ axis and also exciton C is excited in the perpendicularly
polarized light. These effects find an elegant explanation that
follows from the already mentioned group theoretical argu-
ments. They can also be understood by analyzing the char-
acters of partial charges (electron numbers) at Zn and O
muffin-tin spheres contributed from A-, B- and, C-band lev-
els at the I" point of the BZ. Such a splitting is presented in
Table II. The conduction band is mainly s character. Thus for
the optical excitation the p character of the valence bands is
the most important. As we see the p character is concentrated
on the O atom. For the non-SOC calculations A and B states
are pure p,,, while the C state is pure p,. The photon polar-
ized parallel to the c¢ axis interacts with p, orbitals and the
polarized perpendicularly interacts with only p,,,. The effect
of the SOC is that some of the p, characters appear in the A
state and p,,, in the C state. Thus in this case A and C
excitons can be excited by light in both polarizations.
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TABLE II. Partial charges at the I point.

PHYSICAL REVIEW B 73, 045201 (2006)

SOC band atom D, Dty dp de_p+d,, d.+d,,
- A,B Zn 0.0 0.01 0.0 0.2 0.09
- A.B 0] 0.0 0.60 0.0 0.0 0.0
- c Zn 0.0084 0.0 0.26 0.0 0.0
- c (0] 0.62 0.0 0.0 0.0 0.0
+ A Zn 0.0 0.01 0.0 0.109 0.042
+ A (0] 0.0013 0.703 0.0 0.0 0.0
+ B Zn 0.0 0.010 0.0 0.101 0.045
+ B (0] 0.0 0.705 0.0 0.0 0.0
+ c Zn 0.0087 0.0 0.129 0.0 0.0
+ c (0] 0.714 0.0011 0.0 0.0 0.0

Calculation of the optical absorption in a wide range of
photon energies requires an approach, which is different
from the one described above. First, a complete sampling of
the full BZ has to be applied. Fortunately, a much lower
k-point density can be used in this case, as we are not inter-
ested in the very fine details of the absorption edge. Second,
a much larger range of excitation energies needs to be con-
sidered, implying that more conduction and valence bands
have to be included in the BSE Hamiltonian. The resulting
dimension of the BSE Hamiltonian is much larger than for
the calculations of the binding energies. In our case, 15
X 15X 9 k-point mesh, with six valence and eight conduc-
tion bands, the size of the Hamiltonian is almost 10°. Diago-
nalization of such a large matrix would be impractical. In-
stead, we use the so-called “time evolution” algorithm
introduced by Schmidt et al.* where &,(w) is evaluated
without explicitly calculating excitonic eigenvalues and
eigenvectors. Figure 6 shows the calculated &,(w) with both
DFT (without electron-hole interaction) and BSE. As
expected,?* the electron-hole interaction enhances the spectra

pol. [lc u &

Energy ho [eV]

FIG. 6. (Color online) Imaginary part of the dielectric function,
&5(w), calculated within the BSE formalism (solid line) and the
DFT with scissor shift (dashed line) for two polarizations with re-
spect to the ¢ direction of the hexagonal unit cell (perpendicular and
parallel in the upper and lower panels, respectively). In both cases
the band structure was calculated with orbital field (LDA+U). A
broadening of 0.2 eV was used to generate the BSE curves.

in the low-energy region (up to 8 eV) and reduces the ab-
sorption for larger energies. However, the main features are
recognized in both cases. For instance, for perpendicular po-
larization two peaks are well visible in both the DFT (9 eV
and 13 eV) and BSE (8 ¢V and 11 eV) curves.

IV. SUMMARY AND CONCLUSIONS

The present ab initio calculations of the band-edge optical
absorption in ZnO include the effects of electron-hole corre-
lations as accounted for by solving the Bethe-Salpeter equa-
tion. The band structure was determined in the framework of
DFT, however with a band gap, which has been corrected by
means of a scissors operator. Three excitons indexed as A, B,
and C have been identified. It has been shown that, due to
too-high-lying Zn 3d states, standard DFT-GGA calculations
result in spectra with the wrong A-B splitting and the C
exciton located in the conduction band instead in the band-
gap region. These problems were solved by applying the
LDA+U scheme with parameters, which have been extrapo-
lated from the linear dependence determined for the series of
3d metals, from Ti to Cu, in LaMO;." The LDA+U calcu-
lations not only improve the calculated optical response but
also result in a DOS with the correct energy position of the
Zn 3d peak. This shows that the linear dependence is more
general and applicable at least to the Zn case. The calculated
binding energies of the A, B, and C excitons are similar and
equal to 68—67 meV. The binding energy of the C exciton is
only 1 meV smaller than the A and B excitons. This is close
to the experimentally determined range of 60—50 meV 404!
The calculations without SOC showed that the photons po-
larized perpendicular to the crystallographic ¢ axis interact
with excitons A and B only, whereas the C exciton is visible
only for parallel polarization. The SOC effects in splitting
the degenerate A and B excitons and makes the A visible also
in the parallel polarization. For the C exciton SOC makes it
visible in the perpendicular-polarized light. These effects are
related to the SOC introduced admixture of p,,, character in
the C band, and p, in the A band. This also shows that ac-
cording to our results the A band is of I'; symmetry.
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