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Valence-band physics and the optical properties of GaN epilayers
grown onto sapphire with wnrtzite symmetry
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We report on a quantitative analysis of the band gap of hexagonal GaN epilayers in terms of the joint
contributions of the actual wurtzite symmetry on the one hand and of residual strain fields on the other hand.

This investigation leads to revision of the previous rnodelings based on quasicubic descriptions of the valence-

band physics and gives 6& = 10~0.1 meV, 52= 6.2~0.1 meV, and 53=5.5~0.1 meV. Last we propose a set

of deformation potentials for the hexagonal GaN semiconductor.

I. INTRODUCTION II. OPTICAL PROPERTIES OF GaN EPILAYERS

The quest for light emitters and sensors operating in the
blue or UV regions of the electromagnetic spectrum has tan-

talized researchers during several decades. Most of the ac-
tivities in this area concerned the wide band-gap II-VI com-
pounds ZnS and ZnSe with direct band-gap st ucture and

fewer investigations were devoted to the natura challengers
of these compounds: the nitrides. Potentialities also exist for
the latter in the area of devices operating in hostile
conditions. Neither for these II-VI's nor for the nitrides
could efficient p doping be realized until very recent years.
This issue was resolved when p doping could be achieved in

the case of ZnSe via nitrogen substitution of selenide and in

GaN by substituting gallium by magnesium. These break-
throughs were immediately followed by the realization of
light emitters. ' High-brightness GaN-based light emitting
diodes can operate a long time with extremely high
(-10 cm ) defect densities in contrast with II-VI's where
lower densities (-10 —10 cm ) of such crystallographic
defects prevent obtainment of a long device operating time.
The physics of GaN has long remained in its infancy, but
now that materials are available with both high structural and

electronic qualities, it is going to rapidly grow up. Nobody
knows whether the cubic or hexagonal GaN phase~r
both —will be used for large-scale applications, mainly be-
cause no lattice-matched substrate exists for realization of
pseudomorphic epitaxial growth. As a consequence, sapphire
is widely used as a substrate for GaN: It displays a high
stability at high temperature and good quality epilayers can
be deposited on it in a hexagonal phase. The values of the
band gap of this hexagonal phase reported in the literature
are scattered. "This is not understood so far. The purpose
of the present paper is to address the physical phenomena
responsible for this scattering. We will show that all data are
consistent with each other provided that (i) residual strain
effects are included in the modeling as well as full contribu-
tions of the wurtzite symmetry at the scale of the crystal-field
splitting and spin-orbit interaction, and (ii) previous (more
than two decades old) work is reexamined for reinterpreta-
tion in light of progress made in the knowledge of strain
effects in the band structure of semiconductors since these
works appeared.

In a spinless description, the properties of the topmost of
the valence band of the "classical" semiconductors can be
qualitatively related to the properties of p-like orbitals. In the
case of cubic crystal we have a threefold degeneracy which
will be lifted by symmetry breaking. Quadrupolar strain

fields applied along one highly symmetric orientation like
(001) or (111) are efficient symmetry-breaking perturbations

giving a valence-band splitting between one single state and

a doublet one, when the symmetry of the crystal is lowered
from Tz towards Dzz or C3&.-' The wurtzite crystal field
also produces a splitting of the triplet state into a doublet and
a single state. Microscopically, at the atomic scale the wurtz-
ite lattice differs from the strained zinc-blende lattice when
the second neighbors are considered. We anticipate that the
correct valence-band symmetries should be derived from the
irreducible representations of C6& instead of being obtained
from the compatibility tables between Tz and C3& symme-
tries. Group theory predicts dipole-allowed transitions to-
wards the conduction band, which are submitted to selection
rules in o. and m polarization.

The situation becomes more complicated when the va-
lence electron is attributed its spin. In Tz symmetry, a four-
fold I 8 level is distinguished from a deeper I 7 valence-band
doublet. The transitions between the conduction band and all
these levels are dipole allowed. Any lowering of cubic sym-
ITIetry of the kinds mentioned above leads to a splitting of the
I 8 level. When the perturbation is sufficiently symmetric,
one state remains uncoupled with the valence band while the
second one is coupled by the perturbation with the spin-orbit
split-off state. There is a general trend in the III-V and II-VI
semiconductors: the splitting of the topmost valence band
due to the spin-orbit interaction increases with the atomic
number of the anion. This is of crucial importance when
nitrogen and oxygen anions are considered in the context of
wurtzite symmetry, when both spin-orbit couplings and
crystal-field effects are comparable in magnitude. Intricate
series of optically active transitions can be observed in an

energy range of a few meV, and can only be identified if
using selection rules predicted by group theory. Figure 1 dis-

plays a reflectivity spectrum taken under k~~c, F ~ c condi-
tions at 2 K from a 4-p, m-thick GaN epilayer deposited in an
ASM 12 horizontal MOVPE reactor, at 985 C, under hydro-
gen fiux, using ammoniac and triethylgallium for precursors,
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FIG. 1. Typical retlectivity spectrum (dashed line) taken in

kll c,KL c conditions at liquid helium temperature on a 4-

p, m-thick GaN epilayer deposited on sapphire by MOVPE using
NH3 and triethylgallium. The photoluminescence spectrum (full
line) is also given for the sake of completeness.

and a sapphire substrate. A GaN buffer layer grown at
550 C was deposited on sapphire before the epitaxy of the
GaN layer begins. This procedure is quite standard and the
description of the growth of samples is beyond the scope of
this paper; more details will be published elsewhere. ' The
line-shape fitting of the reflectivity spectrum has been made
in the context of a dispersive description of dielectric
constant using three oscillators and a dead layer thickness
of 6 nm. Our finding is consistent with what is called the
natural ordering of the valence band, the ordering of wurtzite
ZnS, and we easily identify the A, 8, and C excitons.
Straightforward comparison of our energies with values in
the literature evidences serious discrepancy and the scatter-
ing of values (see Table I) cannot be attributed to an error in
the data analysis, since the optical structures give narrow
features. In fact, we have a new set of values. All the samples
have different thicknesses, or are grown with various buffer
layers intercalated between the sapphire and the epilayer. To
evidence correlation between sample structure and peak po-

FIG. 2. Plot of the transition energies reported for B and C
excitons versus energy position of the A line.

sitions, we suggest to consider all these energies and to plot
them as a function of the energy of the fundamental (A)
transition. The result of such procedure appears in Fig. 2,
where straight lines can be drawn between energies of 8 and
C excitons, and are a nice evidence of the existence of a
correlation between these energies. The slopes are 1, 1.24,
and 1.68, respectively. One value does not follow the trend,
the value of the C exciton published by Monemar. It is clear
that misinterpretation of the data occurred in this paper; the
3.503 eV is more likely to be the C exciton rather than the
weak 3.4935-eV one. The latter might be attributed to a 25
state of the A exciton. This is plausible, since it is fairly
weak on the one hand and since this identification leads to a
binding energy of 24 meV on the other hand, a value some 4
meV smaller than the value of Dingle and Illegems. At this
stage of the paper we have experimental evidence of an in-
huence of residual strain on the transition energies. The next
section is devoted to the quantitative interpretation of the
data.

III. DATA ANALYSIS

In the most general way the invariant forms, time-reversal
symmetric Hamiltonians which describe the inhuence of a
wurtzite field on the conduction and valence band at zone
center, write

TABLE I. Low-temperature (T(10 K) values reported for the transition energies in a wurtzite GaN

epilayer grown on sapphire substrates.

Reference A line (eV) B line (eV) C line (eV) Thickness (p,m)

7 (Fig. 3)
8
This work

9
10
11

3.4745
3.4751
3.4775
3.485
3.4903
3.471

3.4805
3.4815
3.4845
3.493
3.4997
3.478

3.501
3.4935/3.503

3.5062
3.518

3.527 05
3.494

150
110

4 + GaN buf'fer

4 + AlN buffer
Not communicated

500
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H, =E~pi

and

H„=(a+bI, +cI,o,+d(I o +IzoY))2rt.

Examples of the time-reversal quantity ~& which trans-
forms as 1 i are the crystal field itself, and for the purpose of
the present paper the components of the deformation tensor
e«and exx+ eyy To each && are associated quantities hav-

ing a given physical meaning. Consider the wurtzite field
itself: a is the average position of the valence bands, b is the
crystal-field splitting (5t) in the simple group (see begin-
ning of Sec. II of the paper), and c and d are the two com-
ponents of the spin-orbit interaction predicted by group
theory (respectively, 52 and b3 hereafter). 52——h3 in the
quasicubic model. ' We next consider either a hydrostatic
pressure or a biaxial compression in the (0001) plane. The
nonvanishing components of the strain tensor are e«and
e =eyy Two sets of four deformation potentials are to be
defined, one set for ~&

=e„, another set of four for
~~&=exx+eyy Now we attribute to a, b, c, and d the
following physical meaning: a is the shift of the average
valence-band position when the lattice parameter is changed
along the (0001) direction. b quantifies the modification of
the crystal-field splitting parameter 5&, and c and d account
for the modifications of the spin-orbit interaction with e„.
These quantities are labeled a, , b, , c, , and d„respectively.
We define similar quantities a, b, c, and d mutatis
mutandis and we note that modifications of the (already
small) spin-orbit interaction are second-order relativistic ef-
fects. Thus we neglect them in the light of experimental in-

formation available and only keep a; and b; deformation
potentials. The situation is straightforward for the conduction
band where E; deformation potentials are defined in analogy
with a; . Among the physical quantities accessible via optical
spectroscopy are the differences E;—a;, the analog of the
hydrostatic deformation potential in cubic symmetry. Al-
though the analogy is not possible in the strictest sense, we
attribute a shear character to the deformation potentials b; .
Using for a basis the eigenvectors for angular momentum
I= 1 and Pauli matrices for o.= —,', and after some elementary
manipulations, we get analytical expressions for the stress
dependence of the valence-band states, i.e., a linear expres-
sion for the I 9 state and the classical solutions for a two-
level system for the I 7 levels (see Appendix). Fitting the
whole set of data does not enable us to obtain independently
all the deformation potential of the theory described above.
Studies of pressure dependence of the near band-gap absorp-
tion and of the broad deep photoluminescence band have
appeared elsewhere for bulk GaN. Although these data
do not reveal subtle effects due to modest qualities of the
studied samples, they offer important information and some
restrictions concerning the values of a, and a, . The average
pressure coefficient of 4.2 meV/kbar is nothing else than

a,e„+a (e + e ), where here e, , are the components ofh h h h

the strain tensor under hydrostatic pressure. This gives a first
relation between a, and a . Second, from the ratio of the
three slopes at high biaxial stress we obtain

(4)
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FIG. 3. Dependence of the transition energies of A, B, and C
excitons versus in-plane biaxial stress in the epilayer. The experi-
mental data (dots) correspond to the data of Table I. The residual
stress is determined by matching the position of the A line with the
calculated value.

There are different strain-inducing processes involved
here: the layer has a large lattice mismatch with its substrate;
an A1N buffer is sometimes used, which is also mismatched
with the substrate and GaN layer; the difference of the ther-
mal expansion coefficient is also generating some stress
(compression or dilatation, depending on whether the sub-
strate is sapphire or SiC, respectively). Relaxation will nec-
essarily occur, and a great density of dislocation (10 —10'
cm ) is always present in these heteroepitaxial layers. As a
consequence, it is extremely difficult to speculate on the na-
ture and origin of the stresses at this stage. However, on a

sapphire substrate, the compressive strain will lead to an in-
creased band gap. We make the assumption that the lowest
transition energies reported in the literature (Monemar
et al. for a 500-p, m layer) correspond to an almost strain-
free situation. Using the stiffness coefficients given in Ref.
21, C»=296 GPa, C33=267 GPa, C&2=130 GPa, and
C&3=158 GPa, we obtain the best fit to the data with
A&=10.0~0.1 meV 52=6.2~0.1 meV and 53=5.5~0.1
meV.

Concerning the deformation potentials, we obtain rela-
tions between them. Under hydrostatic pressure we calculate
e„=1.723 76' 10 kbar and e = 1.708 09X 10
kbar '. Using the corresponding data, and making
E,=E,=O, we obtain a, +2a =24.5 eV. Under biaxial
stress e,",= —4.951 89X 10 kbar and e = 4.184 03
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X 10 kbar '= —0.85e,", . The fit to the whole set of data
gives a,+1.7a = —2.16(—b, +1.7b,). If we now wish to
compare these results with deformation potentials of some
cubic semiconductor, we put a =a, , which gives a band-

gap deformation potential of —8.16 eV, a value to be com-
pared with the GaAs value. A similar procedure applied for
b, and b gives b = 3.71 eV. Once again, this value is in the
range of values obtained for cubic semiconductors. The
data of Fig. 2 have been replotted as a function of the biaxial
stress in the epilayer. The result is given in Fig. 3. We note
that the agreement with theory is excellent and that GaN
epilayers undergo easily more than 10 kbar biaxial compres-
sion under the (0001) direction which is not the case for
other less robust heteroepitaxial systems like II-VI's on
GaAs.

IV. CONCLUSION

The optical properties of GaN hexagonal epilayers depos-
ited on sapphire have been reexamined. We have shown that
the scattering of the data in the literature is related to residual
strain effects in the layers. The comprehension of the re-
ported results requires us to use two wurtzitelike parameters
to account for the spin-orbit interaction in the valence band.
Relationships are obtained which connect the four principal
deformation potentials together in wurtzite GaN.
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APPENDIX

(1 0 0)
0 0 0

(0 0 —IJ
and

II 0)

respectively. Projecting Eq. (2) we obtain

E(I 9v) E(j+5t+52a~„+a (e +eYy)

+b,e„+b„(e +eye),

E(I'7v) =Eo+ +a,e„+a„(e,„+eyY)

b,e„+b (e + eYY)

2

g[b, 6+b,e„—+ b„(e„,+ e )]z+8h
2

In the range of linear dependence with stress, introducing the
zero stress values E (I 7v) we obtain expressions

E(I 7v) =E (I'7v)+a, e„+a (e +eYY)

b,e„+b,(e„+eye) (

g(b. , —5,)'+ 86,')

We choose for representations basis sets such that opera-
tors I, and o; are given by the following matrices:
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