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Internal structure and oscillator strengths of excitons in straineda-GaN
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34095 Montpellier Cedex 5, France
~Received 22 July 1996!

We calculate the excitonic exchange interaction ina-GaN, and find it to be about 2 meV. A theoretical
modeling of excitons is performed, and the oscillator strengths of radiative levels are calculated as a function
of strain for~0001!-grown epilayers. In particular, we find that the strength of optical transitions are extremely
sensitive to the residual strain field in view of the small value of the spin-orbit interaction. Our calculation
shows agreement with low-temperature reflectance investigations in GaN epilayers grown on sapphire sub-
strates.@S0163-1829~97!10304-6#
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Active research investigations are currently devoted to
group-III nitride semiconductor compounds. Modern epita
techniques recently allowed researchers to achieve GaN
ilayers of reproducible high quality having bothn and p
types. Interesting devices, including light-emitting diode
compact solid-state lasers, UV detectors and modulator
well as discrete transistors and eclectic sensors for opera
in caustic conditions, now exist.1 The race to production o
such devices prevented, until recently, needed attentio
the basic physical properties of the materials.

Now, for the purpose of a progression toward the des
of special architectures, and a subsequent improvemen
devices, we need to improve our general comprehensio
the materials themselves for completion and updating of
formation collected some 20 years ago by the pioneers
studied GaN. In addition, other aspects have to be inve
gated in detail, especially those having to do with grow
mechanisms in relation to the deposition process, and
recognition and treatment of topological defects. Other ar
of interest include the improvement of metal-t
semiconductor contacts, and the influence of recombina
mechanisms on optical properties, to cite just two examp
In this paper we develop a theoretical calculation of the
citonic oscillator strength forG5 andG1 excitons in wurtzitic
GaN layers. The calculation, which is made atk50, is re-
stricted here to layers grown along thec direction and in-
cludes the effect of residual biaxial stress. The electron-h
exchange interaction is estimated from a two-bo
calculation2 which was found to account nicely for exper
mental results obtained on II-VI materials that are clo
cousins ofa-GaN. We further predict that the biaxial stre
effect significantly alters the oscillator strength ofB andC
excitons, although the effect is much less dramatic forA.
Finally, a comparison is made with the experimental da
and agreement is obtained between strain-induced evolu
of reflectance features and the predictions of our calculat

Numerous papers have been written concerning exci
in wurtzite II-VI’s which approximated the hexagonal sym
metry as â111&-distorted version of the zinc-blende crysta3

In the current paper, the problem will be treated using m
complete predictions of group theory in the context of he
agonal symmetry. The exciton HamiltonianJexc is written
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Jexc5Hc201Hcstrain1Hv501Hvstrain1Hexc, ~1!

whereHv50(Hc50) are the strain-free valence~conduction!
band Hamiltonians, andHvstrain(Hcstrain) account for strain-
related effects on the evolution of band extrema. For the
operator on the right-hand part of Eq.~1!, we write

Hexc5R*11/2gsh•sc ~2!

whereR* is the customary exciton binding energy and t
last term is the crystalline exchange interaction. Opera
sh andsc operate on valence-hole and conduction-elect
spin functions.5

In the case of growth along the~0001! direction, the non-
vanishing symmetrized components of the strain tensor
eG1
(1)5ezz and eG1

(2)5(exx1eyy). Consequently, Eq.~1! is
written as follows:

Jexc5D1Lz
21D2Lzsvz1D3~Lxsvx1Lysvy!

1~az1bzLz
2!eG1

~1!1~ax1bxLz
2!eG1

~2!

11/2gsh•sc , ~3!

where operatorsL, sv , andsc operate on the valence elec
tron, valence electron, and conduction electron, respectiv
The first three parameters~Di ! describe the valence-ban
crystal-field splitting and the two-component spin-orbit inte
action in the valence band, respectively.g represents the
electron-hole exchange interaction, and the remaining qu
tities are just the four wurtzitic deformation potentials
interest for this paper.6 The sp3 hybridization is the struc-
tural basis of group-III semiconductors. This basis cau
their conduction band to be determined froms-like antibond-
ing, and their valence bands fromp-like bonding orbitals. In
the language of elementary group theory,7 and including
spin, the twofold conduction band transforms likeG7 while
the symmetry of the sixford valence band isG91G71G7. We
remark that this labeling shows that the irreducible repres
tations ofC6v no longer reveal explicitly the notion of spatia
parity attached tos andp functions. Description of the ex
citon a priori requires us to construct an appropriate 1
dimensional basis from the valence- and conduction-b
Bloch functions. Table I summarizes the basis functions
use to describe the various exciton states. For the purpos
2530 © 1997 The American Physical Society
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55 2531INTERNAL STRUCTURE AND OSCILLATOR STRENGTHS . . .
the table, from thep-like basis functions, which are note
px , py , andpz , we definep1 andp2 as the following linear
combinations: p152(px1 ipy)/A2, and p25(px
2 ipy)/A2. Spin components of the missing valence elect
are↑ and↓, anda andb represent the spin components
the conduction electron. The twelvefold exciton transfor
according to 3G512G112G21G6. The construction of such
exciton states fromG7

c , G9
v , andG7

v states~we add upper
scripts to avoid confusion! is sketched in Fig. 1. The twofold
G6 exciton is forbidden, as are the twoG2 ones. The threeG5
exciton are created using an adapteds-polarized photon
~electric field'^0001&! and the twoG1 excitons are created
for p-polarized photons~electric fieldi^0001&!. Due to these
symmetry properties, the resolution of the problem requ
obtaining eigenstates of low-dimensional matrices. Th
could eventually be given under the form of analytical eq
tions. We believed it was more convenient for the read
especially to treat the oscillator strength problem, to use
trix representations. Optically active levels are obtained fr
two of these matrices: a 333 matrix which describes ener
gies ofG5 excitons, and a second 232 account of the eigen
values forG1 levels. The last two matrices account for ene
gies of forbiddenG2 andG6 excitons.

Eigenenergies ofG5 excitons are obtained from resolutio
of the following matrix:

TABLE I. Basis functions for theG50 excitons in wurtzite
symmetry.

Exciton state Basis functions

G1 (p2↑b1p1↓)/A2
G18 pz(↑a1↓b)/A2
G2 (p2↑b2p1↓a)/A2
G28 pz(↑a2↓b)/A2
G6 $p1↑b,p2↓a%
G5 $p1↑a,p2↓b%
G58 $p1↓b,p2↑a%
G59 $pz↓a,pz↑b%

FIG. 1. Schematic construction of excitons~right-hand side!
from Bloch states~left-hand side! in a-GaN: Dotted lines corre-
spond to forbidden excitons.
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uG5& uG58& uG59

D11D21d11d22
1
2g 2g 0

2g D12D21d11d22
1
2g A2D3

0 A2D3 d11
1
2g,

whered15azeG1
(1)1axeG1

(2) , andd25bzeG1
(1)1bxeG1

(2) . The ex-
citon eigenvectors are writtenCexcG55nuG5&1vuG58&
1wG59, and their oscillator strengths~s polarization! are
uVexcG5u25(n21v2)/2.

A similar treatment performed forG1 excitons gives

uG1& uG18&

D12D21d11d21
1
2g A2D3

A2D3 d12
3
2g.

The oscillator strengths of these excitons allowed inp polar-
ization are obtained by the squares of the contribution
uG18& in the two eigenvectors.

For the sake of completeness in this paper, we also
dress the resolution of forbidden energy levels. The ene
of the twofoldG6 level isD11D21d11d21

1
2g. Concerning

G2 states, we have to resolve the following matrix:

uG2& uG28&

D12D21d11d21
1
2g A2D3

A2D3 d11
1
2g.

Making quantitative calculations requires attributing n
merical values to all these parameters. From earlier studie
the evolution ofA, B, andC lines in s polarization,7 we
found that quantitiesd1 and d2 are in simple relation:
d1/d2522.136.6,8 Thus a unique parameter—d1, for
instance—can be used to describe the stress-induced mo
cation of the internal structure of the excitons in GaN und
biaxial stress. We used the following empirical values:ax
5ax528.16 eV, bz522bx521.44 eV, D1510 meV,
D255.1 meV, andD356.1 meV.6,8

At the present time, and to the best of our knowledgeg
was neither estimated nor measured in GaN. Its computa
is formally extremely tricky, even impossible, without ma
ing numerical approximations. From the past 40 years
study of the physics of excitons in crystals, we learned t
the influence of the electron-hole exchange interaction on
energy spectrum of the Wannier exciton is large in cryst
which exhibit small dielectric constants, or with bands ha
ing flat dispersion relations in reciprocal space. As an
ample of this, let us consider a semiconductor like Ga
having an exciton Bohr radius of some 150 Å and an exci
binding energy of 4.3 meV. The exchange energy is 0
meV.9 In another semiconductor like ZnSe with flatter di
persion relations, an exchange energy of;2 meV is
estimated,10 which is only one order of magnitude smalle
than the effective Rydberg energy~20 meV!. We have cal-
culatedg, extending to the GaN case the two-body calcu
tion developed in Ref. 2 for a few IIVI compounds. Th
pertinent parameter of the model in Ref. 2 is the productp of
the exciton radius with anad hocradiuskm of an effective
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2532 55BERNARD GIL AND OLIVIER BRIOT
Brillouin zone ~BZ! hereafter. Thiskm is introduced to re-
place the tedious integration ink space through the whol
actualBZ by an integration over a spherical space having
volume of this BZ. It has been shown in Ref. 2 thatkm can
be connected to the lattice parametera using a well-adapted
scaling argument. For GaN, takinga53.19 Å gives
km50.873 Å21. To calculatep, we need the exciton Boh
radius in GaN. Neither the effective masses nor this quan
are accurately known at present. Recent determination of
citon masses11 suggestaB53462 Å. This givesp53062,
which corresponds to an exchange-influenced 1s exciton
binding energy of about 85% ofR* (1/r1

250.85160.006 in
the model of Ref. 2!. The exciton exchange energy 2g is thus
estimated to be some 15% of the binding energy. Furt
using a Rydberg energy of 26.7 meV the magnitude of
correspondingg we obtain~;2 meV!, is far from being neg-
ligible, and might have drastic consequence on both~i! the
energy spectrum and~ii ! the oscillator strength in GaN ep
layers under biaxial tension when the crystal-field splitting
offset by the strain field.

Results presented in Fig. 2 display the evolution ofG5
~full lines! and G1 ~dashed lines! excitons as a function o
biaxial stress. In the figure, positive values of the stress
respond to biaxial compression. Using a band-to-band ca
lation and the parameters we use here, we previously fit
evolution ofA, B, andC excitons in epilayers under biaxia
compression, i.e., grown on sapphire using differ
methods.6 In these samples, the magnitude of the resid
stress is a combined function of both epilayer thickness
growth conditions parameters: V-III molar ratio, interfaci
buffer layer, crystalline quality, etc.12 We note that our cal-
culation predicts that anticrossing ofG5 excitons may occur
when biaxial tension offsets the crystal-field splitting, e.
for epilayers deposited on 6H SiC rather than on sapph
The literature about GaN epilayers grown on 6H-SiC is fai
well documented in terms of a determination of transiti
energies.13–15 In contrast to the case of growth on sapphi
identification of transitions in terms ofA, B, andC excitons

FIG. 2. Evolution of radiative exciton levels as a function of t
~0001! biaxial stress. In the picture, positive values of the str
correspond with compression.
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is far from being obvious without the help of ou
calculation.6,8,15–18The optical properties of GaN on SiC ar
illustrated here using two sets of data we selected from
literature.13,14We note that a sample does exist which cor
sponds to strain-induced offset ofA-B splitting: this degen-
eracy gives a 3460-meV transition at 2 K.13 Now concerning
typical mislabeling encountered in the literature, we consi
Ref. 14. Using the calculation plotted in Fig. 2, we are no
able to interpret transitions detected in reflectiometry
3470–3474 and 3489 meV as theG5 components ofA, B,
andC excitons. This is at variance with the initial identifi
cation of the authors. They interpreted the 3489 line in ter
of aB exciton. At this stage, one could—with reason—arg
that the deformation potentials are not known accurately,
thus claim that the scale along thex-axis scale of Fig. 2
might slightly deviate linearly from the exact value. Th
argument does not change the interpretation addre
above, which is also consistent with a more universal plo
the transition energies in a stress-independent diagram,
function of position of theA line. This approach was earlie
used to show a correlation between energies of reflecta
structures in GaN grown on sapphire by various method6,8

and could in addition be extended to 6H-SiC and ZnO.19 The
theory and calculation presented above are restrictive to
ilayers grown along thê0001& direction. To the best of our
knowledge no quantitative information has been reported
date, concerning theG5-G1 splittings in GaN. These measure
ments require utilizing in-plane propagating photons. Unf
tunately, it appears that the homogeneity of strain fields
epilayers prevents this measurement. In addition, thick lay
grown by hydride vapor phase epitaxy still display large
sidual doping and poor structural properties which prev
such fine-structure measurements. An alternative solu
could be to grow epilayers onA-plane sapphire substrates.
such a situation, we would face a strong in-plane anisotr
of the optical response. However, the treatment develo
above must be slightly modified to account for the interest
symmetry of the problem. This will be subject of a forthcom
ing publication.

In this section, we compare oscillator strengths for ba
to-band and excitonic processes, and we study their ev
tion with strain. Results are presented in Fig. 3 which co
cern thes polarization. The results obtained from the ban
to-band calculation are plotted using full lines, while dash
lines correspond to the optical strength forG5 excitons.
Band-to-band transitions betweenG7

c andG9
v keep a constan

oscillator strength~0.5 in the notations of the figure! what-
ever the stress. Band-to-band transitionsB andC exchange
their oscillator strength when the nature of the residual str
varies from biaxial tension to biaxial compression. We a
remark that values expected in a cubic environment~ 16 and
1
3 , respectively! are computed when the crystal-field splittin
is offset by the biaxial tension.An exact matching to thes
values would be obtained if using an isotropic spin-or
interaction.The important point we wish to outline here
the remarkable strength of theC band-to-band process or th
G5 exciton ins polarization, for heavily stretched GaN, i.e
for growth on 6H SiC in agreement with reflectance data
Ref. 14. Inclusion of the excitonic effect ins polarization
reinforces the light-crystal coupling forC excitons havingG5
symmetry, and simultaneously reduces the oscillator stren

s
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55 2533INTERNAL STRUCTURE AND OSCILLATOR STRENGTHS . . .
of G5 B andG5 A. AlthoughG5 A andG5 B states strongly
interact for a biaxial tension of about 7.5 kbar, the cor
sponding exchange of oscillator strengths remains small
nally, examination of theoretical results for thep polariza-
tion is briefly addressed: the two optically active levels a
exchange their oscillator strengths as shown in Fig. 4.

Experimental data are in agreement with the predicti
of the calculation. Figure 5 displays a series of 2 K reflec-
tivity data taken on a few epilayers grown with differe
residual strain fields on sapphire substrates, by metal-org
vapor-phase epitaxy. The configuration of the experim

FIG. 3. Oscillator strengths ins polarization. Full lines: band-
to-band calculations. Dotted lines: excitonic calculation. Note t
the data forA was magnified five times and then downshifted 2
times.

FIG. 4. The analog of Fig. 3, but forp polarization and con-
cerningG1 excitons.
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wasEphoton'^0001& andkphotoni^0001&, so thatG5 states could
be observed. The first effect we extract from the figure,
comparing features at the top and in the middle of the figu
is that this change of the residual strain is not in sim
relation with the thickness of the epilayer. Details about t
have been given elsewhere.12 The absolute value of the ligh
reflectance at energies below the band gap is also sam
dependent, due to differences in surface morphology of
ilayers grown under various V-III molar ratio, and subs
quent macroscopic surface diffusion phenomena. The in
ence of surface defects on reflectivity was identified ma
years ago by people working on exciton-polariton pheno
ena in other bulk crystals, and was demonstrated to alter
background value of the dielectric constant and subseque
the absolute value of the reflectance collected at ener
below the band gap due to modification of macroscopic li
diffusion phenomena.20 Extensive investigations showed th
all these surface topological defects were giving may per
bations, and could be eliminated only after careful polish
and etching of the crystals. Since here we deal with m
crometer thin films, any mechanical treatment would be
disastrous influence. As we wish, in this paper, to sh
strain-related effects on oscillator strengths rather than
relating the absolute reflectance line shape with surface m
phology, the experimental data were plotted by scaling th
in such a way that amplitudes ofA lines are identical from
sample to sample.Simultaneously with the blueshift of th
three transitions observed when the biaxial compression
perienced by the GaN epilayer increases, we observe a
lapse of the intensity of C and an increase of the strength
B. This behavior was never analyzed before, to the bes
our knowledge, and is in agreement with our theoretical p
dictions in Fig. 3.

In conclusion, we tried to outline the fact that GaN ep

t

FIG. 5. Plot of typical reflectance features taken in t
Ephoton'^0001&, kphotoni^0001& experimental configuration. Note tha
the blueshift is accompanied by an increase of the intensity oB
and a collapse of lineC. The photoluminescence spectrum of th
sample giving the reflectance spectrum at the bottom of the pic
is also given.
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2534 55BERNARD GIL AND OLIVIER BRIOT
layers grown with wurtzite symmetry may display a lar
variety of optical properties depending on the residual str
in the epilayer. We found, in particular, that the strength
optical transitions is extremely sensitive to the residual str
field. This has a significant influence on the line shape
optical features which are detected in adapted experim
like reflectivity, due to the small value of the spin-orbit in
teraction. The calculation was done in the context of t
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models, one of them including the excitonic exchange int
action which we estimated in GaN.
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