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We investigated the evolution of the relative oscillator strengths of theA, B, andC excitons ina-GaN
epilayers grown along the@0001# direction on sapphire, 6HSiC, and ZnO substrates by metalorganic vapor
phase epitaxy and molecular-beam epitaxy. A universal model was found to account for the observed spec-
troscopic features regardless of the substrate employed. In addition, we found that, due to the small value of the
spin-orbit interaction compared to the stress-induced modifications of the interlevel splitting,C andB lines
may undergo a strain-induced exchange of their oscillator strengths when strain field in the epilayers varies
from biaxial tension towards biaxial compression. Moreover, we can account for the strain-induced distribution
of radiative recombination rates in high-quality GaN epilayers.@S0163-1829~96!05832-8#

Gallium nitride is a semiconductor that is likely to receive
a good deal of attention in the foreseeable future; it can be
produced withn-type andp-type conductivities with the
quality required by doping devices. Already, commercial
light emitting diodes have been realized with a plethora of
other devices in development.1 Unfortunately, this com-
pound, which has a remarkable stability at high temperatures
and is relatively insensitive to chemical aggressions, has not
yet been easily obtained in large-scale bulk ingots. High-
pressure synthesis methods lead to pieces of material rarely
extending a few square millimeters and, to date, are for aca-
demic interest, or may be of value for niche applications of
homoepitaxial depositions.2,3 Large-area GaN epilayers can
be obtained using metaloraganic vapor phase epitaxy
~MOVPE!, hydride vapor phase epitaxy~HVPE!, and
molecular-beam epitaxy~MBE! methods on a variety of sub-
strates among which are Al2O3, 6H-SiC, and ZnO, to cite a
few examples.4,6 These substrates are not only lattice mis-
matched to GaN but also have very different thermal expan-
sion coefficients. Therefore, the resulting GaN epilayers are
subjected to temperature-dependent strain. The changing
temperature may cause strain relief via dislocations with se-
vere consequences in devices performance and lifetime. Con-
cerning quantum wells based on nitride compounds, strain
field may be used to influence the dispersion relation relative
to the in-plane hole motion in the valence bands.7 This was
extensively utilized in the~Ga,In!As-GaAs system to im-
prove hole mobility8 and/or reduce Auger recombination in
quantum wells lasers.9

The residual strain fields in GaN epilayers are currently
under active investigation, using photoluminescence, reflec-
tance, Raman spectroscopy, and x-ray diffraction.5,10–16

Most of the investigations have so far been devoted to epi-
layers in wurtzite symmetry deposited on sapphire and the
magnitude of the strain was studied in relation to growth
conditions, morphology, or nature of the sapphire-GaN inter-
face. Raman spectroscopy provided evidence for hardening

of the Raman active modes with an increase of GaN lattice
parameter in the@0001# direction, i.e., with an increase of the
in-plane deformation.13–15 Band structure varies more rap-
idly with strain than lattice frequencies do. Therefore, pho-
toluminescence, reflectance, or absorption techniques where
first-order processes are involved, rather than the second-
order mechanisms probed by Raman scattering, are exten-
sively used to study strain fields. In the case ofa-GaN, the
complex structure of the topmost valence band together with
the wurtzite symmetry must be simultaneously considered if
the evolution of the exciton energies in strained layers is to
be correctly interpreted.10 In this paper, we extend prelimi-
nary investigations of strain field in GaN layers deposited on
sapphire to samples grown on 6H-SiC and ZnO. We show
that layers deposited on ZnO and sapphire are biaxially com-
pressed while biaxial dilatation is likely to be invoked if one
is to identify transitions in epilayers grown on 6H-SiC. In
addition, we address the stress-induced modification of the
oscillator strength, which is unusually important in GaN, due
to the small value of the spin-orbit interaction.

Wurtzite symmetry is known to be conserved under
oriented-~0001! biaxial stress. Using the nomenclature of
group theory adapted to solid state physics, we can say that
the fully symmetric linear combinations of nonvanishing
components of the strain tensor~hereezz andexx1eyy5e'!,
transform asG1. The most general form in which to write the
time-reversal independent valence-band Hamiltonian that de-
scribes the crystal-field and strain effects on a system ofp
electrons being attributed a spin is given by an invariant
theory:10,17
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where theJG1

a are any time-reversal invariant quantities hav-

ing C6v symmetry. To eachJG1

a are associated four quanti-

ties a i
a with i running between 1 and 4 having particular
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influence on the intimate details of the valence-band physics
and defined in Ref. 10. For our purpose, we shall neither
consider any stress-induced variation of the spin-orbit inter-
action parameters, nor include electron-hole exchange inter-

action, in relation with the nature of experimental data cur-
rently available.

Related to the$uFG9&,uFG7&
1,uFG7&

2% basis set, we write
down the following matrix:

S uFG9& uFG7&
1 uFG7&

2

^E0
v&1D11D i1C1ezz1C2e'1C3ezz1C4e' 0 0

0 ^E0
v&1D12D i1C1ezz1C2e'1C3ezz1C4e' &D'

0 &D' ^E0
v&1C1ezz1C2e'

D .
~2!

The evolution of the conduction band is given by two
deformation potentials as

Ec5^E0
c&1D1ezz1D2e' . ~3!

The band-to-band transition energies are obtained by the
difference between conduction and valence energies. The os-
cillator strengths for these processes are obtained from the
eigenvectors associated with each of the eigenenergies. Ins
polarization, where the electric field is normal to thec axis
of the crystal, if we attribute a value of 0.5 to the strength to
the transition involving theuG9& state, the strengths of the
transitions involving the other two levels are half of the
square of the modules of the contribution ofuG7&

1 in the
eigenvectors produced by resolution of Eq.~2!. In a cubic
symmetry, we would obtain12,

1
6, and

1
3 as relative values for

the oscillators strengths ofA, B, andC transitions, respec-
tively. Concerning thep polarization, when the electric field
of the incident photon is collinear withz, the transitions be-
tween conduction band anduG9& are forbidden while the
strengths of the two other processes are proportional to the
square of the modules of the contribution byuG7&

2 in the
eigenvectors of Eq.~2!. The values of oscillator strength ob-
tained in cubic symmetry corresponding toA, B, andC tran-
sitions are 0,23, and

1
3, respectively.

In a previous paper,10 we have shown that the optical
transitions detected in reflectance of GaN and labeled asA,
B, andC can be quantitatively related to strain fields present
in the film with an extremely good accuracy, using the fol-
lowing parameters:Dcr51060.1 meV, Di56.260.1 meV,
andD'55.560.1 meV. In addition, the relation between the
four spin-independent deformation potentials (Di2Ci),
were also obtained. We, therefore conclude that the most
convenient presentation conducive to the analysis of the data
is one where the transition energies are plotted versus energy
of theA line.10 Previous similar studies10–12were restricted
to epilayers deposited on sapphire. We note that, similar to
what happens for MOVPE-grown samples~full circles!,11,12

MBE-grown samples~open circles! agree very well with the
model as shown in Fig. 1, where the data were restricted to
one sample grown by MBE on sapphire.18 To emphasize the
universality of the model, we now include in the figure data
taken on SiC~Refs. 4 and 19! and ZnO~Ref. 20! substrates.
Again the agreement between theory and experiment is re-
markably good.

The biaxial stress in GaN layers is of a tension and com-
pression nature for 6HSiC and ZnO substrates, respectively.
We also note thatC line is not observed in the case of
growth on ZnO, which can be ascribed to the following: The
growth on ZnO substrates has not been yet optimized. The
distribution of the oscillator strength betweenB andC exci-
ton levels is stress dependent, which we have previously
observed.11,12We now more concretely quantify it in Fig. 2
where we plot the evolution of the strengths ofB and C
transitions with respect to the energy of theA line, in s
polarization. In particular, we note that, in the case of strong
biaxial compression, theC line tends to disappear whileB
strengthens. Due to the;20-meV value of the binding en-
ergy for theA exciton, lineC becomes degenerate with con-
duction touG9& continuum of states, with ramifications to its
strength and width. Both effects have not been included in
our model.

Note from Figs. 1 and 2 that crystal field splitting can be
offset by biaxial dilatation if growth occurs on 6HSiC. Also
note that almost a perfect match with values of cubic sym-
metry ~13 and 1

6, respectively! is then found for oscillator
strengths ofC andB lines. The agreement should be per-

FIG. 1. Evolution of the three main peaks of GaN epilayers
versus strain~position ofA line!. Full circles are data from MOVPE
grown samples, open circles are samples grown by MBE.
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fectly realized in case of an isotropy of the spin-orbit inter-
action.

For the sake of completeness, we now consider data taken
for SiC and published by other groups4,19 in detail. In con-
trast to their interpretation, we attribute the line they labeled
asB to C. In addition, the well resolved doublet with ob-
served 4-meV split, namedA in Ref. 4, most likely repre-
sents theA andB lines. This assignment is more consistent
with our calculation of the variation of different energy lev-
els reported in Fig. 1. The authors of Ref. 4 have attributed
the doublet structure to a longitudinal-transverse splitting of
the G5 exciton. Even for the experimental configuration of
Ref. 4, i.e., the reflectivity spectra were taken with incident
angle of 45°, this assignment is in contrast with the predic-
tions of group theory, relative to internal structure of theG5
exciton created from theuG9& hole, and its optical activity in
p polarization, when photon propagates along thez

direction.17 It is worth noticing that the increase of the ratio
between the strength of the line we assign toC and the
strength of the low-energy doublet is in good agreement with
the calculations of oscillator strengths reported in Fig. 2.

We now turn our attention to the agreement between ra-
diative recombination rates and the inverse of oscillator
strengths we calculate. Time-resolved spectroscopy investi-
gation of GaN epilayers is currently being pursued. The mea-
sured values of lifetimes are scattered21–25 due to sample-
dependent competition between radiative and nonradiative
processes. Recent investigations in the high-quality
epilayer—giving the free excitonA line at 3.483 eV at 2
K—performed at low temperature before recombination be-
comes dominated by nonradiative processes indicate that the
radiative lifetimeof theB exciton is larger than that ofA.25

Their finding is consistent with our calculation, which gives
tA/tB;0.85 for this strain situation. This simplified model
reveals the weak efficiency of the nonradiative interband
thermalization processes via interaction of free exciton with
the acoustic phonon field, and predicts the radiative lifetimes
of B andC excitons to be extremely sensitive to strain.

In conclusion, we have shown that the properties of GaN
epilayers grown on 6HSiC, Al2O3, and ZnO can be univer-
sally qualified in terms of optical quality and residual strain
using a simple description derived from group theory and a
few ad hocparameters it requires. The model is valid for
biaxial compression and dilatation.

One of us~B.G.! is grateful to Professor R. L. Aulombard,
Dr. O. Briot, and Professor Bo Monemar for many fruitful
discussions. He also acknowledges Dr. D. K. Nelson for
valuable help and appreciates the refreshing comments of Dr.
N. V. Edwards and Dr. D. K. Gaskill during the topical
workshop on nitrides in Saint Louis, Missouri. H. M. ac-
knowledges his colleagues at Wright Laboratory, Dr. D. C.
Reynolds, Dr. K. Evans, Dr. P. Hemenger, Dr. C. W. Litton,
and D. C. Look for providing the ZnO substrates and per-
forming the PL measurements.

1S. N. Mohammad, A. A. Salvador, and H. Morkoc¸, Proc. IEEE,
83, 1306 ~1995!; H. Amano, M. Kito, K. Hiramatsu, and I.
Akasaki, Jpn. J. Appl. Phys.28, L2112~1989!; S. Nakamura, N.
Isawa, M. Senoh, and T. Mukai,ibid. 31, L139 ~1992!; H.
Amano, M. Kito, K. Hiramatsu, and I. Akasaki, Jpn, J. Lumin.
48/49, 666 ~1991!; S. Nakamura, T. Mukai, and M. Senoh, Jpn.
J. Appl. Phys.30, L998 ~1989!; Appl. Phys. Lett.64, 1687
~1994!, and references therein; S. Nakamura, M. Senoh, Shin-
ichi Nagahama, N. Iwasa, T. Yamada, T. Matsushita, H. Kiyoku,
and Y. Sugimoto, Jpn. J. Appl. Phys.35, L74 ~1996!; A. D.
Bykhovski, V. V. Kaminski, M. S. Shur, Q. C. Chen, and M. A.
Khan, Appl. Phys. Lett.68, 818 ~1996!; G. E. Bulman, J. A.
Edmond, V. A. Dmitirev, H.-S. Kong, M. T. Leonard, K. G.
Irvine, V. I. Nikolaev, A. S. Zubrilov, and D. V. Tsvetkov~un-
published!.

2S. Porowski, J. Jun, M. Bockowski, M. Leszczynski, S.
Krukowski, M. Wroblewski, B. Lucznik, and I. Grzegory, in
Proceedings of the 8th Conference on Semi-insulating III-V Ma-

terials, Warsaw, Poland, 1994, edited by M. Godlewski~World
Scientific, Singapore, 1994!, p. 61.

3F. A. Ponce, D. P. Bour, W. Gotz, and N. M. Johnson, H. I.
Helava, I. Grzegory, J. Jun, and S. Porowski, Appl. Phys. Lett.
68, 917 ~1996!.

4D. K. Nelson, Yu. V. Melnik, A. V. Selkin, M. A. Yacobson, V.
A. Dmiriev, K. Irvine, and C. H. Carter Jr., Fiz. Tverd. Tela38,
651 ~1996! @Sov. Phys. Solid State38, 455 ~1996!#.

5N. V. Edwards, M. D. Bremser, T. W. Weeks Jr., R. S. Kern, H.
Liu, R. A. Stall, A. E. Wickenden, K. Doverspike, D. K. Gaskill,
J. A. Freitas Jr., U. Rossow, R. F. Davis, and D. E. Aspnes, in
Gallium Nitride and Related Materials, edited by R. D. Dupuis,
J. A. Edmond, F. A. Ponce, and S. Nakamura, MRS Symposia
Proceedings No. 395~Materials Research Society, Pittsburgh,
1996!.

6C. J. Sun, J. W. Yang, Q. Chen, M. Asif Khan, T. George, P.
Chang Chien, and S. Mahagan, Appl. Phys. Lett.68, 1129
~1996!.

FIG. 2. Plot of the band-to-band oscillator strengths forB andC
transitions ins polarization. Intensity ofA equals 0.5 in this model.

7680 54BRIEF REPORTS



7M. Susuki and T. Uenoyama, Jpn. J. Appl. Phys.35, 1420~1996!.
8D. Fekete, K. T. Chan, J. M. Ballantyne, and L. F. Eastman, Appl.
Phys. Lett.54, 499 ~1989!.

9H. Temkin, T. Tanbun-Ek, and R. A. Logan, Appl. Phys. Lett.56,
1210 ~1990!.

10B. Gil, O. Briot, and R. L. Aulombard, Phys. Rev. B52, 17 028
~1995!.

11M. Tchounkeu, O. Briot, B. Gil, and R. L. Aulombard~unpub-
lished!.

12O. Briot, J. P. Alexis, B. Gil, and R. L. Aulombard, inGallium
Nitride and Related Materials, edited by R. D. Dupuis, J. A.
Edmond, F. A. Ponce, and S. Nakamura, MRS Symposia Pro-
ceedings No. 395~Materials Research Society, Pittsburgh,
1996!.

13F. Demangeot, J. Frandon, M. Renucci, O. Briot, B. Gil, and R. L.
Aulombard~unpublished!.

14W. Rieger, T. Metzger, H. Angerer, R. Dimitrov, O. Ambacher,
and M. Stutzmann, Appl. Phys. Lett.68, 970 ~1996!.

15T. Kozawa, T. Kachi, H. Kano, H. Nagase, N. Koide, and K.
Manabe, J. Appl. Phys.77, 4389~1995!.

16B. Monemar, P. Bergman, H. Amano, and I. Akasaki, Proceed-
ings of the TWN 95 Conference, Nagoya, Japan, September
1995 @Solid State Electron.~to be published!#.

17K. Cho, Phys. Rev. B14, 4463~1976!.
18D. C. Reynolds, D. C. Look, W. Kim, O. Aktas, A. E. Botcharev,

A. Salvador, H. Morkoc¸, and D. N. Talwar, J. Appl. Phys.~to be
published!.

19S. N. Mohammad and H. Morkoc¸, in Progress in Quantum Elec-
tronics, edited by Marek Osinski~Elsevier, Amsterdam,
1995!.
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