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Oscillator strengths for optical band-to-band processes in GaN epilayers
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We investigated the evolution of the relative oscillator strengths ofAth8, and C excitons ina-GaN
epilayers grown along thEd001] 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 splitiaigd B 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 epilayE80163-18206)05832-§

Gallium nitride is a semiconductor that is likely to receive of the Raman active modes with an increase of GaN lattice
a good deal of attention in the foreseeable future; it can bg@arameter in th€0001] direction, i.e., with an increase of the
produced withn-type andp-type conductivities with the in-plane deformation®® Band structure varies more rap-
quality required by doping devices. Already, commercialidly with strain than lattice frequencies do. Therefore, pho-
light emitting diodes have been realized with a plethora oftoluminescence, reflectance, or absorption techniques where
other devices in developmehtUnfortunately, this com- first-order processes are involved, rather tha_n the second-
pound, which has a remarkable stability at high temperature@rder mechanisms probed by Raman scattering, are exten-
and is relatively insensitive to chemical aggressions, has nétively used to study strain fields. In the casene®aN, the
yet been easily obtained in large-scale bulk ingots. High€omplex structure of the topmost valence band together with
pressure synthesis methods lead to pieces of material rar(ige wurtzite symmetry must be simultaneously considered if
extending a few square millimeters and, to date, are for acdle evolutlon_ of the exciton energies in strained Iayer_s is to
demic interest, or may be of value for niche applications ofo@ correctly interpretetf. In this paper, we extend prelimi-
homoepitaxial depositiorfs® Large-area GaN epilayers can Nary investigations of strain field in GaN layers deposited on
be obtained using metaloraganic vapor phase epitax§@Pphire to samples grown on 6H-SIiC and ZnO. We show
(MOVPE), hydride vapor phase epitaxyHVPE), and hat layers qlepo_sned on ZnO ar_1d _sapphlre are blaX|aI_Iy com-
molecular-beam epitaxfMBE) methods on a variety of sub- press_ed W_hlle blax_|ql d|Ia_tat|oq is likely to be invoked _|f one
strates among which are /s, 6H-SiC, and ZnO, to cite a S tq_ldentlfy transitions in epllayers grown or.\_6H.—S|C. In
few exampled:® These substrates are not only lattice mis_add_mon, we address .the_ stress-mduged mod|f|pat|on of the
matched to GaN but also have very different thermal expan@Scillator strength, which is unusually important in GaN, due
sion coefficients. Therefore, the resulting GaN epilayers aré? the small value of the spin-orbit interaction.
subjected to temperature-dependent strain. The changing Wurtzite symmetry is known to be conserved under
temperature may cause strain relief via dislocations with seorientedt000]) biaxial stress. Using the nomenclature of
vere consequences in devices performance and lifetime. CoffoUp theory adapted to solid state physics, we can say that
cerning quantum wells based on nitride compounds, straif€ fully symmetric linear combinations of nonvanishing
field may be used to influence the dispersion relation relativéomponents of the strain tensreree,, ande,,+e,y=e, ),
to the in-plane hole motion in the valence bahdgis was t_ransform asFl_. The most general form in Whlc_h to _vvnte the
extensively utilized in the(Ga,INAs-GaAs system to im- t|m_e-reversal mdepe_ndent valenc_e-band Hamiltonian that de-
prove hole mobilit§ and/or reduce Auger recombination in Scribes the crystal-field and strain effects on a systerp of
quantum wells lasers. electrorés being attributed a spin is given by an invariant

The residual strain fields in GaN epilayers are currentlytheory=>*"
under active investigation, using photoluminescence, reflec-
tance, Raman spectroscopy, and x-ray diffractioth'® H, = fa%+a22+all,o,+ a§ (ot o I EL 1)
Most of the investigations have so far been devoted to epi- a !
layers in wurtzite symmetry deposited on sapphire and thgvhere th
magnitude of the strain was studied in relation to growth ) .
conditions, morphology, or nature of the sapphire-GaN intering Ce, Symmetry. To eaclEl‘fl are associated four quanti-
face. Raman spectroscopy provided evidence for hardenirties a;* with i running between 1 and 4 having particular

eEffl are any time-reversal invariant quantities hav-
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influence on the intimate details of the valence-band physicaction, in relation with the nature of experimental data cur-
and defined in Ref. 10. For our purpose, we shall neitherently available.

consider any stress-induced variation of the spin-orbit inter- Related to the{|®I'g),|®T)L,|PT;)?% basis set, we write
action parameters, nor include electron-hole exchange intedown the following matrix:

[@T'g) |®T7)* |®T7)?
(EQ)+ A1+ A+ Cye,,+Cre, +Cae,,+Che, 0 0
0 (Eg)+A1—A,+Cqe,,+Cre, +Cze,,+Che V2A |
0 V2A | (EQ)+C1e,,+Coe,

The evolution of the conduction band is given by two  The biaxial stress in GaN layers is of a tension and com-

deformation potentials as pression nature for 6HSIC and ZnO substrates, respectively.
. We also note thaC line is not observed in the case of
Ec=(Ep)+ D16+ D2e, . (3 growth on ZnO, which can be ascribed to the following: The

N ) _ growth on ZnO substrates has not been yet optimized. The

The band-to-band transition energies are obtained by thgistribution of the oscillator strength betweBrand C exci-
difference between conduction and valence energies. The Ogs |evels is stress dependent, which we have previously
cillator strengths for these processes are obtained from theyserved12wWe now more concretely quantify it in Fig. 2
eigenvectors associated with each of the eigenenergies. Inyhere we plot the evolution of the strengths Bfand C
polarization, where the electric field is normal to thexis  ansitions with respect to the energy of theline, in o
of the crystal, if we attribute a value of 0.5 to the strength top|arization. In particular, we note that, in the case of strong
the transition involving thel'g) state, the strengths of the piaxial compression, th€ line tends to disappear whil
transitions involving the other two levels are half of the gyrengthens. Due to the 20-meV value of the binding en-
square of the modules of the contribution [%)" in the  ergy for theA exciton, lineC becomes degenerate with con-
eigenvectors produced by resolution of Eg). In a cubic  qyction to|T's) continuum of states, with ramifications to its
symmetry, we would obtaif, g, and3 as relative values for  gyrength and width. Both effects have not been included in
the oscillators strengths &, B, andC transitions, respec- gyr model.
tively. Concerning ther polarization, when the electric field Note from Figs. 1 and 2 that crystal field splitting can be
of the incident photon is collinear with the transitions be- ffset by biaxial dilatation if growth occurs on 6HSIC. Also
tween conduction band and’y) are forbidden while the note that almost a perfect match with values of cubic sym-
strengths of the two other processes are proportional to thgetry (1 and £, respectively is then found for oscillator

square of the modules of the contribution [i})* in the  strengths ofC and B lines. The agreement should be per-
eigenvectors of Eq2). The values of oscillator strength ob-

tained in cubic symmetry corresponding&oB, andC tran-

sitions are 03, and 3, respectively. aseo . ' e
In a previous papef} we have shown that the optical dilatation Cof:grifbssﬁz.”

transitions detected in reflectance of GaN and labeled,as 35404 (MBE ref 18)”

B, andC can be quantitatively related to strain fields present )

in the film with an extremely good accuracy, using the fol- 2520 sic substrate © B

lowing parametersA,=10=0.1 meV, A;=6.2£0.1 meV, refd) A

andA, =5.5+0.1 meV. In addition, the relation between the d

four spin-independent deformation potential®i¢C;),

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 the A line.1° Previous similar studié$*?were restricted

to epilayers deposited on sapphire. We note that, similar to

what happens for MOVPE-grown samplésll circles),}t1? 34401A

MBE-grown samplegopen circleg agree very well with the B

model as shown in Fig. 1, where the data were restricted to 3440 3460 3480 3500

one sample grown by MBE on sapphifeTo emphasize the Energy of A line (meV)

universality of the model, we now include in the figure data

taken on SiQRefs. 4 and 1pand ZnO(Ref. 20 substrates. FIG. 1. Evolution of the three main peaks of GaN epilayers

Again the agreement between theory and experiment is rerersus strairfposition ofA line). Full circles are data from MOVPE

markably good. grown samples, open circles are samples grown by MBE.
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05 , , , , direction!’ It is worth noticing that the increase of the ratio
between the strength of the line we assignQoand the
Electric field // x B o .
7 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 scattered® due to sample-

A=55meV 1 dependent competition between radiative and nonradiative
. processes. Recent investigations in the high-quality
epilayer—qgiving the free excitol line at 3.483 eV at 2
K—performed at low temperature before recombination be-
crystal-field splitting re comes dominated by nonradiative processes indicate that the
canceled by dilatation - e - . . 25
radiative lifetimeof the B exciton is larger than that @.

0050 3460 3470 3480 3290 3500 Their finding is consistent with our calculation, which gives
7pl Tg~0.85 for this strain situation. This simplified model
reveals the weak efficiency of the nonradiative interband

FIG. 2. Plot of the band-to-band oscillator strengthsBandC thermalization processes via interaction of free exciton with
transitions ino- polarization. Intensity oA\ equals 0.5 in this model. the acoustic phonon field, and predicts the radiative lifetimes

] ) . ] o of B andC excitons to be extremely sensitive to strain.

fec_tly realized in case of an isotropy of the spin-orbit inter- |, conclusion, we have shown that the properties of GaN
action. _ epilayers grown on 6HSIC, AD;, and ZnO can be univer-

For the sake of completeness, we now consider data takegyly qualified in terms of optical quality and residual strain
for SiC and published by other grodps in detail. In con- using a simple description derived from group theory and a

asB to C. In addition, the well resolved doublet with ob- piaxijal compression and dilatation.

served 4-meV split, named in Ref. 4, most likely repre-

sents theA andB lines. This assignment is more consistent One of us(B.G.) is grateful to Professor R. L. Aulombard,
with our calculation of the variation of different energy lev- Dr. O. Briot, and Professor Bo Monemar for many fruitful
els reported in Fig. 1. The authors of Ref. 4 have attributedliscussions. He also acknowledges Dr. D. K. Nelson for
the doublet structure to a longitudinal-transverse splitting ofvaluable help and appreciates the refreshing comments of Dr.
the T's exciton. Even for the experimental configuration of N. V. Edwards and Dr. D. K. Gaskill during the topical
Ref. 4, i.e., the reflectivity spectra were taken with incidentworkshop on nitrides in Saint Louis, Missouri. H. M. ac-
angle of 45°, this assignment is in contrast with the predicknowledges his colleagues at Wright Laboratory, Dr. D. C.
tions of group theory, relative to internal structure of fig  Reynolds, Dr. K. Evans, Dr. P. Hemenger, Dr. C. W. Litton,
exciton created from thi'y) hole, and its optical activity in and D. C. Look for providing the ZnO substrates and per-
7 polarization, when photon propagates along the forming the PL measurements.
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