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Oscillator strengths of A, B, and C excitons in ZnO films
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We examine how the short-range part of the electron—hole exchange interaction influences the strain-induced
variations of the oscillator strength in ZnO films. Our model enables us to account for the surprisingly small
oscillator strength of thé exciton inE L ¢ polarization without having to invoke any inverted valence-band
scheme. We then conclude that the valence-band physics is very similar in both ZnO and GaN.
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The optical properties of wide band-gap semiconductors The band-to-band transition between thg/pe I'; con-
are currently subject of tremendous investigations, in reduction band and thd&'y valence band is forbidden inr
sponse to the industrial demand for optoelectronic devicepolarization, which is a strong identification criterion since
that could operate at short wavelengths. Zinc oxide is afhe two other band-to-band transitions are allowed in both
interesting wurtzitic semiconductor. From its natural ten-polarizations. Gilet al3~° have utilized this effect to eluci-
dency to be grown under fairly high residuatype, one still  gate the ordering of the valence band states in GaN epilayers
meets some difficulty to achieve easily figype doping but ~ grown on various substrates. One important result of the

its dramatic potential for spintronics properties renders himpand-to-band transition formalism ior polarization is the

among the most fasci.nating se_miconlduc.tors of the near fuFact that the transition between thetype I'; conduction
ture. This motivates in-depth investigations of its optical

properties. In the present communication, we show that an}tg)and and thd o valence band has a strain-independent 0s-
examination of the optical properties of ZnO films that ig- illator strength(0.5 in arbitrary unitsthat exceeds those of

nores the excitonic nature of the transitions, and that, in pall-he two rerQa'”'”g transitions.
ticular does not include internal excitonic quantum effect like  Cil €t @l have recently reported the reversal nature of the
the short-range electron-hole exchange interaction leads ¥plence-band states in ZnO crystals and heteroepitaxies,
mis-interpretation of the valence-band physics. In this comSimilarly to the GaN case. In general, the topmost of the ZnO
munication, we also address the theoretical ingredients re/alence-band maximum is thé, state, in contrast to com-
quired to infer the recent identification of the valence-bandnon belief/ ™" but in very good agreement with the recent
ordering recently proposed by Reynolesal! from photo- ~ proposal of Reynoldet al? Reversed orderintd requires
luminescence and reflectance spectroséopy. strong biaxial tension¥The interesting feature observed in
Bridging the theory to the experiment requires to recallreflectance spectroscopy in ZnO undepolarizatior! con-
some basic physics concepts and some general properties@tions is the weakness of thé-exciton transition (
A-B binary semiconductorsin a spinless description, cubic I'g-related, compared to the one & in straightforward con-
zincblended semiconductors are known to have a threefoltfadiction with the predictions of a band-to-band theory.
degenerated valence band and their optical response is iso- There is in general a larger splitting between thA¢B) and
tropic. Such a degeneracy is lifted as soon as the semicothe C excitons than between th& and B excitons in ZnO.
ductor experiences any symmetry-breaking perturbation likd his indicates that, at first order, and if limiting the influence
an anisotropic strain. This can be easily achieved by appliof the spin orbit interaction with respect to those of the crys-
cation of an external stress to the crystal or by epitaxy of thdal field-splitting,C transition originates from a valence band
semiconductor on a heterosubstrate. The situation is morgiate that has a stron@) characteristics, whileA and B
complex for wurtzite crystals since the low symmetry splitsshould be considered like a couple of states essentially built
the threefold valence states into a singlgh-like) and a  from |X) and [Y). Obviously the weakness of lina in o
doublet (|X)-like and |Y)-like.). Related to the basis of the polarization and its absence in polarization indicate that
zone center valence-band states, the matrix eledgrihat  this way to consider the things is not appropriate. An exci-
describes this effect is called the crystal field-splitting paramtonic model that includes the short-range electron—hole in-
eter. The optical response is anisotropic and one has to di¢eraction(and eventually the nonanalytical long-range part
tinguish the situation when the electronic states are couplewill be more appropriate as we show below.
with the electric field along th& direction (7 polarization Noticing that actual optical transitions occur between the
and (or) with an electric field perpendicular to(ir polariza- ~ crystal ground state and the exciton state, @ial®~ had
tion). Things are even more complicated in reality since the
comprehension of the valence-band physics requires to in- TABLE I. Parameters of the model. Compression is a positive
clude the two-parametéd, andA3) spin—orbit interaction.  quantity.
Including the spin—orbit interaction boosts the valence-band

symmetries into the double group representations. One thex, (meV) 30.5 81 (meV/kbap 1.93
obtains one doublet that transforms liky (J=3/2, m;= A, (meV) 4.2 8, (meV/kbay —-1.59
+3/2 in the angular momentum representatiand twol'; A, (meV) 11.5 v (meV) 4.73
doublets.
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FIG. 1. Stress-induced variation of tH& (full lines) and I'y

(circle lines excitonic energies in ZnO at 2 K FIG. 3. Stress-induced variations of the oscillator strength for

I'; excitons in ZnO at 2 K.

introduced the short-range electron—hole exchange intera?w L : .
o : . . : o nonspin-flip eigenvectors and get a quantity proportional
tion in their modeling of the optical properties of GaN. They to (w+5)p2/2 Npotegthe typing error%n Re?..ﬂ'hez \F/)ve Féom—

found that the effect had a modest influence on the oscillator . . .
strengths in GaN, since this value is in turn fairly srifall pute the eigenenergies and eigenvectors follthsymmetry

(0.69 meVj although the exciton binding energy is of the still according to Ref. 5. In both calculations we assumed
order of 2527 mgev We extend this ag roac?lyto 7n0 forthat the modification of the transition energies reported in the

. . - bp literature are due to a biaxial strain. At this stage, one could
which the exciton binding energy and the short-range ex-

change interaction have large valug@d me\? and ~4.7 argue that biaxial stress gives a spgmal_relat_lonshlp petween
S . 61 and 8, . But although we agree with this point, we wish to
meV, respectively.

We have first computed the eigenenergies and wave fun emphasize the fact that this does not have a great impact at

tions of I's excitons according to equations in Refs. 3 and Eﬁh_e sqale of the spirit of this paper, aIt.hough it does have a
slightimpact at the scale of the numerical results.

To get the oscillator strength, we sum the contributions of the Values we used are taken from Ref(€ee Table)l To
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FIG. 4. Stress-induced variation of tlg A (thick line) andI'g
FIG. 2. Stress-induced variations of the oscillator strength for(thin line) excitonic energies in ZnO at 2 K. Inset: The stress-
I's excitons in ZnO at 2 K. induced variation of thd's A—T'g energy splitting.
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obtain the transition energies the eigenvalues of the 3tates. We have computed their strain-induced shifts as
X3 (I's) and 2x2 (I';) matrices were subtracted to 3405 shown in Fig. 4 as well as their relative positionset in Fig.
meV. 4). The agreement between the recent result of Reynolds
Figure 1 shows the plot of the radiative transition energiest al* and our theoretical approach is very good.
as a function of the biaxial stress in ZnO. Note the relative In conclusion, we have shown in this communication that
orderings ofl's (full lines) andI'; (circles modes given by the overall set of optical properties of ZnO films are in gen-
this model and the strong anticrossings produced by the largeral compatible with the natural valence-band ordering:
value of the short-range electron—hole interaction. I'y-T';,—T';. Reversal of this ordering requires ZnO films that
Figure 2 shows the strain-induced evolution of the oscil-experience high biaxial tension, a situation fairly rare, to
lator strength forI's modes. Note thai line is always  gatel® The orderings and splitting of all radiative and non-
weaker tharB in straightforward contradiction with the pre- ragjative (I'; excitons that are detected by photolumines-

dictions of the band-to-band calculation but in agreemen&ence energy levelzannot be obtained out of the context of

with experiment. , . an excitonic modelingand are ruled by the short range
For the sake of completeness Fig. 3 plots on the oscillatog|ectron—hole interaction. It has a dominating contribution

strength ofI', modes that are coupled with @polarized 4t the scale of the oscillator strengtirs both o and =
electromagnetic field. Again, the agreement with eXpe”ﬁ"e”tpolarizations

is very good.
An important experimental feature is the relative energy | acknowledge fruitful discussions with  Walter
position of thel'gs forbidden and of thel's (A) radiative  Lambrecht.
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