PHYSICAL REVIEW B VOLUME 58, NUMBER 16 15 OCTOBER 1998-II

Exciton photoluminescence of hexagonal ZnO
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Photoluminescence spectra of ZnO layers obtained by radical-beam epitaxy have been studied. Photolumi-
nescence of fredB and C excitons has been observed. At a high excitation level a band My
=363.1 nm is observed. It is explained in terms of the proposed photoluminescence polariton mechanism in
the B,,—, exciton spectral region through biexcitof80163-182608)08235-9

I. INTRODUCTION oxygen stream into plasma, which contains, in addition to

. . . . singlet oxygen radicals, triplet oxygen radicals, oxygen ions,
Exciton photoluminescencL) is very sensitive 10 the  ajectrons. An applied magnetic field causes “filtration,”

quality of crystal structures and to the presence of defeCtsier which only singlet oxygen radicals reach the base crys-
Therefore, the regularities of the change in excition spectrgy| pye to its activity such oxygens interact with the base
as a function of composition and structural_ peculiarities eNzrystal and form new ZnO monocrystalline layers.
able one to use them to control the quality of the crystal "The distanced between the plasma and base crystal is
optically. Impurities and their associations, main lattice de-controlled by the magnetic field. The experiment shows that
fects and their impurity associations, and exciton and excitofthe optimal distance isi=2.5 cm. Atd<2.5 cm, crystal
impurity complexes all play an important role in the lumi- evaporation(ion etching takes place; ai>2.5 cm there is
nescence, which significantly complicates the observation o& sharp decrease in the atomic oxygen stream falling onto the
free-exciton PL. It is apparent that the more perfect is thecrystal surface, which reduces the efficiency of layer growth.
crystal, the more probable is the observation of free-exciton From the aforementioned it can be seen that RBE differs
PL. from classical epitaxy in that one componeftxygen

For 1I-VI wide-band compounds the production of excep-comes from the gaseous phase and the second component
tionally pure crystals with perfect structure is one of the mos{meta) comes from the crystal bulk. The second important
important problems. This is connected not only with the factPeculiarity of RBE is the temperature distribution in the re-
that reliable fundamental results can be obtained only byctor. The base crystal is in the high-temperature narrow
taking measurements on a perfect material but also with théone of the reactor; in other parts of the reactor the tempera-
fact that the material purity and perfection are of very greafUr® is much lower. Such a distribution profile removes un-
practical importance. For example, in Ref. 1 it is shown thatcontrollable impurities from the film growth zone, since they
the effective operation of laser diodes based on II-VI wide-MOVe 1o the low-temperature parts of the reactor. The base
band compounds depends strongly on the presence of poiffystal temperature can be W'th'g 150 f‘;‘d 950 °C. The radi-
and high-dimensional defects. Growdpre-existent defects cal concentration is #6-(5x10"%) cm™2. In the case of
not only decrease the luminescence efficiency, but also caug@ermal dissociation aff=1000 K this concentration of
device degradation. radicals can be obtained only when the molecular oxygen

In Sec. Il, a method known as radical-beam epitaxyPressure i§>02=106 atm. In our case the total pressure was
(RBE) is briefly described. This method allows one to obtain0.1 atm, i.e., in the reactor the “effective pressure” from the
highly monocrystalline ZnO layers with a significantly re- viewpoint of a singlet oxygen radical concentration is nearly
duced number of point defects. In Sec. Ill, PL spectra of thel0’ times higher than the actual pressure. Using the RBE
ZnO layers obtained by RBE with resistivitigs=10°-10'  method, epitaxial layers with a thickness ranging from a few
and 16*-10" Q cm are studied. some atomic layers up to 5@m can be obtained. The ZnO

epitaxial layers, whose PL spectra are studied in the present
work, are grown on ZnO crystals at the temperattre

Il. RADICAL-BEAM EPITAXY =250-350 °C.

Radical-beam epitaxy enables one to obtain monocrystalil. EXCITON PHOTOLUMINESCENCE OF ZINC OXIDE
line ZnO layers on the base of crystals of Zn-VI nonmetal
compounds. In RBE, base crystals are treated in the atmo-
sphere of singlet oxygen radicals. This atmosphere is created In monoaxial crystals, including II-VI compounds with a
by a rf discharge. The rf oscillator converts the molecularwurtzite structure, two types of dipole-permissible exciton

A. General conceptions
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bands are possible: a nondegenerate exciton bard (@) E (V)
type, and a doubly degenerate exciton bandl £(i,y) type.
The expression “exciton(or electron band of I'; type”
means that ak (k) dispersion branch is considered on which
there lies a corresponding exciton tedm at a zero wave

vector k=0 for selected wave vector directiorss=k/|K].
(Here a symmetry-caused degeneracy, but not an accidental
one, is meant The lettersx,y, andz denote the representa-
tion to which wave functions of the corresponding term are 3.420
transformed.

Though a number of optical phenomena in the spectral
region of exciton absorption can be explained on the basis of
a general theory without use of a specific exciton model and
crystal types, in semiconductors a consideration based on the
Wannier-Mott exciton model with allowance for exciton- i
photon mixing and spatial dispersion appeared to be very 3.360
fruitful. In particular, on the basis of comparison of the ex-
perimental reflection specrtrum near the long-wavelength 3.340
edge of the fundamental absorption with the theoretical
Wannier-Mott exciton model, Thomaproposed the follow-
ing scheme for the exciton spectrum in the ZnO crystal: the
lowest conduction banl; and valence bands,, I'g, and
I'; (arranged according to their proximity to the conduction
band nearest to it form three exciton serie&(I';
XT'7), B(I';yXTy), andC(I';XT';). The dipole-active ex-
citon bandd’1(z), andI'5(x,y) are responsible foA andC
series, and th&'5(x,y) band is responsible for th® series.

In the spectral region of exciton absorption for dipole-
active excitons, a strong interaction between the exciton and_ _ . R
photon takes place. As a result, their dispersion laws becorik,C). With k perpendicular to the optical ax3, the mixed
strongly perturbed, and there appear two new dispersioRolariton of the lower branch transfers to a longitudinal ex-
branches with excitonlike and lightlike branches correspondciton waveB, (Fig. 1).°
ing to two noninteracting subsystems—exciton and photon.
In the resonance region thgy appear as two e.Iectromagnetlc-B_ Exciton photoluminescence of high-resistivity ZnO layers
mechanical waves with radiation and mechanical energy be- R P

: . ; . o with p=10'-10" Q cm
haviors. The conception of light-exciton mixing in the spec-
tral region of electron exciton interactions originates from  High-resistivity ZnO layers of ~ um thickness obtained
Peka? and Hopfield work$, and the terms “exciton polar- by RBE on the basis of ZnO monocrystals with a resistivity
iton” (or simply “polariton”) and light exciton are p~10"-10'* Q cm were excited by nitrogen laser radia-
synonyms’ tion (\=337 and 1 nmn at liquid-nitrogen temperaturg@

It is precisely light excitongpolaritong that are the real =77 K. It is remarkable that in the complete absence of
state of the conservative system, the crystal electromagnetidsible luminescence, intensive bands  with\
field, and this circumstance should be taken into account irF 367.7 nm, \p,5,=366.8 nm, and\ ,,,=362.7 nm were
the study of optical phenomena in the exciton absorptiorobserved. The half-widths of these bands were, respectively,
region. AE=6 meV for A pa=362.7 nm andAE=10—-12 meV

In ZnO the principal state of the Wannier-Mdtexciton  for the bands\,,,=367.7 nm and\ 5= 366.8 nm(Fig. 2

B,_, is a doubly degenerate baratk||C). For an arbitrary ~curvea).

direction of the exciton wave vectde the degenerancy is d'ffDU(Iat :0 (tjh?. pfox'“.“"g_ (.):; th?aﬁelfbandcia ]EO eacr;] %the(;’ llt_ IS
removed, and two excitons appear: a transvé&sexciton imcult 1o detin€ an individual hait-wi or €ach band. 10

, . o . > o establish their nature, the luminescence polarization was
with the exciton polarization perpendicular to the,€)  meagyred. According to x-ray investigations, the hexagonal
plane and a skew-angt exciton with the polarization vec- yis s perpendicular to the film surface. In spite of the fact
tor in the ,C) plane. In the spectral region of the isolaid  that such an axis orientation causes some difficulties in mea-
exciton resonance from the above-mentioned excitons, tweuring the polarization, a marked difference in the depen-
pairs of polariton modes occur due to exciton-photon mix-dence of the luminescence band intensity on light polariza-
ing: (&) two branches of transverse polaritons—the uppetion was established. The band wikly,,=366.8 nm had a
(UPB) and lower(LPB) polariton branches with electric-field pronounced intensity dependence on polarization in contrast
polarization perpendicular to the principal cross-sectiong the bands with\,,,=362.7 and 367.7 nniFig. 2 curve
plane k,C); and(b) two branches of mixed polaritons with a’). This difference allows one to distinguish closely spaced
the polarization vector in the principal cross-section planéands with the maxima=366.8 and 367.7 nm. The spectral

3.400

3.380

K

FIG. 1. Dispersion curves of excitofideshed lines biexcitons,
and exciton polaritons in orientatickL C (solid lineg. The solid
arrows show three channels of biexciton decay; wave arrows show
radiated photons.
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defects, which is ejected into the conductive band, and at
consequent thermalization gives a part of its energy to the
crystal lattice.

\ T=80K (3) Excitons can bind to impurities or defects forming
bound-exciton  states (exciton-impurity  complexes,
multiexciton-imputity complexes, eic.

Observation of short-wavelengtB and C excitons in
these samples shows that the radiative recombination pre-
vails over the processes of non-radiative energy degradation.

The absence of visible luminescence and observation of
free excitons in a thin near-surface region shows that ZnO
layers obtained by RBE are characterized by high purity and
perfection of the crystal lattice. The high resistivity of the
samples under investigation is presumably due to a low
structural defect concentration rather than to self-
compensation, since bound-excition bands as well as the vis-
ible spectrum band would be expected in the PL spectra in
the latter case.

|

C. Exciton luminescence of ZnO layers
with p=10°-10'* Q cm at a high excitation level

The characteristic features of these layers are the actual
absence of visible luminescence and the presence of pro-
nounced exciton bands in the ultraviolet region. As seen in

FIG. 2. PL spectra of znO layers: curvea—p  Fig- 2(b) three bands with maxime=363.1 nm(3.412 eV},
=10"-108 O cm; curvea'—p=10"-10° Q cm; KL C; curve A=366.8 nm(3.378 eV}, andA=370.6 nm (3.343 eV) are
b—p=10°-10 Q cm: curvec—structure of thel band. observed.The comparison of these bands with the reflection
spectra enables one to ascribe the band wijth=366.8 nm

arrangement of these bands coincides with the free-excitolf freeB-exciton radiation. _

energies in the reflection spectra. Therefore we think that The radiation band with a maximum atA
radiatiative recombination of free A— (A pmax =363.1 nm [ band is reported for the first t|me,.to the
=367.7 nm), B—(A\u=366.8 nm) and C—(\,, Pest of our knowledge. The band with the maximum

—367.7 nm) excitons is observed. It is believed that short=— 370-7 nm is known in the literature as theband, and is

wavelengthB andC excitons cannot be seen in the lumines-interpreted in different ways. Some authors regard it as a

cence, primarily due to strong reabsorption and thermalizal€Sult of the interaction of a free exciton with electrdns,
tion processedi.e., the processes bringing an exciton toSOMe as radiative decay of a biexcifbtwhile others regard

temperature equilibrium with the lattice it as electron-hole plasma recombinatfn. .
Since the energy gap betweeén and B excitons, Exg The M band appears at low temperatures and at a high
=8 meV, is of the order of liquid-nitrogen temperature, 6.7 €xcitation level. The characteristic feature of this band is an
meV, the thermalization channel cannot lead to a strong dif2SSymetric shape and an extended Iong-xvavelength wing. At
ference inA- andB-exciton concentrations. As for degrada- 1 =80 K and a pumping intensity=10"* w/cn? in the
tion from C-exciton energy levels, the energy difference isM-Pand spectrum, there appears a structure with three
Enc=48 meV andEg.=40 meV. However, since in polar Maxima which are denoted in Fig. (@ as My(A
semiconductors the most probable interaction is the one witfr 368-5 nm, 3.362 e M,(A=370.0 nm, 3.348 e)/ and
longitudinal-optical phonons, and the longitudinal-optical- Ms(A=373.0 nm, 3.322 e)/ With the pumping intensity in-
phonon energy i€, o=72 meV, this degradation channel is créase thé-band structure disappears, and its maximum is
improbable. shifted toward the long-wavelength side of the spectrum.
Thus, in the absence of defects, the radiative degradation Simultaneous observation of thé andT bands in the PL
is improbable. As foB- and C-exciton degradation due to SPectrum gave grounds to take the biexciton version of
hole transfers to the valence subbands, this process should irband occurrence. At strong band-to-band layer excitation
accompanied by infrared quantum radiation with the wave{A=337.1 nm), a large number of exciton are created in
lengthsh ma=25.8 and 31.0um, which are not observed in crystal. In this system of high density of excitons, exciton
the spectrum. There are various mechanisms determined tjolecules(EM's) thermalized in their ground staie, with
crystal structure defects which cause radiation “death” ofthe orbital momentundgy=0 are treated.

360 A(nm)

free excitons. According to the selection rules dipole-permisible transi-
(1) Free-exciton dissociation into the electron-hole pair intions (AJ=*1) from the biexciton ground state=0 tran-
the electric field of charged defects. sitions to exciton-polariton states of transverse and mixed

(2) Exciton annihilation followed by transmission of the Pranches are possiblén a particular case of the exciton
energy of radiative transition to the electron trapped by thevave vectorkl C to the states of purely longitudind,
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TABLE |. Results for free-exciton radiation bands. tons reach the crystal surface and escape as phdias
=373.0 nm, 3.322 eVandT(A=363.1 nm, 3.412 e\
Thus theT band is ascribed to radiation of a polariton of
the upper branch. The exciton molecula energy in ZnO is
_ My 368.5nm 3.362 €V jithin 6.7310<Eg,<6.740 eV, which corresponds to the
B exciton 366.8 nm 3.378 eV LPBM, 370.0 nm 3.348 €V jnteryal 362.4%\ jpg=<363.49 nm for the wavelength of
Mg 373.0nm 3.322 €V adijation from the upper polariton branch. The obtaikggs
value is in perfect agreement with tfieband positior(363.1
nm). In this frequency range the upper polaritons have a

relatively high group velocity\/g(lZ) and an average free-
path IengtH_(IZ); therefore the polariton can easily reach the

exciton. The obtained experimental spectra can be explaneaurface and escape from the crystal.

by the presence of the following three channels of exciton 1€ Presence of free-exciton radiation bands in photolu-
molecule decay. minescence spectra and the absence of visible luminescence

(1) As a result of the EM decay a lightlike stat, of the suggest that. the ZnO films are characterized py a high struc-
LPB and an excitonlike state of the LPB are formed. ontural perfection up to the thin near-surface region and a neg-
reaching the crystal surface the lightlike polariton escapes digible content of uncontrolable defects and impurities. The
a luminescence photod ;(A=368.5 nm, 3.362 e\ obtained results are given in Table I.

(2) The exciton molecule causes a lightlike state of the
LPB and a longitudinal exciton staBy . Reaching the crys-
tal surface the lightlike polariton escapes as a phdfigia ACKNOWLEDGMENT
=370.0 nm, 3.348 e\ : o

(3) The EM decay results in the appearance of two light- The auth'ors WOU!d like to express their sincere thanks to
like polaritons of the lower and upper branches. Both polari-the International Science Foundation for providing a grant.

A exciton 367.7 nm 3.369 eV

UPB T 363.1nm 3.412 eV
C exciton 362.7 nm 3.416 eV
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