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Valence-band ordering in ZnO
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The emission and reflection spectra of ZnO have been investigated in the intrinsic region and the data have
been interpreted in terms of the wurtzite crystal band structure. Free-exciton emission is observed for the first
time. Both thel's andI'g state excitons associated with top valence band have been identified. This identifi-
cation has established the valence-band symmetry ordering in [B8Q63-18209)14727-1

INTRODUCTION citon ground-state symmetries for either emissive or absorp-
tive processes
There has been a long standing controversy over the sym-
metry ordering of the valence bands in ZnO. ZnO crystal- I7XTg—=Ts+ 1.

Ikljzez stably in the \;\_/urtzdnlc_ mg?)'f'cat'og ahnd the wurtzitic ¢, I's andI'g exciton ground states are both doubly degen-
and structure was first derived by Birmaiihe zone-center erate; thel's exciton transition is allowed, whereas thg

conduction band is like havingT’; symmetry. The valence o, iton transition is forbidden. In thEs exciton, electron
band isp like, splitting into three doubly degenerate bandsgng hole spins are paired, while in tlig exciton they are
due to spin-orbit and crystal-field interactions. The top va-parallel. In this investigation, the polarization and magnetic
lence bandA, hasl'y symmetry while the two lower valence field properties of these two intrinsic excitons have been
bandsB andC, havel'; symmetry. The fundamental exciton carefully studied.
spectra of ZnO crystals were first investigated by Thofnas. Let us now consider emissive optical transitions from the
From reflection spectra, he identified three exciton series, conduction band to thé'; valence band and converse
one associated with each of the three valence bands. Frooptical-absorption processes. For such transitions, one ob-
polarization studies of both reflection and absorption spectraains the following exciton symmetries and states
Thomas concluded that states from the first and third valence
bands were mixed and that the symmetries of the two top IoXT—Ts+ I+ 1.
valence bands were reversed with respect to the usual ord
ing of the wurtzitic band structure.

A later study of the exciton structure in ZnO was con-

the I's exciton state is doubly degenerate andifheandI’,
exciton states are both singly degenerate. Transitions from
3 o theI's andI'; exciton states are allowed while those from
ducted by Parlet al” The 3essent|al difference between the e " eyciton state are forbidden. The magnetic-field behav-
work reported by Parkt al” and that of Thomaswas SPec- jor of excitonic optical transitions from thE, conduction
tral peak assignments. The line interpreted by Thomas as theynq to thel', valence band is very different from that of
intrinsic ground statéh—exciton transition was interpreted eycitonic transitions from th&, conduction band to thE,
by Parket al. as an extrinsic, ionized donor-bound exciton yalence band. It is this difference in magnetic-field behavior
complex transition. Thus, from their studies, Patlal.con-  petweenI’,—TI'; and I';—T'y excitonic transitions that is
cluded that the valence-band symmetry ordering in ZnO wagsed in the present study to resolve the valence-band order-
not reversed, as was claimed by Thomas. ing in ZnO. We conclude that th&-exciton transition iden-
Recently ZnO crystals have become available in whichtified by Thomas is indeed an intrinsic exciton, but that the
intrinsic exciton transitions are observed in emission. Thisyalence-band symmetry ordering in ZnO is, nevertheless,
has provided additional information relative to the excitonA-T'y,B-I";,C-T';, identical to that observed in most other
structure of ZnO. The present study has emphasized specificV| wurtzitic structures, as well as in wurtzitic GaN.
optical transitions that are pertinent to identifying the

va_lence—band ordering. Left us consider emissive optical tran- EXPERIMENTAL DETAILS
sitions from thel’; conduction band to thEq valence band,
or conversely, absorptive transitions from thg valence The high-quality ZnO samples were cut from a 2-inch

band to thel’; conduction band. From group theoretic argu- boule grown by a seeded physical vapor transport method.
ments and the direct product of the group representations dthotoluminescencéPL) spectral measurements were made
these band symmetries, we obtain the following intrinsic ex-at 2 K with the sample immersed in liquid He. PL excita-
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TABLE |. Comparison of expected exciton transitions, under

various symmetries of the top valence band. — H=0
——— H=29.4kG
A T I, --— H=33%G
Elic,Hllc EL c,Hlic
H=0 H=0 g
Oscillator H Oscillator H §
CB VB Excitons Strength g-Value Strength g-Value P
N <
L. T I's Weak  ge—0n *A 9e=Oh 4
7 ° T Weak  ge.+g, Weak ge+gp
Is Weak OetOn A Oet0h
r, Iy r, A 0 Weak 0
r, Weak 0 Weak 0 . ; .
33735 3.3750 3.3765 3.3780 33795
** A’-denotes an allowed transition. energy (V)
+“Weak"-unallowed transitions that can be weakly observed due ] ] o
to misalignment, local strains, &0 transitions(since the pho- FIG. 2. Same as Fig. 1 except the orientation is mélie, EL c.

ton has a finite momentum . i

fact, we indeed see two weak linestt=0, (the weak ap-
tion was achieved with the 3250 A line of a He-Cd uv laser.Pearance of thé's line is likely due to the finite momentum
The reflectivity measurements were also made at 2 °K usin f the p_hotorf‘, and that of the’s line, to unwanted collec-
a high-pressure Xe arc lamp source, which provided ampl jon of light with E not_exactly parallel tco_:)._Furthermore, at
continuum in the spectral region of interest. The crystal wadiNite H, we can explain the strongly split line &g, and the
mounted on a copper holder with the™ axis of the crystal ~ Weakly split line asl's. These assignments result from the
oriented parallel to the long axis of the rectangular holderfact thatl's should split as the sum of the electron and hole
Both the PL and reflectivity spectra were analyzed by mean§ Values @e+gn), and I's, as the difference de—gp).
of a high-resolution 4-meter grating spectrometer equippecNce thel's splitting givesg=3.09, and sinceye=1.95,

with an RCA C31034A photomultiplier tube for detection. from Ref. 6, we deriveg,=1.14. This latter number agrees
well with the valueg,=1.2 calculated from the Zeeman

splitting of a shallow neutral-donor-bound excitoWe next
investigate the cagel c, Hllc, shown in Fig. 2. Here thEg

We first consider the free-exciton emission spectra, witHin€ is stronger, as expecté is now allowed, and shows
and without a magnetic fielth parallel to thec axis (Hlic), little splitting, and thd"4 I_m_e is still weak atH =0 and splits
and with the electric-field vector either parall@iic) or per-  Strongly (as ge+gp) at finite H. Thus, all of the data are
pendicular ELc) to the c axis. We will attempt to distin- consistent with the assignment b symmetry to the top
guish between the two possible symmetry assignmepgs ( Valence band, as summarized in Table I.
or I';) for the top valence band. The properties of the ex- W€ now look at the possibility df ; symmetry for the top
pected exciton lines, for each symmetry, are summarized ialence band. For the casgic, Hlc, Fig. 1, we could
Table I# The experimental data for the caBkc andHlic are  @ssign the low-energy line tBs, which should split age
presented in Fig. 1. If the top valence band idgfsymme-  +9n, and the high-energy line i, , which should not split.

finite H, but both should be weak or nonexistentt 0. In s reversed from what would be expectedowever, a more

serious problem is evident when we consider Eiec, Hilc

EXPERIMENTAL RESULTS

. case, Fig. 2. In this orientation, according to Tabld’}
~ H=38XkG should be strong, anll; weak, exactly opposite to what is
I observed. If we, instead, assign the low-energy lineHat
e H=187KG =0 toI'y, and assume that the “splitting” occurs from the
. —~—— H=0 appearance df, at finite H, the splitting would be expected
Z to go asg.—9g,. The high-energy line would then belg
£ exciton and should split ag.+ gy, which is clearly not the
E case. Thus, we believe that the data in Figs. 1 and 2 cannot
g be explained by the assumption I6f symmetry for the top
valence band.
The reflection and emission spectra, extended to higher
energies in the intrinsic region, are shown superimposed in
Fig. 3. In this case, both the ground-state and excited-state
s s s emission from the free excitons is observed for the orienta-
3.3735 3.3750 3.3765 3.3780 3.3795

tion EL c. From the emission spectrum, the exciton binding

energies are obtained, assuming the excited states are hydro-
FIG. 1. Second order PL showing th& andI's excitons in  genic. This leads to reliable band-gap energies for bottithe

zero-magnetic field as well as in applied field$c, Ellc. andB bands, summarized in Table II. Note that the emission

energy (eV)
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FIG. 3. Superposition of first order emission and reflection spec- F|G. 4. Reflection spectra for the orientatiBt ¢ andElic. The
tra. An expanded view of the excited state emission transitions igeflection minima are as followsA-exciton 3.3776 eVB-exciton
shown in the inset. The energies of the emission transitions arg 3938 eV,C-exciton 3.4335 eVC(n=2)-exciton 3.4700 eV,
given in Table II.

is observed for both thé and B bands. From this one can

spectrum is much more detailed than the reflection spectrunabtain the energy separation of theand B bands. One can

Emission from theC band is not observed; however, re- get an estimate of the energy separation ofBlendC bands
flection for the orientatiorHllc shows both the ground and from the reflection minimum of each band, if one assumes
first excited state of th€ band. The reflection spectra for the that the energy of the oscillator has the same relationship to
orientationsEL ¢ andEllc are shown in Fig. 4. The energies the reflection minimum in both bands. This estimate is also
of the reflection minima are given for all three bands. Unfor-reported in Table II.
tunately, the reflection peaks do not directly give the oscil- The contributions of the spin-orbit interaction and the
lator energies associated with the three bands. The emissianystal-field perturbation to the experimentally observable
peak gives the energy of the oscillator, and exciton emissiosplittings, E; , (which is the energy difference between the

TABLE Il. Parameters Pertinent to ZnO.

Measured
Parameters Values PL-Spectra Derived
A-ExcitonI's Ground-State Energy 3.3773 eV X
n=2 energy 3.4221 eV X
n=3 energy 3.4303 eV X
Binding Energyn=2 0.0597 eV X
Binding Energyn=3 0.0596 eV X
Band Gap Energy 3.4370 eV X
A-ExcitonI'y Ground-State Energy 3.3756 eV X
n=2 Energy 3.4209 eV X
n=3 Energy 3.4288 eV X
Binding Energyn=2 0.060 eV X
Binding Energyn=3 0.0598 eV X
B-Exciton Ground-State Energy 3.3895 eV X
n=2 Energy 3.4325 eV X
Binding Energy 0.057 eV X
Band Gap Energy 3.4465 eV X
Epg.Ig— T 0.0095 eV X
Parameters Values Measured Derived
Reflection
Spectra
A-Exciton Reflection Minima 3.3776 eV X
B-Exciton Reflection Minima 3.3938 eV X
C-Exciton Reflection Minima 3.4335 eV X
Ege, I'7-T5 0.0397 eV X
Spin-Orbit Parameter 0.016 eV X

Crystal-Field Parameter 0.043 eV X
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and B band gapsand E, ;3 (which is the energy difference 1800 "
between theB and C band gaps have been calculated by s o H=18.7KG, cLH
several investigators’ ' For the case in which the wurtzite '~/ My —— H=33.6 kG, c//H
energy levels are treated as a perturbation of those in zinc 3
blende, Hopfielti has derived the relations g 1200
£
E]_:O \“:
5+A 5+A)2 £ 60
Ep=———+ ——{ —2/35A
Rotators ~——
S5+A S5+A)2 0
Eya=— —— — 1 —2/35A ], 3369  3.371 3873 3875 3377 3.379
2 2 Energy (eV)

where A and & represent the contributions of uniaxial field  FIG. 5. Thel's andI'g free exciton transitions along with sev-
and spin-orbit interaction, respectively, to the splittigyS,  eral donor-bound exciton rotator state transitions. These transitions
and E, ;. Having observed the excited-state transitions inare shown in zero field and with applied fields in the orientations
emission from theA and B bands, one can make a determi- HLc andHiIlc. In zero magnetic field the lowest enerby rotator
nation of the band-gap energies, the difference of whiclstate occurs at 3.3714 eV. In an applied magnetic field ¢), the
gives a reliable energy separation of those bands of 0.0098west energyl’s rotator state occurs at 3.3702 eV. In an applied
eV. The difference between tH& and C exciton transition ~magnet field of 33.6 kGHlic), the split components of theg free
energies is estimated from the reflection spectra sinc€the exiton occur at 3.3752 and 3.3746 eV, and the split components of
exciton in emission was not observed. The energies of thEeI's rotator state occur at 3.3704 and 3.3698 eV.

reflection minima were taken as the exciton transition ener- o ]

gies, realizing that these are not the energy positions of th!lIC. In zero-magnetic field, thé'; free exciton as well as
oscillators. Since we are concerned only with the energy diffhe I's exciton associated witl",X rotator states are ob-
ference, this allows an estimate for the valu€gf. Assum-  Served. WherH L c is turned on, thd's free exciton as well
ing that the binding energies of t& and C excitons are @S thel's exciton associated with the rotator state appear.
reasonably close, this will also be the difference between thdhe 3.3702 eM’q rotator state and the 3.3714 d; rotator

B and C band gaps. This gives &, ; value of 0.0397 eV. state are associated Wlth_the 3.3594 VX transition, not
Substituting theE, , and E, 5 values into the quasicubic shown here but reported in Ref. 13. Whidfic is turned on,
model, the spin-orbit and crystal-field parameters can be edoth thel's free exciton and thd's rotator state show a
timated. Assumings<A, the spin-orbit parameter is 16 magnetic-field spllttmg. Assuming the unallowég; exci-
meV, while the crystal-field parameter is 43 meV. Onetons werel’; excitons they would not be expected to split in
would expect the spin-orbit parameter to be small due to th@ Magnetic field since th&, is a singlet exciton. This is
small atomic number of oxygen. The parameters that haveonsistent with al’;XI'g transition rather than &';XI';

been determined from the exciton spectra of ZnO are comiransition. Itis seen in Fig. 5 that t&; free exciton and the
piled in Table II. I'g rotator exciton show essentially the same magnetic-field

splitting. Additional splittings are observed on the high-
ROTATOR STATES IN ZnO energy side of the 3.3702 eVy rotator state. These result
from T'g excitons associated with other donor-bound exci-
Defect pair spectra have been observed in the ZnQons, where thd g rotators are masked Hys rotators asso-
samples being investigaté8iThis results in a number of PL ciated with differentD®, X lines in zero field(Ref. 13.
lines at slightly different energies due to different pair sepa-
rations. These pairs are not of the usual donor-acceptor na- CONCLUSIONS
ture, but behave simply as neutral-donor complexes; the
emission then results from the collapse of excitons bound to We have observed that the unallowed free-exciton transi-
the donors. On the high-energy side of the neutral-donortion, associated with the top valence band in ZnO as well as
bound exciton complex lines is a similar set of lines, whichthe same exciton associated with rotator states, splits in an
are excited states of the lower-energy complex structureapplied magnetic field. The magnitude of the magnetic-field
These excited states are analogous to the rotational statessylitting of the unallowed exciton, both as a free exciton and
the H, molecule. A model for the rotational states was pro-as an exciton in a rotator state associated with a neutral do-
posed by Rorisoet al* to explain their high-magnetic-field nor, was measured. 4 value of 3.09 was obtained, and this
results in InP. In this model, the donor-bound exciidhX value is the sum of the electron and hglealues. This is the
is considered to be a free exciton orbiting a neutral donorpredicted splitting for thé'g exciton from effective mass and
one electron was considered to be strongly correlated witlgroup theory* We therefore associate the top valence band
the hole and the other with the donor. Some of the rotatowith I'g symmetry. By superimposing the emission and re-
states associated with the defect-donor-bound excitons iflection spectra, we associate tAeband free exciton with
ZnO are shown in Fig. 5, along with the free-exciton transi-the transition originally reported by Thom&s.
tions. These transitions are shown fr ¢ in zero-magnetic We have observed the excitons associated withAtiaad
field, and for an applied magnetic field oriented ¢ and B bands in emission. In the case of théand, then=1, 2,



2344 D. C. REYNOLDSet al. PRB 60

and 3 states of thEg andI'4 excitons were observed, and for estimate of the spin-orbit and crystal-field parameters is
the B band,n=1 and 2 states of the exciton were observedgiven in Table II.

From these transitions the binding energies of the excitons

were determined as well as the band gap energies. From the

band-gap energies the energy separation of Ahand B ACKNOWLEDGMENTS
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