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Neutral-donor—bound-exciton complexes in ZnO crystals
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Neutral-donor—bound-exciton transitions have been observed in ZnO. The isolated neutral donors are made
up of defect pair complexes. The neutral-donor nature of these pair complexes was determined from magnetic-
field measurements and from two-electron transitions. Excited states of the neutral-donor bound excitons were
observed in the form of rotator states analogous to rotational states of, ttmlicule.
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INTRODUCTION PL spectrum of this final pair also shows polarization prop-
erties that are consistent with defect pair structure.

Defect pair spectra have been extensively studied in On the high-energy side of the neutral-donor—bound-
GaAs!™ A large number of photoluminescefL) lines  exciton complex lines is a similar set of lines, which are
were observed resulting from excitons being bound to thdelieved to be excited states of the lower-energy complex
defect pairdthe term “defect” can include both foreign im- structure. Similar emission lines have been observed in many
purities as well as native defegtsSeveral of the lines were other materials, CdT¥, GaAs>*®CdS!’ and ZnSé? These
observed to be strongly polarizédlhe polarization of the transitions were first interpreted as excited states of the
lines suggests that during growth, defect complexes are preneutral-donor—bound-excitdho,X but with very little detail
erentially incorporated in certain crystallographic orienta-as to their nature. Later, Guillaume and Lavalf&roposed
tions. The crystal will be strained in the vicinity of the defect a rigid rotation model to explain these excited states in CdTe.
pairs with the strain being oriented in the direction of theln this model the hole is excited to rotate around the fixed
pair. This results in the electric vector being parallel to thedonor, analogous to rotation of diatomic molecules. This
strain direction. Similar polarization properties were reported0del had difficulty in predicting the observed energies for
by Langeret al2 from uniaxial pressure measurements onthe excited-state transitions. A non-r|g|d-_r0tator n_10d_e| was
Zno crystals. subsequently proposed by Ruhle and KImgenét%whmh

In this paper we report a number of PL lines in ZnO was successful in predlct|_ng the excited-state energies in InP
crystals which are associated with defect pairs. The defe nd GaAs. A more sophisticated model was applied to the

: ; -~ 1% X ground and excited states by Herb@rthis model pre-
pairs have the properties of neutral donors and the emission ) .
lines result from the collapse of excitons bound to thedICtS Fhe energy ordering of the excne_d Statif ; .
. A final model was proposed by Roriset al“* to explain
neutral-donor complexes. The chemical makeup of the defe

(fﬁeir high-magnetic-field results in InP. In this mod&?, X

pair is not known, but from the PL analysis, it must simulate;s - nsidered to be a free exciton orbiting a neutral donor;

a neutral donor. One would speculate that in the growth progne electron was considered to be strongly correlated with
cess the first component of the pair would be incorporateéde hole and the other with the donor. This model was ca-

perhaps at a lattice site. This would then be conducive to thgaple of explaining the relative intensities of the PL transi-
incorporation of the second component, which would occupion in the ground- and excited-state regions of InP.

a nearest-neighbor lattice, or interstitial, or more distant site. |n the current investigation, the problem is more compli-
The pair would then be crystallographically oriented. An-cated since the neutral donor is a complex rather than an
nealing studies show that as the annealing temperature &ectron bound to a positively charged ion. Here it is ob-
increased, the higher energy PL lines disappear and, at aerved that some of the transitions in the excited-state region
annealing temperature of 800 °C, essentially all of the emiseccur only in the presence of an applied magnetic field.
sion intensity goes into the lowest-energy emission line;These are believed to be due to thg exciton, which is an
which is believed to be the near-neighbor alignment. Itunallowed transition, in the absence of a magnetic field. This
would appear that annealing results in defect diffusionmay support the model of Roriséhjn which the exciton is
which ultimately produces nearest-neighbor defect pairs. Thexcited to rotate.
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FIG. 1. Neutral-donor defect pair spectra in ZnO, first-order FIG. 3. Polarized spectra of Fig. 2.
spectrum.

structure. Plotted in Fig. 4 is the splitting as a function of
EXPERIMENTAL RESULTS magnetic field, with the crystalline ¢"” axis oriented per-
pendicular to the magnetic fielet( H). The magnetic field
The neutral donor defect pair spectra are shown in Fig. lgata are for the line at 3.36012 eV. One would expect a
The spectra are recorded in first order and result from exciggoublet splitting(with ¢ H) to arise from an exciton bound
tons bound to the neutral-donor defect pairs. The same Speg; a neutral donor or acceptor in the wurtzite symmetry. In
spectra more lines are resolved. Defect pair spectra would bgsrg (g, = g,,,; cosé), so the magnetic-field splitting results
expected to show polarization effects. Local strains orientegom the electron-spin splitting in the final state. From these
in the direction of the pair will result, and the electric vector gaia  the electrory value is measured, giving a valug

will orient in the direction of the strain. Polarization effects _ 1 g5 in good agreement with the previously measiggd
are shown in Fig. 3. The solid line shows the spectra with the_ 1 gg22 a magnetic-field splitting for the orientatioallH

electric vector perpendicular to thec™ axis of the crystal,  \yas not observed. In this orientation, a contribution from
Elc. The dashed line shows the spectra with the electrigyoih the electron and hole spins is expected. The spin-up,
vector parallel to the £” axis of the crystal,Elic. Some of  gnin-down transitions leading to a sum of thevalues @

the lines show strong polarization, indicating the direction of gy,) are not allowed. The transitions leading to a difference
the pairs. This evidence supports the contention that thess the g values @.—g;) are the spin-conserving transitions.
emission lines are associated with defect pair complexeshese transitions are allowed but the resultmgralue is

The emission results from the collapse of excitons bound tQm a1 so that the splitting is not resolved. The otilet, X
the defect pair complexes that simulate neutral donors. Thesg,sitions showed similar magnetic-field splitting. '
complexes are shown to have the electronic character of neu- angiher characteristic of neutral-donor—bound-exciton

tral donors. The magnetic field splitting of the lines is con-yangjtions is the two-electron transitiofisEor this case the
sistent with neutral-donor bound excitons in the wurtzitegyciton collapses and the neutral donor returns to the ground
state, or it may pick up energy from the exciton, leaving the

™ electron on the donor in an excited state, in the final state.
é The energy of the transition is
o @
E - Er=Erx—Ep—AE, 1)
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FIG. 2. Second-order spectrum of defect pair spectra in Fig. 1.
Except for the first-order spectrum of Fig. 1, it should be noted that 3.358 . . .
all other spectrgFigs. 2, 3, 4, 5, 6, 8, and)%re recorded in the 0 10 20 30 40
higher dispersion, second-order diffraction pattern of the grating magnetic field (kG)

spectrometer whose first-order blaze ceriperak intensity falls at
a wavelength of 5000 A2.478 eV} and whose second-order blaze FIG. 4. Magnetic-field splitting of the 3.36012-eV defect-
center falls at 2500 A4.956 eVj. donor—bound-exciton line in the orientation H.
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quency, t is the annealing timek is the activation energy,
FIG. 5. Two electron transitions associated with the ground-2nd T; is the annealing temperature, the curve in Fig. 7 is
state defect-donor bound excitons. obtained. This gives a valuBE=3.6 eV for the activation
energy. The activation energies for the diffusion of Zn in
where E is the transition energyEqy is the free exciton ZNO have been previously determind?’ These activation
energy,E, is the energy with which the exciton is bound to energies fall within the range 3.0-3.3 eV. Thus, an activation
the donor, and\E is the energy necessary to put the donor€nergy of 3.6 eV would appear to be a reasonable value for
into an excited state. Transitions of this type are shown irPromoting the motion of the defect pairs.
Fig. 5. The solid curve shows the donor—bound-exciton tran- Excited states associated with &, X ground-state tran-
sitions (D% X) at 3.3636 and 3.3614 eV and the respectiveSitions are observed. Tht_ase are obse_rved at high resolution in
two-electron transitions at 3.3220 and 3.3189 eV. From thesgécond order, on the high-energy side of the ground-state
energies, the donor binding energies can be calculated, ag’ansmons_and are analogous to the exqted—state transitions
suming the excited states are hydrogenic. The donor diescribed inthe Introduction. The transitions 3.3662 E¥)(
3.3636 has a binding energy of 55.5 meV, the donor afnd 3.3670 eVs) in Fig. 8 are excited states analogous to
3.3614 eV has a binding energy of 56.7 meV. The dashe#ptational states of the Hmolecule. These states are rota-
curve shows the sample after annealing at 800 °C.O0H& tional states associated with the 3.3564-eV ground state, and
emission essentially goes into the line at 3.3570 eV, fodre not electronic excited states. To our knowledge, this is
which the two-electron transitions are=2, E=3.3137 and the first time these transitions have been observed when the
n=3, E=3.3058 eV. Then=2 state gives a donor binding neutral donor itself is a complex center. As observed from

energy of 57.7 meV and the=3 state gives a donor binding Fi9: 8, these transitions are on the low-energy side of the
energy of 57.6 meV. It is believed that the defect pairs aB-3772-€V Us) and 3.3750-eV [(¢) free exciton(FE) tran-

that the donor binding energy is increasing as the pairs movan applied magnetic field of 18 kG. THg exciton is an
closer together. unallowed transition that becomes allowed in the presence of

As alluded to above, sample annealing moves all of thén applieq magnetic fieId.. Th_e dashed curve shows the same

the more distant pairs are the first to break up and move tgSsociated with th&'s exciton is observed. The two lowest-

closer spacing. There is a near conservation of the total emis-

sion intensity, suggesting that the pairs are not eliminated, 85
but simply reconfigure. The total integrated intensity of all of
the lines as a function of annealing temperature is shown in
the inset of Fig. 6. It is noted that the total intensity of all of
the DY, X lines is conserved within less than a factor of two.
The shift of the emission intensity to the lowest energy line
with annealing temperature occurs rather dramatically be-
tween 700 °C and 800 °C. It is also noted that the lowest-
energy line broadens dramatically as the total intensity is
culminated in that line. This may be a strain broadening as
all of the pairs move to near-neighbor distances. From the ,
annealing temperatures, an activation energy can be ob- 1% 200 400 600 800
tained. Using the expression for first-order annealing, Annealing T (°C)
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FIG. 7. First-order annealing curve for the defect-donor bound

~E/KT, ]
2 excitons.
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FIG. 8. Excited rotational states associated with the defect- E
donor bound excitons. Note thdtg rotational excitons are ob- = L Lil] Ll
served. These are second order spectra. é
w
energy rotation states are associated with the lowest-energy n=2
3.3564-eVDP X transition. The next two lowest-energy ro- 3.3200
tator states, 3.3714 eM'¢) and 3.3702 eV [(g), are asso- n=2
ciated with the next-lowest-energy 3.3594 &7, X transi- 33160 F 5w
tion. It is noted that again one of the rotator states is §§
associated with thé's exciton. Other rotator states assocCi- 33199 | "=2 ‘Eé itk Al
ated with thel'g exciton are most likely not resolved since Er
they would come in the energy region where they would not 33080 -
be resolved from othel'5 rotator states. We observe that : :
rotator states are associated with fhgunallowed exciton, ned ——— ¥ S S
which lends support to the model that the exciton itself rather ~ 3.3040 |-
than the hole is rotating'

Following the arguments of Ref. 18, using the Hellmann-

Feynman theorem, one derives the energy difference: FIG. 9. Energy-level diagram showing the transitions in Fig. 5

and Fig. 8. The energies of the transitions as well as their identities
are given for the as-grown sample and for the sample after an

AE~J(J+ 1)(TED/|’2 3) 800 °C anneal.

for the rotator statesl is the rotational quantum numbép [0 x siates, thd's andl'g rotator states are clear, but for the
is the binding energy of the donar,=me/my, andr is the 4 highest energ?, X states thd ', rotator states will not
radius of the excitonic molecule. According to AKImoto and e resolved from thé s rotator states. After annealing, only
Hanamurd’ r is between 1.44 and 3.47 times the Bohr ra-yyo excited rotator states remain and they are clearly identi-

dius of the free exciton. _ fied with the application of a magnetic field.
From the data of this paper, one obtains an average value

of Ep=56.9 meV. Assuming to be twice the Bohr radius
one obtainsAE~6 meV. This agrees satisfactorily with the
experimental value of 10.6 meV. Taking the experimental
value of 10.6 meV, and inserting it into E(B), a value of We have shown the presence of neutral-donor—bound-
1.5 is obtained for the Bohr radius, which is in the sameexciton transitions in ZnO where the neutral donors are pair-
range 1.44-3.47 given in Ref. 28. One would expect thaype complexes. Magnetic field measurements and two elec-
Bohr radius to be reduced in ZnO due to the greater bindingron transitions show that the pair complexes have the
energy. properties of neutral donors and the optical transitions result
The energy-level diagram of the transitions shown in Fig.from the collapse of excitors bound to the neutral donors.
5 and Fig. 8 is shown in Fig. 9, for the as-grown sample andAnnealing experiments show that the higher-energy emission
for the sample after an 800 °C anneal. The fourteen transiines disappear, and at annealing temperatures nearing
tions in the as-grown sample reduce to five after annealing800 °C all of the emission intensity appears in the lowest-
The left-hand scale gives the energies of the transitions. It ienergy donor—bound-exciton transition. Integrated intensity
noted that after annealing, all of the higher enerBy,X  measurements reveal that the total emission intensity is
transitions disappear and only the lowest-eneébdyX tran-  roughly conserved. This suggests that the higher-energy
sition remains. If one assumes that the higher-energy excitegimission lines are due to neutral-donor—bound-exciton tran-
rotator transitions result from the rotation of the exciton, thesitions in which the pairs making up the neutral donors are
I's andI'g excitons are labeled. For the two lowest energymore distantly spaced. These are the ones that are first to

CONCLUSIONS
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