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Optically detected magnetic resonance of epitaxial nitrogen-doped ZnO
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Optically detected magnetic resonari@OMR) experiments on epitaxial nitrogen-doped ZnO show spectra
due to(i) a shallow donor with the full wurtzite symmetiyi) a previously unobserved spin-1/2 center of axial
symmetry whose principal axis is tilted slightly away from the crystakis, and(iii) a spin—1 triplet state of
orthorhombic symmetry. The spin-1/2 center hastansor that is of a different form from that of previously
reported ODMR spectra for ZnO and is consistent with a model that contains a zinc interstitial, possibly in
association with a nitrogen atom. Thevalues for the triplet state are the average of those for a shallow donor
and the spin-1/2 center, and the spectrum is thus assigned to a pair of such centers strongly coupled by a
spin-exchange interaction.

DOI: 10.1103/PhysRevB.70.115206 PACS nuni®er76.70.Hb, 78.55-m

I. INTRODUCTION defect centers in ZnO. We propose a tentative interpretation
of the signals in terms of a zinc interstitial, possibly in asso-
The wide band-gap semiconductors GaN and ZnO areiation with a nitrogen atom, and a strongly exchange-
similar in many fundamental respects, including their crystalcoupled center formed when the zinc interstitial is in close
structures, lattice parameters, and band gaps. For this reasgipximity to a shallow donor.
the technological successes of epitaxially grown heterostruc-
tures based on Gaihave stimulated interest also in epitaxial
Zn0?2(ZnO has been studied extensively in the form of bulk Il. EXPERIMENTAL DETAILS
crystals over several yearg he differences between the two
materials also provide grounds for interest in ZnO as well as
GaN; in particular, the exciton binding energy of ZnO  The samples were grown by plasma-assisted molecular
(60 me\) is much larger than that of Gaf21 me\). beam epitaxy orc-plane sapphire substrates; further details
Controlled doping of ZnO to produce-type material is Of the growth and characterization of the layers are given in
essential for many device structures and also for the appearef. 2. The nitrogen concentration in the sample used in the
ance of ferromagnetism that has been proposed to be achieRresent work was estimated to be'16m though the re-
able in(Zn,Mn)O compound semiconductat§ Nitrogen has ~ Sistivity was too high to measure the active nitrogen concen-
been one of the most successfutype dopants in several tration directly by Hall experiments. Some ODMR measure-
II-VI semiconductor systeméor instance, in ZnSe, via lig- ments have been carried out on samples of lower nitrogen
uid phase epitax§, organometallic chemical vapor concentration and on undoped samples.
deposition, or molecular beam epitafy*® and in ZnTéY).
The doping of ZnO via substitutional nitrogen incorporation _
has therefore become a key topic in current work on ZnO B. ODMR technique
since it was originally proposed.Some other potential ac- ODMR has been widely applied to the investigation of
ceptors, for instance, arsenic, are also promiSiffyand  recombination processes in semiconductors. The key feature
some, e.g., lithium, have been studied over many years iis that the recombination often involves spin selection rules,
both bulk and powder samplé%l” Much work remains to  so that the intensity or polarization characteristics of the ac-
be done; for instance, the optimum doping and annealingompanying photoluminescengelL) depend on the spin dis-
conditions and particularly the dominant self-compensationtribution within the states that participate in the recombina-
mechanism have yet to be establishg&ecent advances in tion processes. In the simplest case, increases in the intensity
the epitaxial growth of ZnO and in the use of homoepitaxyof the PL are observed when magnetic resonance occurs in
and of epitaxy on GaN substrates provide a context for studthe excited state, but, in many materials, the behavior is often
ies of p-type doping. Additionally, codoping schemes thatobserved to be more complicated, with luminescence-
may increase the nitrogen activation in ZnO have been proguenching magnetic resonance signals being observed when,
posed and attempted, with controversial restitt&: for example, resonance causes the transfer of carriers into a
In the present paper we describe the results of opticallprocess competing with the PL band that is being monitored.
detected magnetic resonand®DMR) experiments on The signals of interest in the present work are of the
nitrogen-doped ZnO layers produced by plasma-assisted maiminescence-enhancing type. For recent reviews of ODMR
lecular beam epitaxyMBE). We observe signals from four in wide band-gap materials, see Refs. 22 and 23.

A. Details of the specimens
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ZnO:N 10K
HeCd 325nm excitation

The present investigation was carried out with microwave
frequencies in the 14 and 33 GHz bands and powers5i
and ~60 mW, respectively, and with the specimen in direct
contact with superfluid helium in a superconducting magnet.
The microwave resonatof$n the absence of a sampl@, 10°4
~3000 were of rectangular T, form with appropriate ]
optical access and could be rotated about an axis perpendicu-
lar to the magnetic field. The PL was excited with the mul-
tiline UV output of an argon-ion las€B63.8 and 351.1 nm,
3.41 and 3.53 eY giving photon energies close to the band
gap of ZnO(3.44 eV at 1.6 K. Typical excitation powers
were in the region of 10 mW. The entire sample surfeafe
area about 10 mfy was illuminated without focusing, giv-
ing a typical illumination intensity of 0.2 W cfi. The inci-
dent microwaves were chopped at frequencies in the range
200 Hz to 10 kHz and changes in the PL intensity were ]
monitored with an S20 response photomultiplier and a 45 DAP
lock-in amplifier; the modulation of the PL under magnetic 107
resonance conditions was in the range 0.1-0.01%. The PL 7T
emitted either along or at right angles to the magnetic field 20 22 24 26 28 30 32 34
was monitored and, for ODMR, suitable parts of the spec- Photon energy (eV)
trum were selected through use of combinations of high- and
low-pass interference filters; a filter blocking wavelengths
shorter than 400 nm was permanently in place in order t
reject the excitation light.

ODMR detection range
1074

PL intensity (arb. units)

10‘5-5

FIG. 1. 10 K photoluminescence spectrum of the ZnO:N sample
using 325 nmHeCd excitation. The spectrum is not corrected for
?he system spectral response. The detection range of the ODMR
experiments is indicated by the horizontal arrow.

C. Photoluminescence measurements nation involving Ct acceptor$® However, we believe that

PL spectra were recorded in a separate system usirigjere is no serious copper contamination in our material
HeCd laser excitatiof825 nm with the sample held at 10 K since no secondary ion mass spectrom&8yMS) signal
in a closed-cycle cryostat. Where necessary, a type Wratteifom this element was detected in undoped ZnO laytts
18A absorbing filter or a 325 nm dielectric mirror was useddetection limit was around #8cm3) and since the growth
to remove plasma lines in the visible region from the excita-€nvironment was kept the same for the N-doped ZnO layers.
tion laser beam. For the visible spectral region, a typd-urthermore, our ODMR spectra described below show no
GG400 absorbing filter was also used in front of the specevidence of copper-related signals.
trometer to eliminate light of wavelength shorter than

400 nm, which was otherwise transmitted in second order. B. Overview of the ODMR spectra

Typical ODMR spectra are shown in Fig. 2 for two laser

lll. EXPERIMENTAL RESULTS excitation powergdiffering by a factor of 10pat 13.76 GHz

A. Photoluminescence spectra and with the magnetic field oriented along the crystakis.
. ) Five lines are seen in spectry@a, which was recorded with

Th? phptolummescgnce spectrum of the_ ZnO:N SamIOI(?he highest laser power. The dependence of these signals on

used in t_h!s work is t.yp|ca_1l of epitaxial matenal grown under laser power is quite different so that, for example, the signals
the qond|t|ons desprlbed in Ref. 2 and is shown in Fig. 1. Th?'l') at magnetic fields of 0.4927 and 0.4954 T have similar
dommapt, §harp Ime at 3.357 eV is due to bound eXc'tor‘bower dependences and thus appear likely to be related to
recombination(the line shows partly resolved structure andOne another but can be distinguished from sighklat

its exact o_rigin is not cleg)rand, on it_s low-energy side, i$ 0.4895 T. We therefore infer the existence of four centers
accompanied by weak signals ascribed to phonon repllca(szy U, T, andD) that contribute to this spectrum, as labeled

(with characteristic separation of _about 71. rr)n_%ﬁ‘/Wer . in Fig. 2. We do not find a marked dependence of the spectra
shallow donor-shallow acceptor pair recombination emission e microwave modulation frequency, the microwave

is also observed between 3.1 and 3.3 eV. At lower energlefower, or the detection wavelength range emplogiedi-

stlll_, a banpl is observed covering most of the visible spectra ated on Fig. 1and so are unable to distinguish between the
region. This band extends over the wavelength range of thaifferent signals on this basis

PL band associated with copper centers in ZR@f. 25 but,
as has been discussed in the case of undoped epitaxial ZnO,
we do not assign this band to the presence of copper, since
the characteristic phonon structure of the?Ceenter is not The signal observed at 0.5022 T in Fig.(&nterD) is
observed®2° In principle, unstructured PL spectra in the found to be anisotropic, with a magnetic-field-induced split-
green region may be related to donor-acceptor pair recombting AE of the spin states described by the expres8ion

1. Shallow donor signal (center D)
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T T known to be formed by incorporation of gallid?® or

centre U 1'38560 GHz indium 3337 though in each case the magnetic resonance sig-
UV. A nal is broadened or even split bepause of hyper_fine intgrac—
tions. In the former case, the gallium hyperfine interactions

sontre D result in a line broadening of about 2 mM#33 whereas, for

centre Z

indium, the coupling between tHén nucleus(spin1=9/2)
leads to ten components spanning a range of 3GTIn
the present experiments, the linewidth is about 1 mT, which
excludes indium and probably also gallium as the source of
(@P the donor impurity. Other possible sources would, as in other
II-VI materials, be aluminum or halogen impuritig$or

centre T

——

L
pifvf, which the hyperfine interactions would be smalflydrogen
(b) P/100 is also now well established in both theoretféabnd

experimenta® 36 studies to be a shallow donor in ZnO, with
an activation energy of 35 meV and withfactors close to
those given in Table | for shallow donot$We do not have
information on the hydrogen content of the present samples.
However, while we cannot identify the nature of the impurity
(or defecj that gives rise to the donor signal, we note that,
since it is observed in undoped ZnO layers grown by the
same technique, there is no reason to suppose that it is re-

FIG. 2. ODMR spectra of ZnO:N for 13.76 GHz microwave /ated to the nitrogen doping.
excitation with optical powers ofa) 10 mW and(b) 0.1 mW at
1.8 K and with UV Af* optical excitation, detected using the whole 2. Spin=1/2 signal (center U)
visible spectral regionwavelengths in the range 400-700nm
Spectrum(b) has been multiplied by a factor of 20, and the spectra The signal seen at a magnetic field of 0.4895 T in Fig. 2
are displaced vertically for clarity. The positive vertical direction (centerU) is slightly anisotropic and moves to a higher field
corresponds to an enhancement of the PL signal. when the field direction is away from tteaxis. To a first
approximation the behavior can be described by Hy,
_ 2 2 though spectra taken at 33 GKigee Sec. Ill C beloyvpro-
AE = ugBVgT sin(9) + g cos'(6). @) vide evidence for a small splitting of the signals for field
Here, ¢ is the angle between the magnetic fi@lcand the  orientations away from the axis. This splitting cannot be
¢ axis andug is the Bohr magneton. The values@f andg; investigated fully because of overlap of the spectra with that
are given in Table | and correspond to those previously redue to centeZ when 6 approachesr/2 [see Figs. &) and
ported from electron spin resonan@&SR) and ODMR stud-  4(b)]. In a specimen with lower nitrogen concentration, sig-
ies of shallow donor centers in ZnO. Shallow donors arenals from centeld were not observed, even though those

ODMR signal amplitude (arb. units)

AL L L B AL A R LA B A
0.485 0.490 0.495 0.500 0.505
Magnetic field (Tesla)

TABLE |. Summary of the spin-Hamiltonian parameters required to fit the ODMR spectra of nitrogen-doped zinc oxide, together with
some previously reported values. The centers listed are in ZnO unless specified otherwise.

Center g o] D| |E| z axis Assignment
(this work)  or (GG or g,  (ueV) (ueV) (angle toc)

D 1.9556 1.9574 0° shallow don@ee Sec. lIB 1
1.96 1.96 0° halogen don@Ref.15
1.9556 to 1.9562 1.9574 0° Ga, In shallow don@&sfs. 33 and 3y
1.9551 1.9570 0° shallow donqiRef. 28

T (1.983,1.982 1.9894 0.15 0.12 0° S=1 (see Sec.lll ¢
2.0224 1.9710 3.16 0° S=1(Ref.28
2.025 1.984 3.20 0° O vacan8r1 (Ref. 29

z 2.006 2.020 20° S=1/2(see IO
2.052 2.006 0°, 109° ZnS center(Ref. 38
(2.0223,2.025% 2.0040 0°, 109° Li acceptgRef. 16
(2.0173,2.0188 2.0028 69.2° Zn vacangiref. 39
1.996 1.995 0° O vacangl* centej (Refs. 40 and 41
1.9633 1.9953 0° N accept@ref. 28

u 2.0060 2.0076 0° S=1/2 (see Sec. llIB 2
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FIG. 4. Dependence of line positions of the ODMR signals aris-

FIG. 3. ODMR spectra of ZnO:N for 13.748 GHz microwave ing from centersZ andU on the direction of the magnetic field in
excitation for a series of anglégidicated on the figupebetween  (a) a {1010} plane and(b) a {1210} plane. Solid lines: calculated
the magnetic field and the crystalaxis, where the magnetic-field angular dependences according to the models discussed in Secs.
vector is in a plane of forrm(ﬂo}_ B2 and Il C 1. The experimental dat@hown by solid circles
and squareswere obtained by decomposition of the spectra using
from centerZ were detected: centet$ and Z are therefore Lorentzian line shapes.
distinct.

C. Angle dependence of the ODMR signals from center$
and Z

The behavior of center§ andZ as the magnetic field is

single line observed nead=0.487 T for #=0° splits into
three components and moves to higher magnetic-field values.

rotated away from the high symmetgyaxis is more compli- Although it then overlaps the signals of centér fitting of

cated than that described above for centmndU. In par- all the data of Fig. 3 is possible and the results are summa-
ticular, it will be seen that it is necessary to specify the ro-fizéd in Fig. 4a). Note that, in parts @) and 4b) of this

tation angle of the magnetic field within the crystaplane. ~ figure, slightly different microwave frequencies were used so
Figure 3 shows a series of ODMR spectra for a sampldhat the zero-angle lines appear at slightly different magnetic

rotated such that the magnetic field movasterms of hex-  fields. The fitted curves are calculated taking this into ac-
agonal Miller-Bravais indicesn a plane of the fornf1010}. ~ count and using the same spin-Hamiltonian parameters for
It is useful here to consider the symmetry of Bg (6 mm) ~ 4(@ and 4b). We have recorded analogous spectra for the
point group in some detail. It contains two nonequivalentcase where the magnetic field is rotated in the orthogonal
sets of three mirror planes, ford¢010} and {1210}. The  Plane and find that four signals are now observed. The results
planes of the latter set contain two tetrahedral bonds an@f fitting these spectra are shown in Figby .
those of the former only ongalong [0001). There are six These observations show that cenfehas a spin ofS
general symmetry-related vectors of the ty®1x) (for a =1/2, giving rise to a single ODMR transition, but that its

. L . — principal axis is tilted away from the axis and lies in a
givenx) lying in the set of mirror planes of forqil210} and, —— .
if the magnetic field is rotated in one of these planes, thd/ane of form{1210}. Centers of each of the six symmetry-
directions of these six vectors makeur distinct angles to related orientations give rise to separate contributions to the
the magnetic field at any given rotation angldf, however, ODMR spectrum and, therefore, three or four signals are
the magnetic field is rotated in a mirror plane of the other sepbserved depending on the rotation plaE.is again of the

{1010}, thenthree distinct angles now exist between the di- oM of Eq.(1) but the axis along whicl, is defined must be
rections ofB and the same general vectors. determined by numerical fitting of the data of Fig. 4 and is

found to be oriented at approximately 20° to thaxis. This
1. Spin=1/2 signal (center Z) angle can already be estimated by inspection of Fig),4
These considerations are the key to understanding thgince it is the angle at which the lowest-lying ODMR tran-
structure of centeZ. From Fig. 3, it can be seen that the sition has its minimum value.
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FIG. 5. Dependence of line positions of the ODMR signals aris-__. FIG. 6. Dott_ednlines: ODMR spectra of ZnO:N fo_r 1.3'76 GHz
. N o T microwave excitation for angles between the magnetic field and the
ing_from centerT on the direction of the magnetic field i@ a crystalc axis of (a) 0°, (b) 45°, and(c) 90°. Solid lines: results of
{1010} plane andb) a {1210} plane. Solid lines: calculated angular simylations of the spectra of cenfEras discussed in Sec. 11l C 2.
dependences according to the models discussed in Sec. Ill C 2. The
experimental datgshown by solid circles and squayesere ob- —
tained by decomposition of the spectra using Lorentzian lineCrystallographid1010] direction. The solid lines in Fig. 5
shapes. show the magnetic fields at which ODMR resonances are
_ , predicted on the basis of E¢2). Clearly, more transitions
2. Spin=1 signal (center T) are predicted than are resolved. However, the experimental
The remaining lines in the spectra are those belonging téinewidth is significant; the full width at half maximum of
centerT. Figure 3 shows that two broad resonances with ahe signals from centeF is evident from Fig. 3 and is indi-
full width at half maximum(FWHM) of at least 1 mT are cated by the vertical arrow on Fig. 5. If even the simplest
observed aB=0.4925 and 0.4950 T fa#=0° with the mag-  possible simulation of the experimental data is carried out, in
netic field lying in the plang1010}. These resonances ap- which all transitions are assumed to haWvg constant and
proach one another @sincreases and move apart againdas equal intensities andi) a Lorentzian line shape of linewidth
reaches 90°. This angle dependence is summarized in Fig. 5.mT, then the experimental spectra of Fig. 3 are reproduced
For the orthogonal rotation pland210}, Fig. 6c) shows well at all angles.
that three broad resonances are now observed \Wr&°. Figure 6 shows three such simulated spectra, for angles of
The observation of two lines when the magnetic field is#=0°, 45°, and 90°. Note that the relative intensities of the
parallel to thec axis requires at least a spin 8£1 together three lines shown in Fig.(6) are well reproduced by this
with a term yielding a small zero-field splittingh conven-  simulation. For example, the high intensity of the central line
tional notation, the magnitude of this term is expressed byn Fig. 6(c) arises because of the overlap of four separate
the parameteD; for a discussion, see Ref. BThe effective  contributions at§=90°, as shown in Fig. (6). Despite its
Hamiltonian describing centeT is given in Eq.(2). The  simplicity, this model is therefore capable of predicting the
anisotropy with respect to rotation of the crystal aboutdhe gpectra of centel at all orientations of the magnetic field
axis, which gives rise to the differences observed betweegith respect to the crystal axes.

the rotation planeélOTO} and{TZTO}, implies a further re-

duction in symmetry from tetragonal to othorhombic and this D. ODMR results at 33 GHz
'rzr?]itn;rétfd by the final term in E¢P), involving the pa- In order to test the assignment of the overlapping signals
of centersZ andU, and to test the simulation of the spectra
H = gyugSByx + 9yusS,By + gueS,B, of centerT, we have obtained ODMR spectra at the higher
1 microwave frequency of 33 GHz. Representative spectra are
+ D{ﬁ— §S(S+ 1)] +ES-S), (2)  shown in Fig. 7(we show here spectra as a function &f

only for the case thaB lies in the pIane[TZTO} though we
where thez direction is along thes axis andx is along the have obtained data also for the orthogonal orientation
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119 120 121 122 123 not predominantly composed of band-edge states; it is well
' " A 33.455GHz established that the orbital angular momentum of a hole in a
f'\ % (1270} ) single p-like state is quenched and results in a spinSof
| e A %0 =1/2, with g factors greater than but close to the free-
" ’\ ’ electron valué? One example is the deep acceptor formed in
/ \"‘-w-/‘j/ 70° lithium-doped ZnO, where a hole may be trapped in an oxy-
T T \“Mwwﬂ"’ﬁ“ww genp orbit oriented along any of the four Li-O tetrahedral
3 ) directions; since the bond along theaxis is not equivalent
.“,v‘“’ 50 . to the other three, two types of center reséft’ A second

example is the zinc vacancy in Zn@®ef. 39 where, again,
axial and nonaxial versions of the center are observed.
A more complex defect also giving this type of ODMR
i signal is theA center?® in which a zinc vacancy is associated
J .""*me”" \ . 200 with a donor that may be either a halogen impurity on a
Pharuiporerp outia group VI site or a group-Ill metal on a zinc site A good
example of amA center is observed in hexagonal Z#3a Cl

ODMR signal intensity (arb. units})

{ A_j 3 0° impurity is paired with a zinc vacancy and a hole is trapped
F""* *qwiwmf*&*"vﬁgﬁgﬁ in a p state on a sulfur atom adjacent to the vacancy. The
- parameters for this center are included in Table I. Similar
1.19 1.20 1.21 1.22 1.23 centers are also observed in Zrf%e.
Magnetic field (Tesla) A centers are known to act as deep acceptorlike centers in

) [I-VI compounds such as ZnS and ZnSe, so that recombina-
microwave excitation for a series of angl@sdicated on the figule  r0ad emission bands well below the band-gap energy. The
between the magnetic field and the crystakis. Solid lines: results recombination is subject to spin selection rules, which makes
of simulations of the spectra of cenfeas discussed in Sec. Il C 2. it possible to observe strong ODMR signé%n anA center,

First, we note that both centeB and U behave as ex- the presence of the impurity removes the degeneracy qi the
pected of spirS=1/2 centers described by E({L); they ap-  Orbits of the group Vlion adjagent to .the zinc vacancy and
pear at magnetic fields which have increased in proportion téhe hole occupies the lowest-lying orbit, denofgdwherez
the microwave frequency, though it appears that the signds the direction from the chalcogen to the impuyityhe shift
due to centet) broadens slightly and becomes asymmetric,0f the g value from the spin-only value is caused by spin-
suggesting unresolved splitting. The poorer signal-to-nois@rbit-induced mixing of thep, state with the higher-lying,
ratio of the 33 GHz spectra, relative to those at 14 GHzandp,. The behavior has been discussed in Refs. 45 and 16.

makes the identification of signals from cenemore diffi- ~ Neglecting any small difference betwegpandg,, the shifts
cult, but the signal for¢=0° is clear and is found at the Ag; of g; from g, are given by the following approximations,
magnetic field predicted by the model of Sec. Il C 1. in which \, is the spin-orbit coupling constant for the chal-

. In contrast, the signals assigned to cenftado not sc_:ale cogen specieg\, is negative for a holeand AE, is the
with the microwave frequency in a simple way. This is par-(positive) splitting in energy between the lowest-enengy
ticularly obvious for #=90° (Fig. 7), where a single very orbital and those orthogonal to it. Definingas the axial

broad line with a shoulder to lower magnetic field is ob- direction of the centefalong whichg, is measurey
served. This spectrum is very different from the correspond-

ing spectrum of Fig. 3, where two well-resolved peaks are A

seen. The same simulation dwd - Ag,=Ag = -2 5, )
. proced@réth the same param AE?

eters as at 14 GHzhas been carried out, and though the

agreement with experiment is not so good 6x40°, the _on %

simulation reproduces the principal observation that the main Agey=Ag, = —_ glg_ (4)
peaks in the spectrum hagenvergedas the microwave fre- ' AE, AE;

quency is increased. This is exactly as expected for a triplet

state, since the zero-field splitting becomes progressivel}glI
negligible as the magnetic field needed to achieve resonanceg,
is increased. The results at 33 GHz thus provide significal
additional support for the model of E@R). The parameters

of all the spin Hamiltonians discussed above are summariz
in Table I, together with selected values from the literature.

These formulas are discussed in detail by Schne@der
45in the context of ZnS and ZnSe, and are found to give
%tisfactory explanations of tlievalues. In the case of ZnO,
ere appear to be no reports Afcenters of the type ob-
served in ZnS and ZnSe. However, in ZnO, the Li-related
egsnter discussed above acts as a deep acéeptut leads to
strong ODMR spectr&’ For a hole trapped in an oxygen

IV. DISCUSSION orbit, \, is estimated to be about -16 mé¥With a value
_ for AE, of 1.71 eV, good agreement was obtained between
A. Interpretation of the S=1/2 spectra, centerZ the observed and calculatedvaluest® the terms involving

The observation of a spig=1/2 center withg values )\}2, being negligible. Holes trapped at oxygen ions adjacent to
greater than 2 suggests a hole state whose wave function Z&nc vacancies have also been studied by ESiRere again,
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0x=0,>0, Note that, for A centers, for the lithium- these ar@, =2.00«(2\q/A;) andg,=2.00~«(8\y/Ao), where
containing centers and for the zinc vacancy centers, in eacky, is the spin-orbit splitting for a hole in ad3orbit (and
caseg,~2 andg, >g; (see Table)l is negativg; A, A, are the separations of the new ground
The new cente(centerZ) clearly differs from the above state from the states derived from the state, which is
examples. First, the relative magnitudesf and g, are  |jewise split by the tetragonal distortion. We are able to
reversed. Second, the principal axis of cerfefies in a  rohrq4yce the experimentally observed values pfand g
mirror plane containing the axis but is tilted at 20° away given these expressions, and requibg=A, A, and

from the c axis. No evidence is seen for the existence of : C g :
. . . Mg/ Aq=-0.0025. Using a realistic estimate of —100 meV for
centers of this type but oriented at 20° to the other threg\d,m this would imply a value of\, of about 40 eV. This is

tetrahedral bond directions. gwuch larger than typical figures for the crystal field of an
Wi i ing for th h z
e begin by assuming for the present that center Oloeoxygen octahedronl.5-2.5 e\y*34%and so we rule out the

indeed consist of a hole occupying @ 8rbit of an oxygen s ; .
ion. To satify the conditiory, <g,, the p, orbital must now  POSSibility of a hole in a puredorbit.

be the highest in energy, so that the hole orbit lies in a plane INStéad, we propose that the center consists of a zinc in-
normal to z and is, say,p,. We then obtaing,=2.0, g, terstitial Zny' with s_ubstantlal hybridization petweend and
=2.00~(2\,/A,), andg,=2.00<2\,/A,) with A, , being the 4s levels. We \gvnte2 the hole wave func_tlon @:a¢4s
energies of, , relative top,. Substituting the observed val- *+B¢sqs, Where a°+p°=1 and the electronic configurations
ues ofg, andg;, and takingk, to be —16 me\A this model contributing to the hybridization are represented &y
requires thatA,=1.6 eV andA,=5 eV. These values are =(3d)*%(4s)* and ¢34=(3d)°(4s)* The resultingg factor is
implausibly large. It is furthermore difficult to construct a given byg=a?g,s+ 8°dsg, With gz4 given by the expressions
model involving a hole in an oxygen orbital in which the for g, andg, in the preceding paragraph and the isotropic
hole is repelled by the neighboring point defgethich  termg,s=2. This yields
would have the required effect of making highest in en-
ergy) since there is then no attractive potential to localize the 9,=g,=2- (%)lgz (5)
hole. This model thus appears to be incapable of explaining 2=~ Ay '
the observed signals.

Similar arguments apply to a hole trapped ip arbital of 2Ng)\
a nitrogen atom and so this model is also ruled out. A second Oxy=01=2- (A_ B (6)
argument against the assignment of the signal to a center d
directly involving nitrogen is that no hyperfine splitting of ~ Taking values of =100 meV foky and 2 eV forAy, for
the lines of the present center is observed. In the case @xample, we can now reproduce the experimental values of
nitrogen in annealed or electron-irradiated bulk ZnO, ang, andg; if we assume a value g8%=0.05, so that the hole
ODMR signal has been observed that was attributed to aarbital would have a predominantlys4¢haracter with only a
isolated nitrogen acceptdthe hyperfine interaction with the small admixture of the @ state, which appears plausible. In
99.6% abundarit=1 nitrogen nucleus could be resolved andthis simple picture, the only experimental observation not
suggested that the wave function of the unpaired spin was cfatisfactorily accounted for is that tkelirection(in which g,
predominantly axial,p-like charactet®*9. Electron para- is obtainegl would lie along a line between two apical oxy-
magnetic resonanc&PR) studies of ZnO:N have revealed gen atoms of an approximate octahedron and would thus be
another nitrogen configuration, the molecular nitrogen acceptilted at around 55° to the crystallineaxis, rather than the
tor N; and this center is again recognized by its hyperfine20° that we observe. However, the trigonal and tetragonal
structure?’ distortions that we must assume in this model will be ex-

We therefore seek models in which nitrogen playsdiro  pected to alter this angle. Note that, given the present signal
rect role and in which the hole does not occupy @rbital  strength, we would not necessarily expect to detect the pos-
but occupies instead @ orbital. One such possibility is that sible hyperfine structure due to the 4.1% abundant isotope
the center involves an interstitial zinc atom in an approxi-°'Zn (nuclear spin =5/2).
mately octahedral site, ZrnThe 3 states of zinc will be split In the above discussion, it was assumed that the zinc in-
by the crystal field into a triplet state and a doublegy, of  terstitial is isolated. The simplest model for the recombina-
which the doublet is lower in energy by an amodgf thisis ~ tion process that leads to the ODMR signals is tiiDs
analogous to the case of €un an octahedral field, which is +€7)+Zn  —D*+Zn’, where D* represents an unidentified
discussed in detail in Sec. 7.16 of Ref. 31. Note that a trigoshallow donor. The analysis assumed that the reduction in
nal distortion of the octahedral site is intrinsic to the wurtzitesymmetry is caused by a Jahn-Teller distortion. An argument
ZnO structurgsince its lattice parameter ratida is not that  against this is that the admixture dfstates is weak, so that
of ideal hexagonal close packingut this distortion does not the energy reduction gained by a distortion would be small.
remove the degeneracy of the doublet ground state. HowAn alternative possibility is that the reduction in symmetry is
ever, a further, tetragonal distortion of the center may benstead caused by the presence of an impurity close to the
expected via the Jahn-Teller effect and does lift this degenzinc interstitial. A candidate would be nitrogen, lying at an
eracy; defining Cartesian coordinatesy, andz along lines  oxygen site. The nitrogen would need to be nonmagnetic,
joining oxygen ions at opposite apices of the octahedronpresumably in the trivalent state. Thus, the compleX Zn
expressions similar to those of E@) may be used to esti- —N_ would take the place of Znin the recombination pro-
mate theg factors of the center. From Table 7.22 of Ref. 31,cess above. Following recombination, the complex would
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become Zﬁ— N,. At first sight, this would appear unlikely, has lower symmetry than the lattice itself, there are likely to
since one might expect complexes in whic@,l‘{lather than be additional low-symmetry interactions which lead to the
Ng, to be more stable, but the possibility cannot be excludedadditional zero-field splitting term@nvolving D andE) in
There is recent evidence from studies of electron-irradiatethe spin Hamiltonian of Eq2) for the triplet state. We there-
ZnO that Zn interstitials do exist and are mobile at roomfore explore the possibility that the tygespectrum is indeed
temperaturé? this implies that isolated Zrcenters would be  due to recombination between shallow donors and deep ac-
unlikely to persist in our samples and does therefore suggeseptors.
that the signals we observe arise from a complex of which Inspection of the values of the parameters for ceiiter
Zn; is only a component. (Table ) shows that itgy factors are very close to the average
The possible presence of zinc interstitials in ZnO wasof those measured for centels(the shallow dongrand Z
proposed many years agand remains a subject of discus- (the proposed zinc interstitial, so that, for a particular direc-
sion; zinc interstitials are often invoked in models for thetion of the field, gp+gz=2g; in an obvious notation. For
green PL emission from Zn@hough they are not the only example, when the field is along tleeaxis, gp=1.9574 and
possible candidat®). The n-type conductivity of bulk ZnO g;=1.9894, leading tog,=2.021. For a microwave fre-
crystals was attributed to Zforming a shallow donofargu-  quency of 13.760 GHz, this corresponds to a field of
ments against the alternative suggestion of oxygen vacanci€s4865 T compared with the observed value of 0.4872 T
were given.>! However, no ESR signals of the Zrenter  [Fig. 4@)]. When the field is perpendicular to theaxis
could be detectetf. Vacancy centers, on the other hand, cangp=1.9556 and g;=1.9825 (average valug leading to
be demonstrated to exist by other means, for example, posi};=2.0094. This corresponds to a field of 0.4893 T at
tron lifetime studies® The evidence for the existence of zinc 13.760 GHz, which lies close to the partly resolved group of
interstitials in related systems is clearer; for instance, it issignals in the region between 0.4897 and 0.4902 T for
well established in ZnS¥>6 It also seems likely that 6=90° in Fig. 4a). To within the accuracy to which the
sample treatments such as electron bombardment can gengelues of centell can be determined, this agreement is sat-
ate Zn;°%5"however, this may generate many types of defecisfactory. It is also possible that tfeevalues of the partici-
simultaneously and, for example, is proposed also to genepating centers(especially the shallow donprare altered
ate F* (i.e., oxygen vacangycenters’! Recently, a number slightly when they form an exchange coupled pair. The data
of ab initio calculations of the formation energies of point are therefore consistent with cent@r consisting of an
defects in ZnO have been carried out. There is general agreexchange-coupled pair of centddsand Z.
ment that, undep-type doping conditions, the oxygen va- It is interesting to note that the zero-field parameters
cancy has a low formation energy, but the question ofD andE are small relative to those observed for previously
whether this or the zinc interstitial are the dominant nativereportedS=1 spectra in ZnO. For example, Galland and
shallow donor does not appear to be resoRfed.The pos- Hervé® found for holes located on two oxygen ions a
sibility that a zinc antisite defect is also present has also beedlistance 0.38 nm apart thtwas 6.1ueV, consistent with a
raised®® Most recently, a link has been proposed betweermagnetic dipole-dipole interaction between the two spins.
Zn and the green PL emission band owing to the change iThe small values oD and E in the present case suggest
PL intensity on the application of an electric field to ZnO either that the distance between the two coupled spins must
single crystals; this change was attributed to the drift of zindoe large(while at the same time being well definear that
interstitials®! In summary, there are several indirect sugges-one of the spins is not strongly localized, which would be
tions of the existence of zinc interstitials in ZnO. The signalsthe case if, as suggested by thevalues, it was associated
described in this section and assigned td Zaither isolated with an electron bound to a shallow donor. The large line-
or within a complex clearly require more detailed investiga- width of the Lorentzian components that we have used in
tion but may lead to the resolution of this question. order to simulate the spectra of cenfecould be accounted
for by broadening due to a distribution of exchange energies
between the exchange-coupled pairs at different
B. Interpretation of the S=1 spectra, centerT separation¥ (leading to a distribution of values of the
Deep centers of spif=1 are a relatively common obser- parameter andE).
vation in the ODMR of photoluminescence bands at low
energies with respect to the semiconductor band gap. For
example, it is sometimes the case that a shallow donor and a
deep acceptor are in sufficiently close proximity for the ex- Optically detected magnetic resonance signals in epitaxial
change interaction to be sufficiently large for the combinedhitrogen-doped ZnO detected over the visible wavelength
spin states to form a spin triplet and a singlet, separated irange show several signals, which can be distinguished on
energy by an amount that is large compared with the Zeemathe basis of their laser power and angle dependences. How-
splittings and the microwave quantum. Under such circumever, none of these signals can be unambiguously identified
stances, only the transitions between the levels of the tripleds arising directly from the presence of nitrogen. The well-
state are observed. Thefactor in the triplet state tends to known shallow donor center was identified and three centers
(gat9p)/2, whereg, andgp are theg factors of the acceptor (Z, T, U) were observed, none of which however is directly
and donor, respectivef$:®3 Because the host lattice in the attributable to point defects involving nitrogen. Of the cen-
present case is wurtzite and also because the pair of centeess, theg factors of one spin-1/2 centér) are unusual in

V. CONCLUSIONS

115206-8



OPTICALLY DETECTED MAGNETIC RESONANCE OF. PHYSICAL REVIEW B 70, 115206(2004

thatg, <gj, in contrast to those for hole centers previouslyother spin-1/2 cente(U) is only very weakly anisotropic
reported, in which the holes are partly localized in oxygen and, at present, we do not have sufficient information to
orbits. This leads to the proposal that the signal arises from mlentify its microscopic nature. Finally, the spin—1 triplet
hole in a hybridizeds-d state localized on a zinc atom in a center(T) is proposed to arise from a strongly exchange-
interstitial site; the observed orthorhombic symmetry andcoupled pair of dono¢D) andZ centers; this interpretation is
g-tensor anisotropy are surmised to be the result either of gonsistent with both the factors and the symmetry of the
Jahn-Teller distortion or of the presence of a perturbing deppserved ODMR spectra.

fect (such as a nitrogen at a nearby oxygen)site view of

the results of recent studies of electron-irradiated ZhO,

the latter model appears more probable. Since we do not ACKNOWLEDGMENTS
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