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Optical detection of electron nuclear double resonance on a residual donor in wurtzite GaN
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Optically detected electron nuclear double resonaf@BENDOR was measured in the 2.2-eV yellow
luminescence band associated with a residual donor-type unintentionally doped GaN. The ODENDOR
lines are due to gallium and show a quadrupole splitting that can be described with an axial tensor. The
quadrupole parameter was estimated tajt®¥Ga/h= %QZZ:O.ZZ MHz. A hyperfine interaction fo?°Ga of
approximately 0.3 MHz for the isotropic part and of approximately 0.15 MHz for the anisotropic part was
estimated from the width of the ODENDOR lines. It is tentatively suggested that Ga interstitials are residual
donors.[S0163-18206)53740-9

Undoped metal-organic vapor phase epitddOVPE)—  cating that it is connected with the residual donor. Since the
and halogen vapor phase epita¢y PE)—grown GaN lay- ODENDOR lines are located near the Larmor frequencies of
ers have high residuai-type conductivities typically with the two Ga isotopes corresponding #gs~9.1 MHz and
10" to 10" cm~3 conduction electrons, which is above the v77~11.6 MHz, respectively®¥Ga and’'Ga with abundan-
impurity concentrationd? This strongly suggests that the cies of 60.1% and 39.9%, respectively, both with3/2), it
conductivity is due to native defects. The nature of the reSuggests that they are due to Ga interactions. .
sponsible residual donor has not been identified. It is often The angular dependence of the ODENDOR spectrum is
believed to be theN vacancy:® Recently, Boguslawski shown in Fig. 3. The crystal was rotated froBjlc to
et al. pointed out that Ga interstitials could be other candi-BL ¢ in steps of 15°. The peak positions of the rather broad
dates for native donofsAn EPR line with a halfwidth of ODENDOR lines were determined by a deconvolution of
approximately 0.5 mT was observed in nominally undopedgach spectrum with Gaussian lines. The squares in Fig. 3
MOVPE-grown GaN and associated with the residual donorepresent the positions of the line peaks. The solid lines are
by correlated conductivity measurementhe g values of ~ calculated from the following nuclear spin Hamiltonian for
the axialg tensor were determined to g=1.9515 and the ODENDOR transitions:

g, =1.9483. No conclusion on the nature of the donor could oL

be drawn from the structureless EPR line. Optically detected Hy=—ung,B-1+1-Q-1. (D)
EPR (ODEPR has also been observed via the so-called =

“yellow” luminescence band at 2.2 e¥The origin of this  The first term in Eq(1) is due to the nuclear Zeeman energy,
luminescence is still under discussi®i® W, is the nuclear magneton, agy is the nucleag factor.

We report optically detected electron nuclear double resoThe second term is the quadrupole interaction ene@yys
nance(ODENDOR measurements on the residual donor in -
GaN. The nominally undoped GaN layers were grown on
sapphire with MOVPE. The ODENDOR spectra were mea- l
sured in the yellow luminescence as an intensity change of
the ODEPR signal at 893 m{see Fig. 1 at 1.5 K. Glaser
et al.  showed that the high field line is due to the residual
donor. The other broader resonance was tentatively assigned
to a deep double donor. We used a halogen lamp with filters
as the excitation source for the yellow luminescence, which
was detected with a photomultiplier with a long pass filter.
ODENDOR was measured with cw microwave radiation and
amplitude modulatiorf500 H2 of the radio frequency’

In Fig. 2 the ODENDOR spectrum is shown jc. The 840 860 880 900 920
relative ODENDOR effect with respect to the luminescence Magnetic field (mT)
intensity was approximately>210~°. We found ODENDOR
signals only between 7 and 14 MHz. The recording time of FIG. 1. ODEPR spectrum measured in the 2.2 eV luminescence;
the spectrum was approximately 10 h because of the exuW frequency 24.47 GHzT=1.5 K; the field position of the re-
tremely weak signals. The ODENDOR effect vanished forsidual donor resonance where the ODENDOR was measured is
the magnetic field outside the donor ODEPR resonance indinarked with an arrowB|c (wurtzite structurg

w

ODEPR (arb. units)
[
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s the quadrupole interaction of the isotop€Ga to be
(x10°PL) q("'Ga) = 0.14 MHz. The quadrupole splitting of tH¥Ga
3 isotope is larger by approximately 60% than that of the
"iGa. This can be clearly seen in Fig. 3. The fact that the
splitting of the ODENDOR lines of both isotopes is the ratio
of their quadrupole moments strongly suggests that the lines
arise from Ga nuclei with quadrupole interaction. Had the
splitting been caused by a hf interaction, it would be differ-
ent. Since hf interactions scale likeg, values
et (%%g,,=1.34 439,"'g,,=1.708 18), the larger splitting would
_ “Ga(60%)  "Ga@0%) occur about the Larmor frequency 6fGa and not about the
6 3 10 12 14 Larmor frequency of°Ga, as is observed in Fig. 2. There-
Frequency (MHz) fore, the hf splitting must be part of the linewidth of the
relatively broad ODENDOR lines. Had the hf interactions
FIG. 2. ODENDOR spectrum foB||c measured in the 2.2 eV been resolved, we would have seen a more complicated an-
luminescenceB=896 mT, T=1.5 K; the Larmor frequencies for gular dependence consisting of more lines. An estimate of an
both Ga isotopes are marked; for the calculated spectisotid  upper limit of the hf interaction from the width of the
line) of the ODENDOR spectrum see text; the stick spectrum belowODENDOR lines gives 0.5 MHz fof°Ga and 0.65 MHz for

represents the frequency positions of the calculated ODENDORMGa (§||5) The spectrum cannot be explained by larger hf

lines with their relative intensities; the frequency positions of the. . o .
interactions, irrespective of the assumed individual lin-
lines are characterized by the, quantum numbers of the quadru-

ODENDOR
— &)

L . widths.
pole transitions; the numbers on top of the line spectra are th&
relative transition probabilitiesy(5°Ga=0.22 MHz, q("*Ga)=0.14 The solid line drawn on the data in Fig. 2 shows the
MHz. calculated ODENDOR spectrum f&fc assuming one type

of Ga nuclei with quadrupole interactions. The hf interaction
was neglected. A background linewidth of 0.85 MHz for
the quadrupole tensor which is axial in this case and Wthh;gGa was assumed. The difference in the width of the

can be described with the parametgin its principal axes . .
1 1 . : T ODENDOR lines of both Ga isotopes due to unresolved hf
system,” wherebyg=3Q,... The hyperfinghf) interaction is interactions, because of the different nuclgavalues, with

neglected. which the hf interaction scales, was neglected. This effect is

We analyzed our spectra with the assumption that the%f the order of the experimental error for the estimate of the

originate from one type of Ga nuclei with an axial quadru'ODENDOR linewidth. The lower portion of Fig. 2 shows the
pole tensor oriented with its principalaxis along thee axis.  cajculated “stick” spectrum. The relative probabilities of the
The quadrupole interaction parameter was calculated to B§DENDOR transitions were taken into account as well as

q(**Ga)=0.22 MHz, using Eq/(1). From the ratio of the ine relative abundances of both isotopes. Below the stick
nuclear quadrupole moments éfGa and®°Ga we inferred spectrum, the quantum numbers, of the ODENDOR

transitions* are showr{ m,= (m,+m /2)]; the ODENDOR
transitions occur betweem, andm/). It was assumed that

the quadrupole parametgris positive. The calculated spec-
Blc 90 trum agrees well with the measured one. Good agreement
was also obtained for other orientations.
75 In wurtzite GaN, an axial electric field gradient is present
at unperturbed lattice sites causing an axial quadrupole inter-
2 60 action. ENDOR lines with distant Ga nuclgidistant” EN-
g} DOR lines would be split by this interaction. The angular
é 45 dependence of distant ENDOR lines would produce the same
° pattern as we measurésee Fig. 3. But in this case it is not
e 20 expected that the width of the central ENDOR line, labeled
< with the quantum numbem,=0 (hf line), is angular depen-
dent. Distant ENDOR lines are not broadened by unresolved
15 hyperfine interactions with angular dependence. The widths
of the quadrupole linesnf;= +1) may change with the ori-
Bllc 0 entation of the crystal because of strain and crystal imperfec-

3 0 10 1 12 tions causing additional field gradients. To check whether we
have measured distant ENDOR or not, we analyzed the line
shape of the ODENDOR lines for different crystal orienta-

FIG. 3. ODENDOR angular dependence measured fEifa tions. In qu. »4 the line shape?of the hf transitions
(0°) to B.Lc (90°); the squares represent the ODENDOR line po- (mg=0) for Bllc and the superposition of both quadrupole

sitions; the solid lines show the fit to the ODENDOR angular de-linés (myg==*1) with the hf line for 55° off thec axis is
pendence with the assumption of a quadrupole interaction of Gghown. ForB||c a width of approximately (0.850.1) MHz
with axial symmetry about the axis. was estimated for the hf line. At 55°, the situation is more

Frequency (MHz)
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defect and the Ga interstitial acts as a shallow donor. There-
fore, we exclude a Ga antisite defect. Thus a candidate for
the residual donor is the Ga interstitighVe disregarded

more complicated configurations involving several equiva-

lent Ga atoms alongf.) There are two different types of
positions for interstitial Ga atoms in wurtzite GaN. Both sites
. have G, symmetry. Without lattice distortion there would
80 85 90 95 10080 85 90 95 100 be no quadrupole interaction on either site. Boguslafvski
Frequency (MHz) Frequency (MHz) found that there were lattice relaxations for both interstitials.
. ] - A crude estimate of the quadrupole interactions for both sites
FIG. 4. (3 Line shape of the hyperfinghf) transition My=0)  \yas calculated within a simple point charge model where the
at 9.16 MHz forB|c, at the flanks of the hf line the quadrupole electric field gradient is produced by the nearest neighbors of
lines (mq=*1, broken liney located around 7.9 MHz and 10.4 the relaxed interstitial, whereby the relaxation was taken
MHz are superimposegee also Fig. 2 (b) iuperposition ofthe hf  from#4 For both sites we obtained(69 Ga/h~0.6 MHz,
and the quadrupole transitions Br55° off ¢, the solid lines show  which is the order of magnitude observed. Because of the
transition is (0.8%0.1) MHz in (a) and (0.420.05) MHz in(b). by symmetry which of the two interstitial sites is occupied
complicated. Both quadrupole lines have the same frequen by the dpnor. The estima_te of the qanrupoIe interaqtion s
- : . ) ot precise enough to decide on the basis of the magnitude of
position. The hf line is separated by approximately 0.1 MHzthe quadrupole interaction.

from the quadrupole lines. Therefore, all three lines are su- The formation energy of the Ga interstitial was recently

perimposed. The quadrupole lines are broadened because of .
fluctuations of the electric field gradient. This broadening iscalculated to be approximately 10 eV fortype GaN by

especially observed if the angie between the axis of the rather improbable to observe the Ga interstitial with appre-

quadrupole tensor and the magnetic field is just 54.7 'Whergiable concentrations in material grown under thermal equi-

the quadrupole splitting following (3 c®8—1)=0 (see Fig. .. o
3). The hf line is not sensitive to these fluctuations. We fitted:;brgiﬂém g:lje}laerr’ffop&:at)i:zlrr?]gwggmsix OD\{JFr)iﬁ'gHe\:)Fi;gxi al

the line shape with two (_S_aussmn lines centered around thé:‘rowth, especially under Ga rich conditions, it is imaginable
calculated frequency positions of the quadrupole and hf tral

o ) ) . . Nthat Ga atoms trapped at the surface acts as precursors for the
Sg'iiso' (;Fshe :\';I]SW'dtQ of the hfflmﬁ Wzij;ﬁestlmateq 0 hbeinterstitial. A Ga interstitial would need a barrier of approxi-

I(' : _'dfh ) f th Zh'f i ecafuseb 3‘ u et t'l erenceth_lnk ttw et mately 5 eV to be stable at the growth temperature of ap-
Inewidtns ot the nf in€s for both orientations we think tha proximately 1300 K, a value which seems compatible with a

we did not measure distant ENDOR. :
. . ._formation energy of the order of 10 eV. For thevacancy,
We assume now that the width of the ODENDOR lines 'SNeugebauelet a2 calculated the formation energy to be

mainly determined by an unresolved hf interaction with one, : . :
type of Ga nuclei. Calculations of the linewidth assuming hfapproxmately 4 eV im-type GaN. This would also be too

) . ; . . . . large to result in measurable concentrations if growth is per-
interactions with four Ga ligand nuclei assuming Idrsite 9 g P

. formed under thermal equilibrium conditions.
donor (such as theN vacancy or oxygenshowed that it is The electric field gradient at the regular Ga lattice posi-

not possible to explain an angular dependent linewidth Wm}ions was determined to b¥..=6.75x 10%° V/m2 with

. . . . zz "
four or more hf interacting Ga ne_|ghbor nuc|e|_. In such amagic angle sample-spinning nuclear magnetic resonance
case, the superposition of the hf lines of all neighbors pro'measurementEMASS NMR) on GaN powdef? This value
duces a nearly constant linewidth for different crystallorien—Comes very close to the field gradient calculated from the

: . . - ¥]uadrupole parametay estimated from the angular depen-
an hf interaction with a shell consisting of one Ga nUCIeUSdence(Fig. 3: V,,=(6.5+0.2)x 102 V/m2. It is a serious

That would mean that the quadrupole interaction we me‘g)roblem to understand with our tentative model of a Ga in-

i;lrjicé 'zfctahu;z(:(ig?/ gngn;)gt? Goe} Tﬁglelﬁ;‘:& e;ghtgr?ggrr' \?v erstitial why the field gradients at the interstitial position and
Y y d P ! t the regular Ga lattice site should be so similar. On the

expect that the hf tensor has the same symmetry with it%ther hand, a very similar electric field gradient
principal z axis parallel to thec axis. The hf interaction can (V,,= 6.45x 1’020 V/m?) was reported from Overhauser
Y4 .

be divided into the isotropic Fermi contact interactarand shift double resonance experiments on the ddfdn hf

the anisotropic tensor which can be described with one 'nterl’nteraction is necessary to produce the Overhauser shift of

action parameteb in the axial casé: For Blic the hfinter-  the EPR line. Therefore, with Overhauser shift experiments,
action would bea+2b and forB 55° off ¢ it would bea.  nuclei of the defect or nearby the defect are measured.
We estimated the hf interaction parameters from the Finally, we would like to speculate about the mechanism
linewidths (Fig. 4 to be a/h~0.3 MHz and of the yellow luminescence. According to Boguslawski,
b/h~0.15 MHz for ®9Ga. both Ga interstitials have deep levels in the band gap in
With the assumption that we have measured a central Gaddition to the levels resonant with the conduction band. One
atom of the donor, we can interpret the results of the linecould imagine that the broad resonance in the ODEPR spec-
shape analysis. Two types of simple defects exist with onérum (see Fig. ], which was tentatively assigned to a deep
central Ga atom, the Ga interstitial and the Ga antisite defectlouble donof, could be caused by the paramagnetic charge
Boguslawskiet al# calculated that the Ga antisite is a deepstate associated with a deep level of the Ga interstitial. In this

b) 55%ff ¢

aBlic
m,=0

0.85MHz

Neugebaueet al'? Such a high formation energy makes it
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model, both resonances would be produced by the same dig- between G& and G&* or between GA and an accep-
fect in different charge states. This would explain why thetor, is not clear at present.

resonances always appear in tandem. It is possible to see theIn conclusion, we tentatively suggest the model of the Ga
same defect in different charge states in ODEPR because ifterstitial for the residual donor. The angular dependence of

e ; . the ODENDOR linewidth is in favor of this model. On the
excitation light drives the population of the levels from ther- other hand. the electric field gradient estimated from the

mal equilibrium. The electron transfer from Gao quadrupole interaction is similar to the gradient at an unper-
Ga?" would be spin dependent and seen in ODEPR. Thereturbed Ga lattice site which is not easily understood.

fore, it is possible that the levels of two charge states of the The authors wish to thank H. Overhof for helpful discus-

Ga interstitial are involved in the recombination leading t0gions  This work was supported by the project, Esprit
the yellow luminescence. Whether the yellow luminescence| AQUANI,” Grant No. 20968 of the European Union.
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