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Electron paramagnetic resonance of C(d®) in GaN
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Electron paramagnetic resonance of€d®) has been detected optically in the visible and near-infrared
luminescence of wurtzite GaN. Its effective=1/2 spin Hamiltonian parameters ag=+0.20(5),
g, =+1.5491), and|%*A|| =550(50) MHz, and®®A, |=570(5) MHz. A crystal field theory of thg values is
presented, which identifies the ion as substitutional on the Ga sublattice. Possible mechanisms for its presence
in the luminescence are discussed.

[. INTRODUCTION near IR by a cooled Ge detectéNorth Coast EO817S
followed by lock-in detection synchronized to the frequency
The 3d transition element ions are common impurities in of a chopper in the excitatiodor PL), or to the microwave
most semiconductors. The ability to study them by electrorpn-off modulation frequencyfor ODEPR. All PL and
paramagnetic resonan¢EPR and optical spectroscopy via ODEPR studies were performed at pumped liquid He tem-
their partially filled innerd" shells has provided a valuable perature (-1.7 K) in a 35 GHz ODEPR spectrometer which
probe not only of their important specific individual proper- has been described elsewhére.
ties, but also of defect processes and interactions in general,
in many of the traditional low to moderate band gap elemen- . RESULTS
tal and compound semiconductors. In the important wide
band gap semiconductor GaN, such studies have also begun. The PL of the sample revealed several overlapping bands
In particular, EPR spectra of #&(d®),' Mn?>"(d%),2 and in the visible, the dominant one being the “orange-red”
Ni®*(d7),> have been reported, as has the photoluminesband centered at-1.8 eV, often reported for HVPE
cence (PL) associated with the internad transitions of material®® In the near IR, the 0.93 eV luminescence system
V3*+(d?),2* ct(d?),2 and FE*(d%).% In the present pa- identified* with V3* was prominently observed, as was,
per, we add the important impurity €t(d®) to the list, more weakly, the 1.30 eV systémof Fe*.
presenting its EPR properties which we detect optically In Fig. 1, we show the ODEPR signal, wiBiL c axis,
(ODEPR in the visible and infrared luminescence of the observed in the visible luminescence. In addition to signals
material.(Above, we use the “ionic” notation, where, as has at ~1.25 T (@~2), which will be the subject of a subse-
been universal in the above-referenced literature, the ion iguent publication, a four-line positive signal is observed at
viewed as replacing G4 in the lattice. In the more relevant higher field. Its spectral dependence, estimated using various
semiconductor notation, B&, being neutral with respect to optical filters, reveals its source in the visible to be the domi-
the lattice, becomefFel®, CL?* becomes[Cu]~, etc. In  nant “orange-red” band at-1.8 eV. It is also observed as a
what follows, both notations will be used, the particular positive signal in the 0.93 eV ¥/ band in the near IR. The
choice depending on the context in each dase.

Blc

Il. EXPERIMENT

The sample studied was a high quali#500 um thick
free standing GaN single wurtzite crystal platelet grown at
NEC by hydride vapor phase epitakiyVPE) using a facet-
initiated epitaxial lateral overgrowth technique on a GaN-
nucleated sapphire substrate which was subsequently re-
moved. The details are described in Ref. 6. The sample was
not intentionally doped, but type, withn<10*” cm™3, and
with very low dislocation content~+10’cm™2). The ¢ axis . —
of the crystal was perpendicular to its platelet surfaces. 12 1',\3/' 14 F!.Sld T‘-6 17
Most of the PL and ODEPR experiments to be described agnetic Field (T)
were performed under excitation with either the 351 or 364 F|G. 1. ODEPR spectrum observed in the orange-red visible
nm line of an Af ion laser. The typical excitation power |uminescence foB L ¢ axis. Shown also on an expanded scale is a
was ~20 mW. Detection of the luminescence was achievedimulation of the spectrurfdashed linesresulting from hyperfine
in the visible by a silicon diodéEGG 250 UV} and in the interaction with the two naturally occurring isotopes of Cu.

PL-ODEPR
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FIG. 2. Angular dependence of the Cuspectrum. Ga.

Sshown in the figure, which is that expected for a substitu-

signal is seen for both 351 and 364 nm excitation but i . ) X ; )
absent under 458-514 nm excitation, even though the ref-Ional site on the Ga sublatticé.The spin-orbit ordering
' hown in the next panel of the figure reflects the negative

evant luminescence bands are still present. In a HVPE

sample from a different source that contained the same lumj&lue ofA. The assignment for the sign of the trigonal crystal

nescence bands, the signal was not observed. field in the ]ast panel results from a detailed analysis ofgthe
Anticipating that it will be identified as arising from Cu, values, which we now develop. o .

we show also in the figure the satisfactory match assumingv_ C_on5|de2r first the spin-orbit and trigonal field interactions

hyperfine interaction with the two natural abundanhee3/2 ithin the “T, sit?te, which we write, following the notation

isotopes of coppef69.2% ®3Cu, 30.8%°%°Cu, with 5% 153 of Masonet al,™ as

=1.07). The angular dependence of the spectrum is given in 2

Fig. 2. The spectrum can be matched accurately, as shown in Hso. % Hey, =AL-S=K[L; —L(L+1)/3], 3)

the figure, to the effectivé=1/2, | =3/2 Hamiltonian where thez' axis is the(111) wurtzite c-axis direction(We

H=pgS -g-B+S-A-1, (1) herezassumle to be iso'gropic, and ngglect the small effect on
the “T, states of off-diagonal matrix elements of the spin-

with |g|£|:0.2q5), g, =+1.5491), and |%A||=550(50)  orbit and trigonal crystal field terms between them and the
MHz, |%°A | |=570(5) MHz.(The signs of the parameters are distant’E states). Taking advantage of the fact that within a
not determined experimentally. However, the positive sign ofT, state the matrix elements &f for the L=2 d functions
g, will be established from the theoretical analysis in theare identical to those of a fictiondl=1 operator withinp
next section. The similarity of these distinctive parameters functions, but multiplied by a coefficient=—1, we label
(lgyl<lg.l, plus thel=3/2 hyperfine structujeto previ- the unperturbed states byl ,=0,+1 and Mg=*+1/2, de-
ously published values for Eti(d°) in similar wurtzite  fined with respect to the’ axis. The resulting Hamiltonian
materiald® immediately identifies the defect as arising from matrix becomes

Cuwt(dd).
|—1,—1/2) | —\2—K |+1,+1/2)
IV. THEORY |+1,—1/2) A2—K  —=NN2 ||-1,+1/2)
For ad® transition element ion in a wurtzite crystal such 0.+1/2) —MV2 2K 0.-1/2)
as GaN, the Hamiltonian for its free iofD state can be (4)

written which is identical in the basis either of the set of states

H=Hy +Heo+He. +Hy, ) shown on the left of the matrix, or of the Kramers conjugate
d o 3v set shown to the right. The resulting energies and wave
where the terms, in decreasing order, arise from the cubifinctions® for the three Kramers doublets are
crystal field, the spin-orbit interaction, the wurtzite trigonal
field, and the Zeeman interaction. A typical result is shownlau: E(T'4y) = K/2+ N4+ \(3K/2—N/4)*+\?/2,
in Fig. 3, where the specific order given for the resulting

states reflects our conclusions to follow for the2C(d®) |+ 1,—1/2)cosé+|0,+ 1/2)sin s, (5)
EPR spectrum being studied here. In particular, the indicated
sign of theT crystal field, giving the?T, state lowest, can | - 1,+1/2)cosé+|0,— 1/2)sin s,

be inferred directly from the theory of Masat al,'? who

treated the similad® case of trigonally distorted interstitial
Ni* in diamond. Their results showed that the sizable valud ai: E(I4)=K/2+N\/4—(3K/2—\/4)*+\?/2,

we find for|g, |=1.549 is only possible for one or the other

of the two I', states arising from théT, state, the other |+1,—1/2)sin5—]0,+ 1/2)cos, (6)
three states having, equal to or very close to zero. This

therefore determines the sign of tfig crystal field to be as | —1,+1/2)sin5—|0,— 1/2)coss,
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F5,6: E(F5’6) = - )\/2_ K,
|+ 1,4+ 1/2), (7)
|—1,—1/2),
where
N2
(8)

n&z 1]
3K/2— N4— \(BK[2—\14)?+\?/2

andI',, denotes the higher enerdy, state,I',, the lower.
With \ negative, thd’,, state is always the ground, lowest
energy, state of interest to us.

The Zeeman interaction for each state is given by

Hy= up(2S+KL) B, 9)

where a factok< + 1 (assumed isotropjcas been included

ELECTRON PARAMAGNETIC RESONANCE OF Cuaf) IN GaN
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FIG. 4. Locus of thd", g values ford® vs selected values &
The solid lines cover the range for the grouhig state and the
dashed lines fol',, vs K/\. The two possible positions for the
CW?* g values are also showfsquarey which lead to the values
k=0.25, K/N=+0.26 ork=0.34,K/A=+0.20.

to account for possible reduction of the orbital contribution.

With the wave functions given above, we calculate xtig
y’, andz’ Zeeman matrix elements of E¢Q) between the

states of each Kramers doublet, and equate them to those

Eq. (1), where the matrix elements of the effective spin op

eratorS are given by the Pauli spin matrices. From this, we

obtain, withg,,=g; andg,, =g, =9, ,

[y g)=—(2+k)cos 25 — K,

g, =1- 00325—\/§ksin 26, (10
[y g=(2+k)cos 25 - K,

g, =1+ cos 25+ 2k sin 25, (12)
I'se: g)=2(1—k),

g, =0. (12

The signs of thd™, g values above result from labeling
the Zeeman upper +1/2” and lower “—1/2" effective S
=1/2 states in the same order as given in E§5-(7). Re-
versing the assignment would have reversed the siggg of
but, at the same time, would have reversed the sigrg, of
so that theng,,=—g,,. The productg,.g,.g,, would re-

Fig. 4, we show the result, with several valuesKpand, on

it, we indicate the range covered for edch doublet vs the
gponal parameteK/\. We include also the two possible
positions on the graph for thg values determined here,
which, as shown, are matched in the grodnyl state byk
=0.25, K/IN=+0.26, ork=0.34, K/A=+0.20. We have
therefore now finally established thats indeed negative, as
we indicated in Fig. 3. This, in turn, provides further confir-
mation of the modelif one were necessaryin that a nega-
tive sign forK is predicted for the crystal field experienced
by the positived® hole for four negatively charged nitrogen
nearest neighbors iy symmetry, but under compression
along thec axis, as expected for wurtzite GaN, with its lat-
tice value ofc/a<<1.6333. We see further from the figure
thatg, must be positive. However, not having experimen-
tally measuredy, gy 9,/ =gHgf , We cannot choose between
the two possibilitiesy= +0.2. Accepting this, we have de-
termined thak~0.3 andK~ + 0.23\.

V. DISCUSSION AND SUMMARY

CU?*(d% has been observed by ODEPR in GaN. The
sign of the cubic and weak,, crystal fields that it experi-
ences identifies it as substitutional on the Ga sublattice. As
such, its charge state in the lattice[ Su] ~, identifying the
defect as a deep acceptor in its un-ionizedgative charge

main the same in either case, as required, being the only sigstate. The very small value fgj= =0.2 reveals strong ad-

property that is experimentally measurablédowever, be-
cause of the further requirement 6%, symmetry, we de-
mandg,, =g, , and the assignments above and the resultin
g values given in Eqs(10)—(12) are therefore uniquely de-
termined for the particular choideelative sign of the wave
functions within each Kramers pair given by EdS) and

mixtures of spin and orbital states in its ground Kramers
state, which we have demonstrated to result from comparable
gnagnitudes determined for the competing spin-orbijt &nd
wurtzite trigonal crystal field(K) interactions. The small
value for the orbital reduction factér~ 0.3 suggests the role

of 4p admixtures into thd, d states(producing contribu-

(6). (It is important to compare the matrix elements with tions of the opposite signand/or covalency effects which
those of the Pauli matrices as we have done, rather thaspread thel states partially into its neighbors.
simply calculate the energy splittings, which would not have Its detection as a positive signal in the ODEPR indicates
caught this important point. The Pauli matrix behavior of thethat it is involved in a spin-dependent process of some kind
effective spin Hamiltonian is essential to describe the dythat contributes to both the broad 1.8 eV and sharp 0.93 eV
namic response of the system and is therefore aero-phonon-line luminescence system. It cannot arise from
requiremenﬁf’) the emitting excited state itself because it is absent under
As pointed out by Abragam and Bleartéyn the similar  458—514 nm excitation which still produces the lumines-
case ofd?, the expressions for thg values given above for cence. This suggests therefore a spin-dependent hole transfer
the twol’, states describe an ellipse on a plogpksg, . In to[Cu] ",
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[Cu]”+h"—[CU]°, (13)  other centers that luminesce. A possible mechanism is as

follows. Spin-dependent hole transfer [tGu]~ could pro-

WhICh, in turn, prpwdes a direct or indirect feeding meCha'duce an excited effective mag&M) hole state of CulC. In a
nism for the luminescence, but not the only one. We can

. I - . __shallow large orbit, the hole could, in turn, be transferred to
tentatively rule out the possibility that the emissions arise,,. o . - .
directly from the excited captured hole statq 6u]°, where Q|fferent emitting _cen_t ers, aided by a suff|C|entI0y Iong. life-
the broad 1.8 eV transition might be a direct transition to the'Mme Iogal rﬁcomblnatl:on to the ground state[@p] I. In this
ground neutral state of the ion, with the 0.93 eV transition arpcenario. the normally deep Cu acceptor simply acts as a
alternative path via an internato-d transition. Although ~Cconduit for the hole via its excited EM states.

this would be the conventional explanation for seeing the

CW" (i.e.,[Cu] ") resonance in these two specific bands, it
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