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A relationship between intra-4f transitions of Er and vacancy-type defects in Er-doped GaN was
studied by using a monoenergetic positron beam. Doppler broadening spectra of the annihilation
radiation were measured for Er-doped GaN grown by molecular beam epitaxy. A clear correlation
between the defect concentration and the photoluminescence (PL) intensity was observed. The
major defect species detected by positrons was identified as a Ga vacancy V,, and its concentration
increased with increasing Er concentration [Er]. For the sample with [Er]=3.3 at. %, the maximum
integrated intensity of PL was observed. The V, concentration was above 10'® cm™ and additional
vacancies such as divacancies started to be introduced at this Er concentration. For the sample with
higher [Er], the PL intensity decreased, and the mean size of vacancies decreased due to an
introduction of precipitates and/or metastable phases. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2932166]

I. INTRODUCTION

Optical properties of semiconductors doped with rare-
earth (RE) metals have been extensively studied due to their
potential in device applications such as full color displays
and telecommunication’ equipment. Photoluminescence (PL)
from intra-4f shell transitions from RE metals shows sharp
emission lines which match red-green-blue primary colors,
and their wavelengths are stable with host materials and tem-
perature variations. Among the many possible host materials,
wide gap semiconductors, such as GaN, are advantageous
because of the emissions of high-energy RE transitions ad-
sorbed in narrow band-gap semiconductors. Erbium (Er) has
been an intensively investigated RE metal because it exhibits
emission lines in infrared (IR) (1.54 wm) as well as in green
emission (537 and 558 nm); the IR region can be used to
reduce loss in silica fibers used for telecommunications.”” In
the trivalent charge state of Er, 4f electrons are shielded from
the host by filled 5s and 5p shells. The transition between the
first excited state (*I,5,) and the ground state (*I,5,) gives
rise to the IR emission and the green emission lines are pro-
duced by the transition between 2H,,, or *Ss, and the
ground state.

Erbium doping into GaN has been done through several
techniques such as ion implantation,z’4 metal-organic chemi-
cal vapor deposition,3 ® and molecular beam epitaxy
(MBE).>” The emission efficiency of Er-doped GaN, how-
ever, depends on the growth conditions of the GaN, and de-
vices based on GaN suffer from low quantum efficiency. It
was reported that the intraemission from a RE metal corre-
lated with vacancies adjacent to Er’” It was also reported
that PL intensities are strongly influenced by the presence of
a special distribution of point defects and dislocations.®
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Thus, a fundamental understanding of the behavior of point
defects is important to effectively utilize optical devices
based on RE-doped GaN. Positron annihilation is a powerful
technique for evaluating vacancy-type defects in
semiconductors.’ Vacancy-type defects in GaN have been in-
vestigated using this method,'®' and the results show that
positrons are a powerful probe for studying vacancies and
vacancy-impurity complexes in GaN. In the present study,
we used a monoenergetic positron beam to probe vacancy-
type defects in Er-doped GaN grown using MBE.

When a positron is implanted into condensed matter, it
annihilates with an electron and emits two 511 keV 1y
quantat.9 The energy distribution of the annihilation vy rays is
broadened by the momentum component of the annihilating
electron-positron pair p;, which is parallel to the direction of
the y rays. The energy of the y rays is given by E,
=511*AE, keV. Here, the Doppler shift AE, is given by
AE,=p;c/2, where c is the speed of light. A freely diffusing
positron may be localized in a vacancy-type defect due to
Coulomb repulsion from ion cores. Because the momentum
distribution of the electrons in such defects differs from that
of electrons in the bulk material, these defects can be de-
tected by measuring the Doppler broadening spectra of the
annihilation radiation. The resultant changes in the spectra
are characterized by the S parameter, which mainly reflects
changes due to the annihilation of positron-electron pairs
with a low-momentum distribution, and by the W parameter,
which mainly characterizes changes due to the annihilation
of pairs with a high-momentum distribution. In general, the
characteristic value of S(W) for the annihilation of positrons
trapped by vacancy-type defects is larger (smaller) than that
for positrons annihilated from the free state.

© 2008 American Institute of Physics
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Il. EXPERIMENT

The samples used in the present experiments were
0.8-um-thick Er-doped GaN grown on (0001) sapphire sub-
strates by gas-source MBE using NH; as the nitrogen source.
Details of the growth method are given elsewhere.'” Metallic
Ga and Er were evaporated from conventional Knudsen ef-
fusion cells. Before growth, the substrate was nitridated un-
der an NHj; pressure of 5X 1073 Pa for 10 min at 940 °C.
The substrate temperature was kept at 700 °C during the
growth. No buffer or intermediate layers were formed before
the growth of Er-doped GaN. A 3.5-um-thick undoped GaN
was also fabricated using growth conditions similar to those
described above. PL measurements were done using an Ar-
gon laser (488 nm) at 77 K. The structural properties of the
films were evaluated by x-ray diffraction (XRD) using
Cu Ka, and Ka, radiation. The Er concentrations [Er] and
their depth distributions were measured by Rutherford back-
scattering (RBS) using 30 MeV O°* obtained from a 12 MV
tandem accelerator.

With a monoenergetic positron beam, the Doppler broad-
ening spectra of the annihilation radiation were measured
with a Ge detector as a function of the incident positron
energy E. For each incident positron energy E, a spectrum
with about 1 X 10° counts was obtained. The low-momentum
part was characterized by the S parameter, defined as the
number of annihilation events over the energy range of
511 keV * AE,, (where AE,=0.76 keV) around the center of
the peak. The high-momentum part of each Doppler broad-
ening spectrum was characterized by the W parameter, which
is calculated from the tail of the peak, in the range of
3.4 keV=<|AE,|<6.8 keV. The relationship between S and
E was analyzed by VEPFIT, a computer program developed
by van Veen et al."® The S-E curve was fitted using

S(E) = S,F(E) + 285;F{(E), (1)

where F((E) is the fraction of positrons annihilated at the
surface and F;(E) is the fraction annihilated in the ith layer
[F(E)+X2F/(E)=1]. S, and S; are S parameters correspond-
ing to the annihilation of positrons on the surface and in the
ith layer respectively. To examine the annihilation character-
istics of positrons in the damaged region in detail, we used a
coincidence-detection system to obtain the Doppler broaden-
ing spectra.

Doppler broadening spectra corresponding to the annihi-
lation of positrons in vacancy-type defects in GaN were
theoretically calculated from valence-electron wave func-
tions obtained by the projector augmented-wave (PAW)
method" using our in-house QMAS (Quantum Materials
Simulator) code.” In this method, since the wave functions
exhibit correct behavior near ion cores, the corresponding
electron-positron momentum densities in a higher momen-
tum region can be obtained with better accuracy than by
using the norm-conserving pseudopotential (NCPP) method.
The difference between results obtained by the PAW and
NCPP methods is described elsewhere.”’ The Doppler broad-
ening spectra of positrons trapped by vacancies were calcu-
lated in a cell containing about 128 atoms, with the atomic
positions fully relaxed by means of ab initio quenched mo-
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FIG. 1. (Color online) S as a function of incident positron energy E for
Er-doped GaN with [Er]=0.3-6.0 at. %. The result for undoped GaN is also
shown. The S values at E< 14 keV correspond to the annihilation of posi-
trons in the GaN layers. The solid curves are fits to the experimental data.
The derived depth distributions of S are shown in Fig. 3.

lecular dynamics. The spectra corresponding to the annihila-
tion of positrons from the free state in GaN (bulk GaN) were
also calculated in a Wigner—Seitz cell containing two atoms
as well as a 64-atom cell for comparison. The formalism of
the local density approximation22 was used in this calculation
of the positron wave functions and that of generalized gradi-
ent ::1ppr0xirnation23 was used for the electron wave func-
tions.

lll. RESULTS AND DISCUSSION

The S values of Er-doped GaN with [Er]
=0.3-6.0 at. % as functions of E are shown in Fig. 1. Re-
sults for undoped GaN are also shown. For the undoped
sample, the S-E curve was fitted using Eq. (1). The solid
curves are fits to the experimental data. The obtained diffu-
sion length of positrons L; was 31 =3 nm. This value was
shorter than that (51 nm) previously reported for self-
standing GaN fabricated by a lateral epitaxial overgrowth
(LEO) technique.24 The derived characteristic S value
(0.4449+0.0002) was larger than that for LEO-GaN (0.44).
These values indicate that positrons implanted into the un-
doped GaN film were annihilated from the trapped state by
vacancy-type defects. The defect species and its concentra-
tion are discussed later.

For the Er-doped samples, the S values at E< 14 keV
correspond to the annihilation of positrons in the GaN film,
and the decrease in the S value above 15 keV was due to the
annihilation of positrons in the sapphire substrate. Figure 2
shows the relationship between the S values corresponding to
the annihilation of positrons in the GaN film and the Er
concentration. The variation of the integrated intensity of the
511 nm PL line is also shown. The behavior of the S value
was similar to that of the PL intensity, suggesting the va-
cancy concentration and/or the vacancy species play a crucial
role in the intraemission process of Er. The IR emission rate
was measured using the cathode-luminescence technique,
and emission was observed only for the sample with [Er]
=3.3 at. %. The S value increased with increasing Er concen-
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FIG. 2. § values corresponding to the annihilation of positrons in Er-doped
GaN and the integrated intensities of a 551 nm PL line as a function of the
Er concentration, where the PL intensity is shown in a logarithmic scale.
The inset shows the concentration of Ga vacancies (V,) derived from the
positron trapping model.

tration ([Er]<3.3 at. %), suggesting the introduction of
vacancy-type defects due to Er incorporation. Erbium can
occupy different lattice locations or form complexes with
impurities in GaN,”? but a Ga lattice site is expected to be
the major substitutional site.® The difference between the
bond lengths of Ga—N and Er—N is one cause of the intro-
duction of vacancy-type defects. In GaN, since the charge
state of N vacancies (Vy) is positive,27 the major defect spe-
cies detected by positrons is Ga vacancies (V,) and/or their
complexes with impurities.g_16 Thus, from Fig. 2, one can
conclude that such Vg,-related defects are introduced with
increasing Er concentration at [Er]<3.3 at. %. For Er-doped
GaN with [Er]=6.0 at. %, however, the S value was smaller
than that for the sample with [Er]=3.3 at. %. XRD measure-
ments showed that the (0002) reflection of hexagonal GaN
decreased with increasing [Er], and the intensity for the
sample with [Er]=6.0 at. % was two orders smaller than that
for GaN with [Er]=0.3 at. %. The observed degradation the
crystallinity can be attributed to the introduction of precipi-
tates and/or metastable ErN.%!" Thus, the decrease in the S
value for this sample can be attributed to the shrinkage of the
mean open space of vacancies due to the decrease in the
concentration of Er incorporated in the GaN matrix and/or
the annihilation of positrons in precipitates or metastable
phases.

The S-E relationships for Er-doped GaN were fitted us-
ing Eq. (1), and the derived depth distributions of S are
shown in Fig. 3. For the sample with [Er]=0.3 at. %, the S
value near the GaN/substrate interface was larger than that in
the subsurface region (<400 nm), suggesting the introduc-
tion of vacancy-type defects near the interface. No increase
in the S value near the interface was observed for the sample
with [Er]=0.6 at. %, which can be attributed to the increase
in the S value near the surface and a resultant masking of the
S value near the interface. For the samples with [Er]=1.5 and
3.3 at. %, similar behavior of S was observed again. A simi-
lar enhanced introduction of vacancy-type defects was ob-
served for Eu-doped GaN."” Figure 4 shows the depth distri-
bution of Er measured by RBS for the sample with [Er]
=0.6, 1.5, and 3.3 at. %, where the data were smoothed using
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FIG. 3. (Color online) Depth distributions of S for Er-doped GaN with Er
concentrations of 0.3-3.3 at. % obtained from the analysis of the S-E
curves.

FFT technique. The Er concentration near the GaN/substrate
interface (=17.3 MeV) was high, suggesting a pile up of Er
at the interface. The large lattice mismatch between GaN and
the substrate makes the interface an appropriate region for
reducing the stress caused by the difference in bond lengths
of Er-N and Ga-N. Thus, Er is likely to accumulate near the
interface and would result in the introduction of vacancy-
type defects. For the sample with [Er]=1.5 at. %, accumula-
tion of Er near the subsurface region (=20.8 MeV) was also
observed, but this was not the case for other samples. This
phenomenon could relate to the change in the potential en-
ergy of Er in the GaN matrix with an increasing defect con-
centration in the film.

Figure 5 shows (S, W) values corresponding to the anni-
hilation of positrons in the damaged region of Er-doped GaN
which were measured by a coincidence-detection system.
Results for a GaN substrate grown by hydride vapor phase
epitaxy (HVPE) are also shown.?® The lifetime spectrum of
positrons obtained for this sample was 153 =1 ps. The de-
rived lifetime is close to the lifetime of positrons that anni-
hilate from the delocalized state, suggesting that the (S, W)
value for this sample is close to the characteristic value for

Er-doped GaN

L 3.3at%

RBS yield (arb.)

Energy (MeV)

FIG. 4. (Color online) RBS random spectra corresponding to the depth
distributions of Er in GaN with Er concentrations of 0.6, 1.5, and 3.3 at. %.
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FIG. 5. (Color online) S-W relationships for the annihilation of positrons in
undoped and Er-doped GaN grown using MBE (A). The result for HVPE-
GaN was marked as “bulk” (@). Values (V) obtained through the first-
principle calculations for the positron annihilation in bulk, Ga vacancy
(Vga)s N vacancy (Vy), divacancy (Vg,Vy), and quadravacancy [(V, V)2l
are also shown.

defect-free GaN. The (S,W) values obtained through the
first-principle calculations are also shown, where the calcu-
lation was performed for the annihilation of positrons from
the delocalized state (bulk), and for the annihilation of pos-
itrons trapped by Vg,, Vi, divacancy (Vg,Vy), and quadra-
vacancy [(Vg,Vn)2]. Since the annihilation of positrons
trapped by V) has only a small effect on the (S, W) value, Vy
is not the detectable vacancy-type defects. Note that the in-
crease in the open volume of the defects results in a right-
ward shift in the S-W plot.

The calculated (S, W) value for bulk GaN locates to the
lower right of the value for HVPE-GaN. This difference
might be due to several causes such as the limitations of
first-principles calculations applied to Doppler broadening
spectra,21 or the experimental background. For undoped and
Er-doped GaN with [Er]< 1.5 at. %, the (S, W) values lie on
the line connecting the values of bulk and Vg,. This suggests
that the major species of defects detected by positrons was
VG and their concentration increased with increasing Er
concentration. According to the trapping model of positrons,9
the observed S value is a weighted average between the char-
acteristics S values corresponding to the annihilation of pos-
itrons in bulk (S,) and in defects (S,): S=S,(1—F,)+S,F,,
where F, is the trapping fraction of positrons by the defects.
F, is given by the relation Fy=u,C;/ (\y+u,Cy), where uy
is the positron trapping coefficient (3 X 10'° s71),!* \, is the
annihilation rate of positrons from the delocalized state
(6.54%10° s71),”® and C, is the defect concentration. The
calculated characteristic S value for Vg, was given by
1.069S,;,. Using the experimentally determined bulk S value,
the defect concentrations were calculated and the results are
shown in the inset of Fig. 2. From Figs. 2 and 5, we can
conclude the following. The Vg, concentration for the un-
doped GaN film was 5X 10'9 cm™, and it increased with
increasing Er concentration at [Er]<1.5 at. %. The Vg, con-
centration reached 3 X 10'® cm™ at [Er]=1.5 at. %, and the
introduction of larger vacancy-type defects such as Vg,Vy
started at [Er]=3.3 at. %.

The estimated energy level of the defect complex be-

J. Appl. Phys. 103, 104505 (2008)

tween Er and Vy (Erg,-Vy) was about 0.2 eV below the con-
duction band,’ and the IR emission was associated with the
energy transfer from the electrons bound to Erg,-Vy to the 4f
core state of Er.>*’ The behavior of the (S, W) values (Fig. 5)
is well explained by the introduction of Vg, and additional
vacancy clusters. Vg, has a deep triple acceptor level within
about 1 eV of the valence-band maximum.*’ Thus, it would
not be the defect participating in the Er-related fluorescence
through the energy transfer.’ Walukiewicz er al.® suggested
that the formation energy of native defects is dependent on
the Fermi level (Eg) position with respect to the Fermi sta-
bilization energy (Egg), which is the average energy level of
native defects. In this model (the amphoteric defect model),
acceptor-(donor)like defects are predominantly formed for
Ep> Epg (Ep<Egg), and the condition Ep=Fgg is achieved
when the donor- and acceptor-like defects are incorporated at
rates where they compensate each other. Thus, both acceptor
and donor-type defects are introduced by Er doping, and Vy
enhances the intraemission of Er. The emission properties of
RE atoms are strongly affected by the local symmetry of the
host.” Although Er-Vg, may not participate to the energy
transfer directly, they could change the chemical bonding
structure of the ligands nearest to RE atoms, and affect the
emission. The present experiments suggests that defect engi-
neering to control the defect species and their concentrations
while preserving a highly crystalline GaN matrix is one key
to increasing the emission rate of the intra-4f shell transi-
tions from an RE metal.

IV. SUMMARY

We used a monoenergetic positron beam to study
vacancy-type defects in Er-doped GaN grown by MBE. Dop-
pler broadening spectra of the annihilation radiation were
measured as a function of the incident energy of positrons for
samples with an Er concentration between 0.3 and 6.0 at. %.
Doppler broadening spectra were theoretically calculated
from valence-electron wavefunctions obtained by the PAW
method to identify defect species in GaN. We have obtained
a clear correlation between the point defects and the intra-4f
transitions of Er. For the undoped and Er-doped GaN with
[Er]=0.3—1.5 at. %, the major defect species was identified
as a Ga vacancy (Vg,) and its concentration increased with
increasing Er concentration; the V5, concentration reached
3x10'"% cm™ at [Er]=1.5 at. %. For the sample with [Er]
=3.3 at. %, the maximum integrated intensity of PL was ob-
served, while the introduction of additional vacancies such as
divacancies started at this doping concentration. The Er
depth distribution agreed well with that of vacancy-type de-
fects, and the Er accumulation near the GaN/substrate inter-
face introduced vacancies in the same region. The major
vacancy-type defects detected by positrons do not directly
participate in the Er-related fluorescence, but N vacancies
(Vn) might enhance the intraemission, where both the con-
centrations of Vy and Vg, were expected to increase at the
same time according to the amphoteric defect model.
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