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BABSTRACTIl Luminescence methods such as cathodoluminescence (CL) and photoluminescence
(PL) can sensitively detect crystal defects in semiconductor materials. In a luminescence spectrum, radiative
defects show up as emission peaks at specific photon energies. The relative concentration of nonradiative
defects can be evaluated by comparison with the total luminescence intensity, because nonradiative defects
decrease the internal quantum efficiency. Furthermore, intentionally and unintentionally doped shallow
impurities are also measurable in the near-band-edge region of the spectrum. In the present paper, we
describe three different applications of CL and PL to defect analysis in semiconductor crystals, in order to
highlight the importance of these techniques for characterizing electronic and optoelectronic devices.
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1. Introduction

Control of crystal defects in semiconductor
materials for electronic and optoelectronic devices
is key to improving device properties and reliability.
Cathodoluminescence (CL) and photoluminescence
(PL) can sensitively detect crystal defects in
semiconductors. Figure 1(a) illustrates the experimental
setup used for luminescence measurements. In the CL
and PL techniques, electron-hole pairs are excited in
the sample by, respectively, an incident electron beam
and an optical beam with an energy greater than that
of the bandgap. Upon recombination of the excited
electron-hole pairs, the sample emits luminescence,
which is spectrally analyzed using a monochromator
and a detector.

Figure 1(b) shows the typical relaxation processes
of the excited electron-hole pairs. These relaxation
processes can be classified into radiative and
nonradiative transitions. The former can be directly
observed in the luminescence spectra. Not only intrinsic
emission lines such as those due to free excitons but
also extrinsic emission lines related to donor, acceptor,
and defect states are measurable. On the other hand,
defect states causing nonradiative transitions cannot
be detected directly as emission peaks. However,

nonradiative defects decrease the internal quantum
efficiency (IQE) of the material. Thus, the relative
density of nonradiative defects as a whole can be
estimated by comparing the luminescence intensity for
any emission line.(V

In this paper, we review three applications of CL and
PL measurements to defect analysis in semiconductor
materials. In Secs. 2 and 3, we investigate defects
induced in gallium nitride (GaN) by, respectively, dry
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Fig.1 (a) Experimental setup used for luminescence
measurements. (b) Typical relaxation processes
(radiative and nonradiative recombination) for
excited electron-hole pairs in semiconductor
materials are shown using a schematic energy
band diagram. CBM and VBM stand for
conduction band minimum and valence band
maximum, respectively.
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etching® and ion implantation.®) Crystal defects are
introduced unintentionally and transformed by various
device fabrication processes, such as dry etching, ion
implantation, and thermal annealing. Dry etching and
ion implantation degrade the electrical properties of
GaN-based electronic devices. Schottky diodes formed
on a p-type GaN surface etched by inductively coupled
plasma (ICP) showed an increase in series resistance
owing to the compensation of acceptors.”” In addition,
p-n diodes fabricated by p-type doping through
Mg-ion implantation and subsequent high-temperature
annealing exhibited a high density of traps.® For both
ICP etching and Mg-ion implantation, the suppression
of defect generation and/or defect elimination are
required for high-quality GaN-based devices. In
the present study, defect formation by ICP etching
or Mg-ion implantation, and the effect of thermal
annealing were studied by CL analysis.

In Sec. 4, we examine the interaction between natively
absorbed hydrogen and defects in silicon (Si) wafers.©
Intrinsic defects exist originally in single-crystal
wafers. In Si-based devices, these defects reduce the
minority carrier lifetime, owing to recombination of
carriers at defects.”” Hydrogen termination of dangling
bonds in vacancy-type defects is effective in increasing
the minority carrier lifetime in Si.® The reactions of
Si wafer defects with hydrogen are discussed on the
basis of the thermal annealing dependence of the PL
intensity.

2. Cathodoluminescence of ICP-etched GaN

2.1 Experimental

Two-micron-thick n-type ([Si]: 5 x 10" cm™) and
p-type ([Mg]: 3 x 10" em™) GaN films were grown
on c-plane sapphire substrates by metal-organic vapor
phase epitaxy (MOVPE). The p-type samples were
annealed at 850°C to activate the Mg acceptors. The
samples were etched by ICP using a 1-Pa gas mixture
of Cl, and BCl, with flow rates of 25 and 5 cm?/min,
respectively. The antenna power and bias power used
during ICP etching were 300 and 60 W, respectively.
After ICP etching, the samples were annealed at 900°C
for 5 min in a N, atmosphere.

CL spectra were measured using a scanning electron
microscope (JEOL, JSM-7000F) equipped with a CL
system (HORIBA, MP-32MA-J). The acceleration
voltage and beam current of the electron beam were

3 kV and 0.1 nA, respectively. Under these excitation
conditions, the penetration depth of the electron beam
was less than 100 nm. The CL spectra were obtained
at room temperature.

2.2 Results and Discussion

Figure 2(a) shows the CL spectra of the n-type
GaN samples: a sample without ICP etching
(w/o ICP sample), an ICP-etched sample (ICP 60 W
sample), and a sample annealed at 900°C after
ICP etching (ICP + 900°C sample). The peak at
approximately 362 nm corresponds to band-edge
luminescence. The peak intensities were significantly
decreased by ICP etching. This decrease is thought
to result from the decrease in the IQE caused by
etching-induced nonradiative defects near the surface.
The peak intensity slightly increased after annealing
at 900°C, but did not fully recover to the level of
the w/o ICP sample. These results indicate that the
etching-induced nonradiative defects were partially
repaired by annealing at 900°C, but their concentration
was higher than that of the w/o ICP sample.

Figure 2(b) shows the CL spectra of the p-type GaN
sample. The change in the band-edge luminescence
intensity was similar to the n-type case described
above. In p-type GaN, Mg-related peaks® were
observed above 370 nm, in addition to the band-edge
luminescence. After ICP etching, the Mg-related peaks
disappeared completely, which indicates inactivation
of the Mg acceptors near the surface. Upon annealing
at 900°C, the Mg-related peaks reappeared as a result
of the reactivation of the Mg acceptors.
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Fig.2 Near-band-edge CL spectra for w/o ICP, ICP
etching, and ICP etching + 900°C annealing
samples of (a) p-type and (b) n-type GaN.?®
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2.3 Summary

The etching damage induced by ICP and the effects
of subsequent annealing were studied by CL. In both
n-type and p-type GaN, nonradiative defects were
introduced by ICP etching, which were partially
eliminated by annealing at 900°C. In p-type GaN, the
Mg acceptors were inactivated by ICP etching and
reactivated by annealing at 900°C.

3. Cathodoluminescence of Mg-ion-implanted GaN

3.1 Experimental

The p-n diode fabricated by implantation of Mg- and
H-ions, which indicates superior rectification property
at a forward voltage of about 3 V,® was measured
by low temperature (LT)-CL and compared to the
epitaxial sample. The N-polar n-type GaN(0001)
substrate was implanted with both Mg-ions and
H-ions through a 30-nm-thick SiN film. The
maximum concentrations of the Mg- and H-ions were
1.4 x 10" and 2.1 x 10?° cm™, respectively. Under
these conditions, a shallow junction with a depth of
0.1 pm was produced. After removal of the SiN film,
the sample was annealed at 1230°C for 30 s in a N,
atmosphere without any protective overlayers. The
process conditions have been described in detail in
a previous paper.® An epitaxial p-type GaN film with
the same Mg concentration as the implanted sample
was grown on an n-type GaN(0001) substrate by
MOVPE. The sample was annealed at 850°C for 5 min
in a N, atmosphere to remove the hydrogen in the film.

By using another set of samples, we studied the
effects of the implantation depth and the annealing
temperature. N-polar GaN(0001) substrates were
implanted with Mg- and H-ions through a 30-nm-thick
SiN film. Junctions with depths of 0.1 um (“shallow
implantation”) and 0.71 pm (“deep implantation”)
were formed using different implantation energies.
In each case, the implantation depths of the Mg-
and H-ions were almost the same. The shallow
implantation conditions correspond to those for the p-n
diode fabricated by ion implantation described at
the beginning of this section. For deep implantation,
box-shaped profiles of Mg- and H-ions with
concentrations of 1.4 x 10" and 2.1 x 10* cm?,
respectively, were produced by ions with multiple
energies. After ion implantation, the samples were

annealed in an N, atmosphere with no protective
overlayer. To determine the effect of temperature,
samples were annealed at 800 to 1230°C for 30 s.
LT-CL measurements were conducted at 10 K for
all samples. The electron beam current was 1 nA,
and the acceleration voltage was 3 or 5 kV, of which
penetration depth was 80 or 160 nm, respectively.

3.2 Results and Discussion

Figure 3(a) shows the CL spectra of the implanted
p-n diode and the MOVPE-grown p-type GaN. For the
MOVPE sample, the Mg-acceptor-related peaks were
observed at 3.458 and 3.275 eV, which correspond to
acceptor-bound excitons (ABEs) and donor-acceptor
pairs (DAPs), respectively.!” The peaks at 3.467
and 3.471 eV, observed as shoulders, were assigned
to ABEs!) and donor-bound excitons (DBEs),!?
respectively. The implanted p-n diode showed the
same peaks as the MOVPE sample. The ABE and
DAP peaks observed for the implanted p-n diode
clearly demonstrate the formation of Mg acceptors.
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Fig.3 CL spectra (5 kV) of the implanted p-n diode
(red solid line) and the MOVPE-grown p-type
GaN sample (black solid line) with the same Mg
concentration, for (a) the NBE observed at high
energy resolution, and (b) over a wide energy
range.®
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We found that the implanted Mg-ions were activated
by the subsequent anneal at 1230°C. The DBE peaks
observed for both samples are probably due to Si
donors in the underlying n-type GaN layer.

The CL intensity for the implanted p-n diode, which
is one to two orders of magnitude lower than that for
the MOVPE sample, shows that a high concentration
of nonradiative recombination centers (NRCs) exists
in the implanted p-n diode even after the 1230°C
anneal. Chichibu et al. reported that an increase in the
NRC concentration causes the IQE to decrease even
at low temperatures when all NRCs are located within
the exciton volume."'® By using their reasoning, the
NRC concentration was estimated to be on the order of
10" ¢cm™ for the implanted p-n diode. Figure 3(b)
shows CL spectra over a wide energy range. The
implanted p-n diode showed a characteristic green
luminescence (GL) band around 2.35 eV, which is
a common feature of GaN implanted by Mg-ions.(*!
The GL band is thought to be due to nitrogen vacancy
(V) complexes, and its appearance indicates that
V,-related point defects exist in the implanted p-n
diode.

Figures 4(a) and (b) show the annealing temperature
dependence of the CL spectra for the case of shallow
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Fig. 4 Annealing-temperature-dependent CL spectra
(3 kV) of (a) the shallow implantation and
(b) deep implantation samples.®

and deep implantation, respectively. For both samples,
ABE and DAP peaks were observed above 1000°C,
and their intensity increased exponentially with
increasing annealing temperature. Between 1000 and
1230°C, the lowest ABE and DAP intensities were
found for the deep implantation sample, with the
difference being about two orders of magnitude. These
results indicate that the NRC concentration in the deep
implantation samples is higher, presumably because of
the higher implantation energy. The energy dissipation
of Mg- and H-ions with higher kinetic energies should
introduce more NRCs into the sample.

As shown in Fig. 4, the GL intensity at 2.0-2.6 eV and
the near-band-edge (NBE) intensity at 2.85-4.0 eV both
increased exponentially as the annealing temperature
was increased above 1000°C. This is presumably
the result of the decrease in NRC concentration. The
defect analysis conducted by Uedono et al. through
positron annihilation spectroscopy indicated that the
concentration of vacancy clusters in the GaN sample
implanted with Mg-ions decreased with increasing
annealing temperature.'® Their results are consistent
with ours. However, there is a high concentration of
residual NRCs (on the order of 10'® cm™) in the sample
even after annealing at 1230°C. Therefore, a reduction
in NRCs is expected to occur upon annealing above
1230°C.

3.3 Summary

The implantation of GaN with Mg-ions and H-ions
was investigated by LT-CL analysis. Comparing the
CL spectra for the implanted p-n diode having superior
rectification properties® with those for the epitaxial
p-type GaN clearly revealed that Mg acceptors formed
in the implanted p-n diode as a result of the 1230°C
anneal. However, a high concentration of residual
NRCs (~10" cm™) was observed for the implanted
p-n diode. V, complexes were also identified in the CL
spectra. Furthermore, a different set of samples was
used to investigate the effects of implantation depth
and annealing temperature. The deep implantation
samples showed higher NRC concentrations than the
shallow implantation samples, presumably owing
to the higher implantation energies of the former.
The NRC concentration decreased with increasing
annealing temperature in the 1000-1230°C range.
A further reduction in NRCs is expected to occur
upon annealing above 1230°C.
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4. Photoluminescence of Defects in Si Wafer

4.1 Experimental

As-received samples were cut from a P-doped
[(1.5-3.2) x 10" cm™] FZ-Si(111) wafer. A flowchart of
the experiments is shown in Fig. 5(a). Annealing under
ultrahigh vacuum (UHV) was carried out, and in-situ
PL measurements at a base pressure of less than
1 x 10°® Pa were performed. The procedures for the
5-min anneal and the PL measurements at 82 K are
shown in Fig. 5(b). For the PL measurements, the
samples were excited by a continuous-wave diode laser
with a wavelength of 655 nm. A 300-mm spectrometer
and an InGaAs photomultiplier tube were used to
obtain the PL spectra.

To forcibly introduce hydrogen into the Si wafer,
ex-situ furnace annealing in H, was carried out.
Ex-situ furnace annealing in N, was also performed
for a comparison with the H,-anneal. After the samples
were exposed to air, they were annealed at 800°C for
60 min in a H, or N, atmosphere, and then cooled to
room temperature while maintaining the H, or N, flow.
The H, desorption from the samples was studied by
temperature-programmed desorption (TPD) in another
UHV system.!"” The experimental conditions have
been described in detail elsewhere.®

4.2 Results and Discussion

Figure 6(a) shows the normalized PL spectra of the
as-received sample for different annealing temperatures
in UHV. The peak at 1.10 eV was assigned to the
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Fig.5 (a) Flowchart of experiments. (b) Procedure for
annealing and in-situ PL measurements in UHV.©®

transverse optical (TO) phonon-assisted decay of
FEs."® The origin of the PL peaks was unchanged
during annealing, as evidenced by the fact that the
spectral shapes are almost the same. However, the
TO-FE intensity (/™) changed upon annealing [circles
in Fig. 6(b)]. Figure 6(b) shows that the /' for the
as-received sample increased by a factor of 4.0 at
450°C, and decreased by a factor of 0.06 at 600°C. The
changes in /™ presumably result from the inactivation
and activation of nonradiative defects in the sample.

The TPD curve corresponding to the desorption of
H, molecules (mass-to-charge ratio, m/z = 2) for the
as-received sample is shown in Fig. 7. There were two
desorption peaks at approximately 420 and 600°C.
Most of the H, must come from the bulk, because in
UHY, physical adsorption of residual H, on the surface
is negligible at 82 K.(”)

The remarkable 1™ drop by a factor of 0.06 at 600°C
can be reasonably explained as the dissociation of
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Fig. 6 (a) Normalized PL spectra at 82 K after UHV
annealing at 200-600°C for an as-received sample.
(b) PL intensity for TO-FE (/™) for as-received
(circles) and H,-annealed (squares) samples as a
function of annealing temperature in UHV. The
annealing duration was 5 min. All plotted data were
normalized to the initial /™ for the as-received
sample.©®
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hydrogen from hydrogen-passivated defects. The
activation of the inactivated defects leads to the
observed decrease in I'°. Natively absorbed hydrogen
is presumably incorporated into the as-received
wafer during melt growth in a hydrogen-containing
environment.®” Molecular hydrogen in the Si crystal
migrates during melt growth at high temperature,
and dissociates at defects.®) The dissociated atomic
hydrogen has the potential to passivate dangling
bonds in defects such as vacancies.?® Therefore,
the as-received sample is expected to contain
hydrogen-passivated defects. This natively absorbed
hydrogen, which can be dissociated from the
defects, is effused as H, at 600°C. Similar processes
have been reported for Si-H bonds at defects at
high temperature (7,).%%% The TPD results shown in
Fig. 7 indicate that the hydrogen content of the sample is
negligible above 7.

According to a previous TPD study, the diffusion
and desorption of interstitial hydrogen molecules
occurred at approximately 450°C below 7,.%9
This temperature, showing a maximum /™ of 4.0
[Fig. 6(b)], is close to 420°C for the hydrogen
desorption peak in Fig. 7, which implies that excess
hydrogen diffuses and passivates active defects
between 250-450°C accompanied by desorption. The
hydrogen passivation of active defects increases 1.

Upon H, annealing, /™ almost recovered to its initial
value, a factor of 1.1 [squares in Fig. 6(b)]. On the other
hand, the /™ for the N,-annealed sample was not fully
restored, only a factor of 0.21. The /™ recovery upon
H,-annealing confirms the inactivation of nonradiative
defects by the hydrogen introduced.

[arb. unit]
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Fig.7 Typical TPD curves (m/z = 2) for an as-received
wafer. The heating rate was approximately 1.0°C/s.©

4.3 Summary

Hydrogen passivation of defects in a high-quality
FZ-Si wafer was investigated through PL
measurements. The activation and inactivation of
the defects corresponded to the drop and recovery
of 1™, which could be controlled reversibly by UHV
annealing above 550°C and H, annealing at 800°C,
respectively. The hydrogen absorbed during melt
growth presumably passivated defects of a certain type
in the commercial wafer. Another type of defect was
likely passivated by excess hydrogen at 250-450°C.
This inactivation process dramatically increased /™
(to about 400% of its initial value) during annealing in
UHV at 450°C.

5. Conclusion

Three applications of crystal defect analysis in
semiconductor materials by CL or PL measurements
were reviewed. In Sec. 2, the damage near the surface
of the ICP-etched GaN was characterized by comparing
the CL spectra. The changes in the nonradiative defect
concentration were evaluated from the CL intensities
of the band-edge luminescence. In Sec. 3, the thermal
recovery process for GaN implanted with Mg- and
H-ionswasrevealed by LT-CLspectra. Detailed analysis
of the NBE peaks provided direct evidence of the
formation of Mg acceptors upon subsequent annealing
at 1230°C. Moreover, the relative concentrations of V
complexes and other nonradiative defects for various
annealing temperatures were discussed in terms of
changes in the GL and NBE intensity, respectively. In
Sec. 4, the interaction between nonradiative defects
and the hydrogen in Si wafer was investigated by PL
analysis. The PL intensity of the intrinsic FE peak
reflected the activation and inactivation of vacancy-type
defects, which correspond to hydrogen dissociation and
hydrogen passivation of dangling bonds, respectively.
CL and PL measurements, which can sensitively
detect crystal defects in semiconductors, are essential
for defect analysis for various semiconductor devices.
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