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ABSTRACT

Photoluminescence (PL) spectroscopy has been used to investigate the effect
annealing has on molecular beam epitaxially grown GaN in different ambients. By
observing the changes in the PL spectra as a function of ambient temperature and
atmosphere used, important information concerning the origin of defects within GaN has
been found. Samples were annealed in different atmospheres, (including oxygen, oxygen
and water vapour, nitrogen and argon), different temperatures. In the 2.0eV-2.8eV region
of the PL spectra, two peaks appeared at approximately 2.3eV and 2.6eV, somewhat
higher than the usual yellow luminescence peak. We find that the 2.6eV peak is dominant
for high annealing temperatures and the 2.3eV peak dominates at low annealing
temperatures for the samples annealed in oxygen. When annealed in argon and nitrogen
the 2.6eV peak dominates at all annealing temperatures. Changes in the PL spectra
between anneals were also seen in the 3.42eV region. The 3.42eV peak is often assigned
to excitons bound to stacking faults. Power resolved measurements indicate that in our
sample the cause is a donor acceptor pair transition.

INTRODUCTION

Group-111 nitrides are direct, wide band gap semiconductors and have many
potential uses in optoelectronic devices. The optical and electrical properties of these
materials are affected not only by the processes that occur during growth, but also by the
post-growth processes that the material undergoes, such as thermal annealing.
Photoluminescence (PL) is used widely to characterise the nitrides. It gives a good
indication of the radiative processes that occur within the material. Non-radiative paths
reduce the intensity of the PL peaks and so PL is a good indicator of the optical quality of
the material. The origins of many of the peaks that commonly occur in GaN are still not
clear. One such peak is the so-called “yellow luminescence” which is a broad pesak that
appears in the PL spectra at approximately 2.2eV. Ogino and Aoki [1] describe the
transition as occurring between a shallow donor 25meV below the conduction band and
an acceptor 860meV above the valence band. Glaser et al [2] performed PL and optically
detected magnetic resonance (ODMR) on GaN layers. They suggested it is a two-part
transition in which there is a non-radiative capture between a shallow and deep-donor
state followed by aradiative transition between the deep-donor state and a shallow
acceptor (possibly C on aN site). Ponce et al [3] suggested that the sources of the yellow
emission are either dislocations at low angle grain boundaries in the material or point
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defects, which nucleate at didocations. It has also been suggested by Reynolds et al [4],
that the yellow band in GaN results from a transition between a shallow donor and a deep
level. The deep level in the Reynolds' s model was attributed to a complex consisting of a
Ga vacancy and oxygen on a nitrogen site (Vgo-Oy). Another commonly occurring peak
in GaN isthe 3.427eV peak, seenin the 4K PL spectra. It was initiadly attributed to
oxygen forming a shallow “deep level”[5]. However, it has more recently been suggested
that peaksin the PL spectra of GaN in thisregion 3.40eV [6-8], 3.412eV [9] and 3.42eV
[10] can be related to excitons bound to stacking faults.

By annealing samples of GaN in different ambients and at different
temperatures, we have clarified some of the issues regarding the role that defects play,
particularly in the “yellow luminescence” and the near 3.42eV luminescence regions. GaN
samples grown by MBE have been used in this study and annealed at different
temperatures in oxygen, oxygen plus water vapour, nitrogen, nitrogen plus water vapour
and argon in a high-temperature stage.

EXPERIMENTAL METHOD

The layer used in thiswork (sample MG671) was grown by MBE in a modified
Varian Mod Gen Il machine. The active nitrogen was produced by radio-frequency (RF)
plasma source and the Ga was produced from solid elemental sources. The sample was an
unintentionally doped 1jum thick GaN layer grown on a (0001) sapphire substrate. Grown
on top of the GaN was a high-mobility field effect transistor (FET) structure consisting of
3nm undoped Alg 15Gag g5N/22nm Si-doped Alg.15Gag.g5N/15nm undoped

Alp,15Gag.g5N. Pieces of the sample MG671 were annealed for 20mins using a high

temperature stage at various temperatures and in various gases. The pieces of MG671
were labelled numerically and will be refered to as (number) in the remainder of the paper.
The annealing details and sample numbers are shown in table 1.

The photoluminescence spectra were taken using a 325nm CW HeCd laser with
amaximum excitation intensity of 9mw. A 325nm band pass filter was used to attenuate
lines other than the 325nm laser line. A quartz lens focused the beam onto the samplein a
liquid helium cryostat. The excitation light was normal to the sample and the resulting PL
was focused through a low-pass sharp cut-off filter (Oriel WG345), used to stop the laser
light, onto the monochromator dlit. The 0.75m Spex monochromator, with a 2400
lines’mm grating, has a resolution of 4A/mm, which correspond to 4meV/mm in the region

of 3.4eV. Thelight was

Table 1. Sample numbers with annealing detected by a bi-alkali
parameters. photomultiplier (Thorn

99240B) with a 600V applied
Temperature (°C) [800 [900 |1000 1100/1200 voltage. Standard phase:
0, 40 |41 |41 |44 sensitive detection techniques
0O, and H-,O 63 were used to improve the
Nz ? 9 a6 |7 signal to noise ratio.
N, and H,O 61
Ar 16 |18 |19
Pre-annealed 39
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RESULTS

In all of the 4K PL spectra (figure 1) there is a peak which occursin the region
from 3.467€eV to 3.479eV and it has been attributed to the donor bound exciton (D°X)
[11]. In addition, a pesk appears at approximately 3.40eV-3.42€V in al of the spectra
Transitionsin this region are commonly attributed to an exciton bound to a stacking fault
[6-10]. Thereisno clear consensus to the exact energy at which this occurs (3.40eV [6-8],
3.412eV [9], 3.42eV[10Q]). From figure 1, the peaks in this area are more pronounced after
annealing at higher temperatures (42,44) and in awater vapour atmosphere (63). There
also appears to be a correlation between the strain [12], as determined by the position of
the D°X peak and the intensity of the 3.42eV peak, which could support the stacking fault
hypothesis. To investigate this further we have performed power resolved measurements
since the excitonic transition should not shift with power. The results are shown in figure 2
for the sample annealed in an atmosphere of H,O and O, (63). In this case the peaks at
3.418eV and 3.36eV shift to higher energy with increasing excitation intensity. If the
stacking faults act as quantum wells as described in the literature you might also expect to
see a blue shift with increasing excitation intensity. However an aternative explanation for
the blueshift is that the 3.42eV peak isa DAP transition[13]. A similar transition has been
seen by Eunsoon et al [14]. The samples annealed in N, and Ar exhibit a pesk in this
region which also blueshifts with increasing excitation intensity (not shown here).
Although in the case of the N, annealed samples, the peak only appears when annealed

above 1100°C.

The 2.0eV-2.7€V region of the PL spectrais considerably altered by annealing
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Figure 1. 4K PL spectra of sample annealed in O,
and H,0 at different temperatures. The position of

the D°X peak shifts from 3.467eV to higher energy
after annealing.
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the sample. Figure 3 shows
the room temperature PL
spectra between 2.0eV-
3.1eV of the pre-annealed
(39), annealed in O, (40, 41,
42, 44) and annedled in O,
and H,0 (63) samples. The
pre-annealed sample (39)
exhibits only weak PL in this
region, with peaks at 2.3eV
and 2.6eV, where the
intengity of the 2.6eV peak
dominates. Thisisat a
somewhat higher energy
than the usua “yellow
luminescence” found in GaN
between 2.0-2.2¢eV [1-4].
Annealing the samplesin O,
greatly enhances the PL
intengity at 2.3eV and
2.6eV, athough increasing
the annedling temperature to
above 1100°C causes the
2.6eV peak intensity to
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Figure 2. Power resolved PL of sample 63
annealed in O, and H,O at 1000°C. The 3.418eV
and 3.36eV peaks shifts with excitation intensity,
typical of a DAP transition. The D°X peak, not
shown here, isat 3.479¢eV and does not shift.
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Figure 3. 300K PL spectra of samples annealed in O,
or O, plus H,O at different temperatures. Peaks at
2.3eV and 2.6eV, shown with an arrow, become
stronger upon annealing in O, this effect is even
stronger when annealing in O, and H,O.
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become even greater than the
2.3eV peak. Annealing in both
O, and H,0 increases the
intengity of both the 2.3eV
and 2.6eV peaks. The two
arrows on figure 3 are guides
for the eye to the 2.3eV and
2.6eV PL peaks. Calculations
were made and it was found
that both the 2.3eV and 2.6eV
peaks arereal PL peaks and
not Fabry-Perot thickness
oscillations. Similar PL
spectrawere obtained from
the samples annealed in N,
and Ar, although the 2.6eV
peak is dominant (spectra not
shown here). The PL intensity
inthisregion in the N, and Ar
annealed samples also
increases with increasing
annealing temperature.

Figure 4 shows the
power resolved PL of the
sample annealed in O, and
H,0 (63) inthe 2.0eV to
3.1eV region. The 2.3eV peak
shiftsto a higher energy with
increasing excitation intensity
indicating that it may be DAP
type recombination. However,
the 2.6eV peak does not
appear to shift over two
decades of excitation power
and so has free-bound
character. The 2.6eV and
2.3eV peaks often occur
together. If we assume that
there is a common defect in
these two transitions then we
can have two possible
situations shown in figure 5a
and 5b. When the samples
were annealed in O, both
peaks increased in intensity.
However, when the samples
were annealed in N, and Ar,
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the 2.6eV peak was
2.3ev 2.6ev dominant suggesting that the

T " annealing process introduces
- °r e the deep acceptor. The
= increase in the 2.3eV DAP
; g transition in the O, annedled
5‘: N samples provides evidence
£ 3 for the donor at 300meV
é 5 being oxygen related.
= However, it isimportant to
a ir remember that if the model
20 22 24 26 28 3.0 5b had been used, these
Energy (eV) arguments would point to an
oxygen related acceptor.
Figure 4. Power resolved PL of sample 63 When H,0 was introduced
annealed at 1000°C in O, and H,0. Asthe into the anneal, both peak
excitation intensity isincreased the 2.3eV peak intensities were increased.
shiftsto a higher energy suggesting a DAP This would suggest that the
trangition. Thereis no such shift of the 2.6eV peak. addition of water somehow

enhances the introduction of
donors (or acceptors) as

c c ) ;

° D [ ¥300mev ° 5 §800mev discussed previously.

2.3eV CONCLUSIONS

2.3eV 2.6V
Annedling the
A ¢800 v A material introduces a defect

VB — 1 $300meV causing atransition at

) ) approximately 3.42eV. A
Figure 5(a) A deep acceptor takes part in peak appears in this region
recombination from an electron on a shallow donor independent of the annealing
and the conduction band. (b) A deep donor level atmosphere, although its
carries electrons that recombine with both a shallow intensity increases with
acceptor level and the valence band. annealing temperature. If this

emission isrelated to
stacking faults as suggested in the literature [6-10], this would suggest that annealing our
material introduces stacking faults and that at higher annealing temperatures, more
stacking faults are introduced into the sample. However, an dternative explanation that
the 3.42eV peak is DAP in nature is offered. The increase in the intensity of this line with
annealing can then be attributed to the increase in defect (donor or acceptor)
concentration.

Deep levels were introduced into the samples by annealing them in various
atmospheres. This deep level luminescence consisted of two peaks at 2.3eV and 2.6eV,
which is considerably higher in energy than the usual “yellow luminescence” seen in GaN
between 2.0eV -2.2eV. In al of the samples, annealing increased the deep level
luminescence and increasing the annealing temperature further enhanced the PL intensities.
The 2.3eV peak isa DAP transition, as determined from power resolved PL. The near
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2.6eV peak was dominant in the Ar and N, annealed samples. In the samples annealed in
oxygen, both peaks competed. suggesting that the 2.3eV peak isrelated to oxygen. Two
possible models have been suggested and outlined for this luminescence. These models
congist of the free-to-bound and DAP transitions being due to either the same donor or
acceptor.
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