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The
temporal
behavior
of
deep-level
luminescence
emissions
in
undoped
hydride-vapor-phase-epitaxy GaN layers of different thicknesses has been investigated by
time-resolved cathodoluminescence 共TRCL兲. The complex nature of the yellow luminescence is
revealed in the TRCL spectra by the presence of two bands peaked at 2.22 and 2.03 eV. A red band
with a decay time of 700 s, centered at about 1.85 eV, dominates spectra recorded for long delay
times. Exponential transients with associated decay times of hundreds of s were measured at 87 K
for all the deep-level emissions found in the layers. © 2003 American Institute of Physics.
关DOI: 10.1063/1.1565501兴

on sapphire substrates by HVPE following the procedure described in Ref. 13. Room-temperature capacitance–voltage
and Hall measurements, respectively, indicate a free-carrier
concentration of n⫽8⫻1016 cm⫺3 and a mobility of  n
⫽260 cm2 /V s for the LH1232 sample, while values of n
⫽2⫻1016 cm⫺3 and  n ⫽810 cm2 /V s were obtained for
the LH1234 layer.
CL observations were performed in a Hitachi S-2500
SEM at accelerating voltages from 5 to 20 kV and temperatures between 85 and 295 K. Steady-state spectra were acquired using a Hamamatsu PMA-11CCD camera with a
built-in spectrograph. TRCL measurements were carried out
using a pulsed electron beam. To record CL spectra at delay
times ranging from 500 ns to 3 ms, the signal detected by a
photomultiplier was collected trough a boxcar integrator triggered by a pulse generator and then fed to a computer.14 The
decay transients of the CL emissions were monitored with
the aid of a digital oscilloscope.
CL spectra of the samples investigated were found to
depend on beam excitation conditions. In particular, deeplevel-related emissions could be better appreciated at 85 K in
spectra obtained with a defocused electron beam, as Fig. 1
shows. Near-band-gap emission related to donor-bound excitons is centered at 3.472 eV in the LH1234 sample and at
3.492 eV in the LH1232 sample. This shift is caused by a
compressive strain due to the thermal expansion coefficient
mismatch between GaN and sapphire.15 Other peaks corresponding to shallow donor–acceptor pair 共DAP兲 transitions
appear centered between 3.4 and 3.2 eV in spectra of both
layers. Some of the deep-level-related emissions are common to the samples investigated, as the blue CL band peaked
at 2.92 eV. A band centered at 2.88 eV has been previously
observed in cross-sectional CL investigations of HVPEgrown GaN layers11 and associated with point defects or impurities decorating grain boundaries and dislocations. Actually, oxygen donors seem to be involved in the mechanism
responsible for this emission.16 In addition, CL emission is
also observed in the yellow and red ranges of the visible

Gallium nitride has been intensively investigated in the
last years due to its application in optoelectronics and hightemperature microelectronics. Nevertheless, it is widely recognized that the role of deep levels controlling the electrical
and luminescence properties of this material should be fully
understood in order to achieve devices optimization. In particular, a broad emission centered at about 2.2 eV, known as
the yellow band, is commonly observed in n-type layers. The
origin of this luminescence remains unclear and different
models1–3 have been proposed to explain the emission.
Variations in peak position, shape and decay times reported
in different studies3–5 suggest that several bands involving
different defects could contribute to the mentioned
luminescence.6 On the contrary, deep-level-related emissions
in the green and red ranges of the visible spectrum are less
frequently observed in undoped GaN.7–9 Cathodoluminescence 共CL兲 in the scanning electron microscope 共SEM兲 has
been used to investigate the spatial distribution of GaN deeplevel emissions and their association to extended and point
defects.6,10,11 Although electron beam excitation usually
leads to light emission by all mechanisms of radiative recombination present in a semiconductor, several investigations
concerning the recombination kinetics of GaN defect centers
have been carried out by time-resolved photoluminescence
共TRPL兲,3–5,12 while time-resolved cathodoluminescence
共TRCL兲 studies of GaN deep levels have not yet been undertaken. In this work, TRCL is used to investigate the temporal
behavior of deep-level emissions in undoped GaN layers of
different thicknesses grown by hydride-vapor-phase epitaxy
共HVPE兲. Our results indicate that CL emissions observed in
the yellow and red ranges of the visible spectrum are probably related to transitions from the conduction band to deep
acceptor levels.
Two GaN films with thickness of 2.6 m 共LH1232兲 and
55 m 共LH1234兲 were investigated. Both layers were grown
a兲
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FIG. 1. CL spectra of the LH1234 layer 共a兲 and the LH1232 film 共b兲 recorded with a defocused electron beam 共85 K, 15 kV兲.

spectrum. Gaussian deconvolution of spectra recorded under
different excitation conditions in the thick layer indicate that
the bands observed in Fig. 1共a兲 are centered at 1.81 and 2.23
eV. These bands are also observed peaked at 1.85 and 2.22
eV in CL spectra from the thin layer 关Fig. 1共b兲兴, but deconvolution reveals the existence of an additional emission, centered at 2.02 eV, in this sample. Such observation suggests
that the latter peak could be related to structural defects located at the GaN–sapphire interface. In fact, an increase of
the threading dislocation density with decreasing layer thickness has been found17 in HVPE layers similar to those here
investigated, while an enhanced yellow emission was
observed11 near the substrate interface in CL investigations
of thin HVPE GaN films. In order to evidence a possible
thickness dependence of the distribution of the radiative centers involved in the CL bands, depth-resolved measurements
were performed by varying the beam voltage while keeping a
constant injection rate 共i.e., keeping a constant beam power兲.
The intensities of the 1.81 and 2.23 eV bands were found to
decrease by increasing the accelerating voltage, which suggests that the concentration of deep levels responsible for
such emissions is higher near the surface of the samples.
This result supports previous PL works1,18 revealing a significant concentration of yellow-luminescence-related centers at the surface of different GaN layers.
The temporal behavior of the deep-level bands and their
decay times were assessed by TRCL spectroscopy. Figure
2共a兲 shows TRCL spectra from the LH1234 sample recorded
at 85 K for different delay times after excitation with a 20 s
pulse. A progressive delay time increase favors the red 1.81
eV emission, while the relative intensity of the yellow 2.23
eV band decreases in comparison. The 2.92 eV CL can be

FIG. 2. Normalized TRCL spectra of the LH1234 layer 共a兲 and the LH1232
layer 共b兲 recorded at 85 K for different delay times using a defocused electron beam.

still observed for delays longer than 1 ms. Similar results
were obtained in the LH1232 layer, as Fig. 2共b兲 shows. The
2.22 eV band dominates the spectrum recorded for a delay
time of 1 s, but the 2.03 eV CL band—previously found by
deconvolution procedures—can be now clearly appreciated
as a shoulder of the main emission. Present day views generally agree in the acceptor character of the deep levels involved in the GaN yellow luminescence, being Ga vacancies
and its complexes with oxygen or carbon often suggested
candidates.1,2 The relative weights of the 2.03 and 1.85 eV
bands increase by further increasing delay time, shifting the
CL emission maximum towards higher energies. As in the
case of the thick layer, the 1.85 eV band is dominant for
delay times above 100 s. The intensity of this CL band is
almost independent of temperature between 85 and 295 K,
which differs from the intensity change of more than an order of magnitude observed in the same interval for other
GaN red PL bands8,19 attributed to deep DAP transitions.
Moreover, no peak shift of the 1.85 eV band is observed in
our spectra by increasing delay time, which suggests that
deep donors are not involved in the mechanism giving rise to
this emission.20 It should be mentioned that the temperature
behavior of our red band is similar to that observed for the
PL band peaked at 1.92 eV associated by Reshchikov et al.21
to Ga vacancies—related defects bound to structural imperfections in HVPE GaN layers.
The decay times of the observed emissions obtained
from CL transients recorded at 87 K are summarized in Table
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TABLE I. Deep-level CL emissions decay times measured at 87 K in the
GaN layers investigated after excitation with a 20 s beam pulse.
Peak energy 共eV兲
2.92
2.23
2.02
1.81–1.85

Sample LH1234 共s兲

Sample LH1232 共s兲

430⫾10
260⫾ 5
¯
700⫾20

420⫾10
250⫾ 5
340⫾10
670⫾20

I. Such transients are well fitted by single exponential decays. The shorter decay time 共⬃250 s兲 corresponds in both
layers to the 2.23 eV band, while long decay times of about
430 and 700 s were respectively found for the 2.92 and
1.81 eV emissions. An intermediate decay time of 340 s
was measured for the 2.03 eV band observed in the thin
layer, in good agreement with TRCL spectra. Previous TRPL
investigations show a clear controversy between decay times
measured for the yellow emission.3–5 In particular, nonexponential transients with decay times in the 10⫺1 – 103 s range
have been reported3,4 and explained in the frame of the
Thomas–Hopfield model20 for DAP recombination. In principle, our exponential transients with associated decay times
of hundreds of s do not agree with the DAP recombination
theory, which predicts a wide distribution of instantaneous
decay times extending from the ns to the ms range.3,4 This
discrepancy can be explained considering both the different
nature of the excitation source and the different experimental
conditions used in PL and CL experiments. In particular,
electron pulses of 20 s were used in this work while in PL
experiments the sample is commonly excited with ns light
pulses.3,4,7 Moreover, our CL transients were recorded at 87
K, while the mentioned PL investigations were carried out at
liquid He temperature. A change in the recombination
mechanism by increasing temperature has been recently reported for GaN deep-level PL.7 While a DAP-type recombination was observed at 15 K, PL decay curves were found to
approach an exponential behavior by increasing temperature
due to an increase of the free-electron concentration and a
decrease of the number of neutral donors. A similar process
could account for the present CL results. Actually, the exponential character of our transients suggests that above 87 K,
GaN yellow and red CL emissions observed in this work
could be related to transitions from the conduction band to
deep acceptors.
In summary, deep-level transitions in GaN layers of different thicknesses have been assessed by TRCL. The complex nature of the yellow emission observed in the thinner
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sample is evidenced by TRCL spectra revealing two bands
peaked at 2.22 and 2.03 eV. A red emission, centered at about
1.85 eV, shows a higher intensity near the surface of the
samples and dominates spectra recorded for long delay
times. Exponential transients with associated decay times of
hundreds of s suggest that, above 87 K, emissions in the
yellow and red ranges of the visible spectrum could be related to transitions from the conduction band to deep acceptor levels.
This work was supported by MCYT 共Project No.
MAT2000-2119兲. R. Molnar and D. C. Look are gratefully
acknowledged for providing the samples.
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