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Deep level transient spectroscopy (DLTS) was used to investigate the electrical properties of
GaN irradiated by high-energy electrons. The GaN epi-layers were grown on sapphire substrates by
using metal-organic chemical-vapor deposition (MOCVD). The electron irradiations were done by
2-MeV energy beam with a 1  1015 cm 2 dose and the post thermal annealing was processed in a
nitrogen atmosphere for 60 s. In the DLTS measurement, the as-irradiated GaN sample showed four
di erent peaks, but those peaks were partially reduced and eliminated after annealing at 700  C.
After annealing at 900  C, the crystallinity of the electron-irradiated GaN was remarkably improved
and was as good as that of the as-grown GaN epi-layer. This showed that the electron-irradiation
and post-thermal-annealing methods could be useful tool for controling of defects in GaN epi-layers.
PACS numbers: 71.55.-I, 61.50.-f, 71.55.Eq
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I. INTRODUCTION

The great interest in III-nitride semiconductors has increased because of their special optical and electronic device applications, such as light-emitting diodes [1], laser
diodes [2], heterostructure eld-e ect transistors [3] and
ultraviolet detectors [4,5]. The band gap energy of GaN
is 3.4 eV at room temperature and it is an attractive
material for the fabrication of blue and ultraviolet optoelectronic devices. Moreover, semiconductor devices
of GaN can operate at a high voltage with a relatively
low leakage current. Thus, the GaN material is expected
to be a good candidate for applications to high-power
devices. Recently, a strong e ort by several groups has
been devoted to the study of irradiation-induced defects
in GaN and related compounds [6,7] because the defects
can be used to control the minority carrier lifetime and
the optical responsivity in semiconductor devices.
In this study, we identi ed and controlled the defect states in GaN epilayers. The GaN epi-layers were
grown by using a metal-organic chemical vapor deposition (MOCVD) method. The defects were generated
by irradiation with high-energy electrons and were elim E-mail:
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inated by using a post thermal annealing process. The
in uence of the annealing temperature on the control of
defects is discussed. In addition, we measured systematically the changing defect states during the thermal
annealing after electron-beam irradiation by performing
capacitance-voltage (C-V) and deep level transient spectroscopy (DLTS) measurements.
II. EXPERIMENTS

N-type GaN epilayers with thicknesses of about 2 m
were grown on sapphire substrates by using MOCVD
and the defect states, as well as their distributions were
analyzed. The16carrier density
of the as-grown GaN was
about 5  10  5  1017 cm 3 . In this study, the
electron beam irradiation was done 16at an 2acceleration
energy of 2 MeV and a dose of 1  10 cm . To reduce
the electron-beam-induced defects in the GaN epilayer,
we used the post
thermal annealing at temperatures of
700 and 900 C for 60 s in a nitrogen ow by using a
rapid thermal annealing (RTA) system.
Schottky barrier diodes (SBDs) with a planar structure (Ni/Au /Ti/Al) were fabricated by using electronbeam evaporation and thermal evaporation. Then, the
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Fig. 1. (a) C-V results and (b) carrier depth pro les calculated from the C-V data of the as-irradiated GaN epilayer
and the samples post annealed at temperatures of 700 and
900  C.

Fig. 2. (a) DLTS spectra of GaN epilayers after electron
irradiation and post annealing at 700 and 900  C for 60 s. (b)
Arrhenus plots based on the DLTS spectra of an as-irradiated
GaN epilayer.

density distributions of carriers and defect states induced
by electron beams were studied by using C-V and DLTS
methods. The C-V data, which established carrier proles, were taken at di erent temperatures to determine
the scan depth for the DLTS and to calculate the defect
concentrations as the carrier concentration was changed
due to the temperature. If the information for the carrier
concentration is accurate at all temperatures, the DLTS
measurement can display the trap concentration directly
[8]. During the DLTS measurements, a reverse bias of 1
V was applied on the SBD and was periodically pulsed to
0 V with a pulse width of 10 ms to ll the traps. To determine the apparent parameters of the deep levels, ( ,
the activation energy Ea and capture cross section ), we
took DLTS 1spectra at di erent rate windows from 0.43
to 13.86 s . The DLTS system was constructed with
HP4280A capacitance meter and an HP8116A pulse generator. The measurements were performed in the temperature range of 30  370 K.

beam irradiation. The carrier pro les can be calculated
based on the C-V data. The pro ling range was 700
to 900 nm in depth. This pro ling range typically depends on the zero-bias depletions and the breakdown
voltages of the SBDs. The electron-beam-irradiated sample before the thermal annealing shows a lower capacitance than that of the annealed samples in the same bias
range and then the carrier concentration was increased
after annealing. This can be explained by some carriers
being captured by crystal defects induced by electron irradiation in the as-implanted sample. However, thermal
annealing can reduce defect states, which should lead
to an increase in the number
of free carriers, as shown
in Figure 1(b). The 900 C-annealed sample shows the
highest carrier concentration among the three samples of
one as-irradiated and two annealed samples. The carrier
concentration of the as-irradiated sample is quite poor.
In order to show a clear C-V shape, we separated the
C-V curve of the as-irradiated sample and the curve follows the right index. The bias conditions for the DLTS
can be determined by using these data.
The DLTS results measured from the as-irradiated and
the annealed GaN samples are shown in Figure 2. Here,
the rate1 window and the lling pulse width are xed as
1.23 s and 10 ms; then the pulse and measurement bias

i.e.

III. RESULTS AND DISCUSSION

Figure 1 shows the results of C-V measurements and
the carrier pro les for annealed samples after electron-
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Fig. 3. DLTS spectra measured with di erent bias conditions for GaN epilayers after post annealing at 700  C.

Fig. 4. XRD patterns of GaN epilayers after electron-beam
irradiation and post annealing at 700  C.

are set as zero bias and -1.0 V bias. In the as-grown sample, no DLTS signal was measured in the temperature
ranges from 30 K to 320 K. However, DLTS spectra with
four defect signals, which could be generated by high energy electrons, were measured in the as-irradiated GaN
sample. For convenience, the signals are named E4, E6,
E8 and E10, respectively. The activation energies (Ea)
and cross-sections () for the18E4, 2E6, E8 and E10 levels
are 0.14 eV and 4.15  10 cm , 0.35 eV and 1.57 
10 16 cm2, 0.51 16eV and2 1.33  10 16 cm2 and 0.66 eV
and 6.07  10 cm , respectively. These DLTS parameters can be calculated by using the Arrhenius plots
shown in Figure 2(b). The E6 and the E8 defects were
widely observed and their origins were considered to be
nitrogen-vacancy-related deep levels [9{13]. The E4 signal is conventionally observed in GaN samples with irradiation of various particles [13]. Here, the E4 signal was
superposed by several signals and this signal was also
reported by Lee
[14]. Especially, the activation energy of the E10 signal was very similar to E3 reported
by Hacke
[11]. Here, it appears that post thermal
annealing annihilates the irradiation-induced
defects. In
the sample annealed at 700 C, the E4 signals completely
disappeared and the magnitudes of the E6, E8 and E10
signals were reduced to half of those for the as-irradiated
sample. As we mentioned above, the signal intensities of
the DLTS spectra are directly related to the concentrations of the defects.
The DLTS spectra of the sample
annealed at 900 C is nearly at, which means that the
generated defects are remarkably reduced. From these,
we nd that four kinds of defects can
be eliminated by
annealing at temperatures over 900 C.
Figure 3 shows DLTS spectra measured at di erent
bias conditions for the sample annealed at 700 C. The1
rate window and the pulse voltage are xed as 1.23 s
and 0.0 V, respectively. The depletion depth is related to
the applied bias. Thus, the bias-dependent DLTS measurements can check the distribution of defects in depth.

In this gure, the magnitudes of the DLTS signals become high when the applied bias is low. In the DLTS
spectra, the signal height represents the defect concentration depending on the carrier concentration. Thus,
more defects exist
in a deep layer in the GaN epilayer
annealed at 700 C, we cannot check the entire depth of
the samples because of zero-bias depletion and reversebias breakdown.
Figure 4 shows the result of a glancing angle -2 X-ray
di raction (XRD) scan taken for annealed and electronbeam irradiated samples. The two samples show similar
XRD patterns at all angles. The (0002) and the (0004)
peaks show that the two GaN epilayers used in this study
have a Wurzite structure [15]. In the clean single crystal
with a Wurzite structure, the small peaks shown by arrow cannot be observed. The origins of these small peaks
appear to be irradiation-induced defects. In this point
of view, the XRD intensities of the small peaks in the
post-annealed sample are weaker than those of the asirradiated sample. Thus, the post-annealed sample contains fewer defects than the as-irradiated sample. This
result is consistent with the C-V and the DLTS results.

et al.

et al.

IV. CONCLUSION

In this study, the defects in the GaN epilayer generated by high energy electrons were characterized by using
C-V and DLTS measurements.
Then, the samples were
post annealed at 700  C and 900 C for 60 s in a nitrogen ow by using RTA to eliminate the defects. The
post-annealed sample showed an absence of some signals
and reductions of the signal intensities, while four signals
were measured in the as-irradiated sample. From the
results, we con rm that defects states can be controlled
by using electron irradiation and post-thermal-annealing
processes.
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