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Chapter 3
Electrical Characterization of Mg-Doped GaN

3.1 Introduction
GaN based devices offer great potential for applications such as blue light-emitting diodes (LEDs), blue

| lasers, and high-power electronics. Both n- and p-type doping techniques are needed for the design of these
devices. Siis generally used as a shallow n-type dopant for GaN, while shallow p-type dopants do not exist
because GaN has a small permittivity of ~9. So far, Mg is the commonly used dopant which generates
p-type conductivity in GaN grown by molecular beam epitaxy (MBE) and metal-organic chemical-vapor
deposition (MOCVD). In addition, treatments such as electron-beam irradiation and thermal annealing are
required to attain the p-type conduction in Mg-doped GaN (GaN:Mg) layers grown by MOCVD [1,2].  The
electronic characteristics of Mg acceptor levels in GaN are; however, not well understood.  Up to the present
date, several energy levels have been detected and attributed to Mg acceptors for GaN:Mg by using various
characterization techniques [3-15].

Switching gear to EV electronic applications, selective-area growth of p-type GaN and/or p-type
implantation doping are required to realize power devices with a normally-off operation. From this point of
view, it is very important to establish electrical characterization techniques for p-type GaN.

Tanaka er al. [3] reported two activation energies, 125 and 157 meV from Hall-effect measurements of
samples grown by MOCVD. Johnson et al. [4] obtained an activation energy of 131 meV for the Mg
acceptor in MOCVD-grown samples from dark current measurements. Huang er al. [5] measured an
energy level 136 meV above the valence band in MOCVD-grown samples with a high concentration of

electrically active Mg acceptors, and two energy levels 124 and 160 meV above the valence band in samples
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60 Chapter 3.  Electrical Characterization of Mg-Doped GaN

with a lower density of electrically active Mg acceptors, using a thermal admittance spectroscopy (TAS)
technique. Recently, Seghier and Gislason [6] have reported that an activation energy of 130 meV above
the valence band is attributed to an Mg-related acceptor from TAS and dark current measurements.

In general, capacitance deep-level transient spectroscopy (C-DLTS) is the most sensitive technique to
detect and characterize deep levels in the space charge region of Schottky- or pn-junction diodes on
semiconductors. However, the C-DLTS cannot be Suocessﬁﬂly used to characterize Mg-related deep levels
in GaN:Mg owing to the low diode capacitance level at low measurement temperatures [5].  In principle,
the C-DLTS relies on a shallow background doping to ensure constant depletion width.  Thus, the C-DLTS
measurements could be conducted in a temperature range where the Mg-acceptors are fully ionized in
GaN:Mg. In contrast, a current deepJevel transient spectroscopy (-DLTS) technique has the advantage of
ability to sensitively measure deep levels in semi-insulating semiconductors in which the dopant itself is deep
and/or is only partially jonized at measurement temperatures. ~ Thus, the F-DLTS is better suited for the study
of the Mg deep acceptdr in GaN:Mg. However, this technique has a disadvantage compared to the C-DLTS
in view of quantitative analysis. | In section 3.2, we report the electrical characterization of GaN:Mg using

the -DLTS technique in order to detect the electronic states associated with Mg doping, comparing with the

, conventional TAS data.

In GaN materials and device fabrication, acceptor doping has long been a serious problem.  So far, Mg
is the dopant most commonly used to generate p-type conductivity in GaN, as stated above [1,2]. The
acceptor levels of Mg become an important parameter in improving the performance of the doping process.
Many invéstigations have determined that the thermal activation energy of Mg acceptors is between 120 and
250 meV by using various characterization techniques such as the Hall-effect, TAS, and I-DLIS
measurements [3-16]. The wide range of measured data for the Mg acceptor levels may be caused by the‘
inconsistencies in the activation conditions and/or the Mg doping concentrations in GaN:Mg. In section 3.3,
we have focused on the annealing temperature used for thermal activation of the Mg dopant and

systematically investigated the acceptor levels associated with Mg doping from the viewpoint of annealing
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temperature by using TAS and /-DLTS techniques.

3.2 Current Deep-Level Transient Spectroscopy
3.2.1 Experimental

The epitaxial GaN ng films used in these experiments were 4 pum thick. They were grown on c-plane
sapphire substrates by atmospheric pressure MOCVD at 1000 °C, with a pre-deposited 20 nm AIN buffer
layer grown at 400 °C. Hydrogen was used as the main process gas and also as the carrier gas for the
metal-alkyls. Trimethylgallium (TMGa), ammonia and bis-cyclopentadienyl magnesium (Cp,Mg) were
respectively used as the sources of Ga, N, aﬁd Mg. After growth, a 200-nm-thick Si.Ozv layer was deposited
on the top surface of the sample by radio-frequency sputtering at room temperature to provide an
- encapsulation cap for the subsequent activation annealing, and rapid thermal annealing (RTA) was performed -
at 850 °C for 20 min with halogen-tungsten lamps in flowing N,. The heat-up time to the annealing
temperature was ~10 s and temperature overshoot was minimized (< 1 °C). During the annealing, the
sample was in thermal contact with a Si wafer and the temperature was measured with a calibrated
thermocouple attached to the Si wafer. Following the anneal step, HF (49 % conc.) was used to remove the
SiO; cap.  Electrical measurements were conducted on the fabricated lateral dot-and-ring Schottky diodes as
follows. First, ohmic contacts were made by Ni-evaporation and subsequent annealing at 500 °C for 30 min
in flowing N,. Then Pt was evaporated as Schottky contacts. The dot Pt-electrode has a diameter of 500
},lm,‘surrounded by a ring Ni-electrode with a 1 mm gap. The area of the ring electrode was 100 times
greater than that of the dot electrode. Electrical characterization of the fabricated Schottky diode has been
performeci by means of the self-produced equipment as shown in Fig. 3.1. Curment-voltage (V)
measurements were carried out at room temperature in the dark and good rectifier characteristics of the p-type
Schottky diode were confirmed. The leakage current at a reverse bias of -5 V was 463 pAlem’.
Frequency depeﬂdence of capacitance and capacitance-voltage (C-V) measurements were performed at room

temperature in the dark with an ac modulation level of 15 mV and a frequency ranging from 100 Hz to 10
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MHz. TAS measurements were conducted in the dark at an ac modulation level of 15 mV and a frequency
ranging from 100 Hz to 30 kHz in a temperature range from 85 to 300 K. /-DLTS measurements were also
carried out over a temperature rangé from 85 to 300 K. The steady state reverse bias and filling pulsé |
voltages Were -5 and 0 V, respectively. The width of the filling pulse was 1 ms, which ensured that even

traps with very small hole capture cross-sections were completely saturated.
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FIG 3.1. A schematic of self-produced electrical characterization system equipped with optical parts.

3.2.2 Results and Discussion

Figure 3.2 shows room-temperature frequency dependence of capacitance at a zero dc bias and 1/C*-V
plots for the fabricated Pt-Schottky diode. The capaciténce is seen to be strongly frequency dependent.
The capacitance is reduced at frequencies higher than 30 kHz. This variation in capacitance is most likely
due to a typical dispersion effect, which occurs when a deep level is unable to follow the high-frequency

voltage modulation and contributes to the net space charge in the depletion region. Here, the Mg level acts
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simultaneously as a deep impurity and a dopant. Depending on frequency, there is a competition between
the deep impurity and the dopant character. In the low frequency range, the holes provided by the
modulating voltage essentially modify the charge on the impurity level. Thus, the low frequency
capacitance remains nearly constant in this range. When these holes are no longer able to follow the applied
voltage modulation, the holes contribute to the modulation of the depletion layer charge, but with a stronger
amplitude than in the low frequency range. In other words, the low frequency capacitance is determined by
the carrier exchange between the Mg-related impurity level and the valence band, whereas above the
impurity transition frequency, the hole modulation of the depletion layer edge govems the electrical response.
Considering the frequency dependence of capacitance as shown in the inset of Fig. 3.2, meaningful C-V/
measurements need to be performed at lower frequencies. It is also found that the conventional C-DLTS
measurements using a high-frequency type capacitance meter could not be sucbessfully used to characterize

the Mg-related levels as stated above, because the capacitance measurement is unreliable at frequencies
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FIG. 32. Room-temperature capacitance-voltage characteristics at a frequency
of 1 kHz. The inset shows frequency dependence of capacitance at room
temperature.
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above 30 kHz. Instead, TAS and I-DLTS techniques are more suitable for the electrical characterization of
the Mg acceptor levels. As shown in Fig. 3.2, 1/C°-V plots at the low frequency of 1 kHz reveal that an
effective acceptor concentration (N, - Ny) of ~4x10"™ cm™ almost uniformly distributes over the depth of the

capacitance measurement. This value is in good agreement with the Mg concentration determined by
secondary ion mass spectrometry (SIMS).  In the case of acceptors in GaN:Mg, the C-V measurements at 1

kHz determine the net acceptor concentration (minus the concentration of donors) rather than the hole
concentration.  Strictly speaking, in the near surface region of ~40 nm, the acceptor concentration is slightly
reduced, which indicates that the dissociation of GaN in the neér surface region is induced by the activation
annealing process. By extrapolating the line fitted to the 1/C*-V plots to the voltage axis as shown in Fig. 3.2,
the barrier height ¢, of the fabricated Pt-Schottky diode is estimated to be ~3.3 eV.

Figure 3.3 shows TAS spectra measured on the fabricated Pt-Schottky diode sample at various
frequencies under a zero dc bias. A peak can be clearly seen in the spectra. This peak shifts to higher
temperatures with increasing measurement frequency.  Thus, this peak is related to a deep level. ~ Arrhenius
analysis for hole emission rate ep/T‘7 of the corresponding level yields an activation energy of ~115 meV for
hole emission into the valence band. Here, the data was analyzed under the assumption of a
temperature-independent cross-section.

Figure 3.4 shows /-DLTS spectra measured on the Pt-Schottky diode sample at various rate-windows.
A dominant peak can be clearly detected in the spectra. This peak shifts to higher temperatures with
increasing the hole emission rate calculated from the rate-windows, which indicates that this peak is assigned
toaholetrap. As shown in Fig. 3.5, an activation energy from the top of the valence band is calculated to be
~112 meV from the slope of the line fitted to the Arrhenius plots of hole emission rate e,ﬂ"z for this peak.
This value is very close to an activation energy of ~115 meV for the TAS measurements, indicating that both
energy levels detected by TAS and -DLTS measurements are attributed to an identical deep level. Here, the

characteristic frequency associated with this energy level at room temperature (295 K) is estimated to be
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FIG 3.3. TAS spectra at various frequencies of 100 Hz - 30 kHz for the Mg-doped GaN.
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FIG. 3.4. Current DLTS spectra at various rate-windows for the Mg-doped GaN.
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¥95.9 kHz, extracting from the line fitted to the Arthenius plots as shown in Fig. 3.5 [5].  This frequency is
found to be in reasonable agreement with one estimated from the frequency dependence of capac_itance at
room temperature as shown in the inset of Fig. 3.2. Therefore, this energy level revealed by TAS and
I-DLTS for our sample is considered to be assigned to the Mg deep acceptor itself, possessing an activation
energy which is apparently lower than the results previously reported in the literature [3 ;6]. Additionally, no

other centers deeper than this Mg acceptor show up in the TAS and -DLTS spectra for our sample.
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FIG 3.5. Arrhenius plots of hole emission rate e/]’? for the Mg-doped GaN.

For reference, we also prepared an activation annealed sample with the same Mg-doping concentration
and without a SiO, encapsulation cap to conﬁrm whether this lower activation energy for the Mg acceptor is
due to the annealing conditions. A discrete energy level with a much lower activation energy of 97 meV
was detected by TAS measurements for this sample. Therefore, this lowering of the activation energy for
the Mg acceptor which was revealed by the TAS and FDLTS measurements, is considered to be due to the

presence of point defects generated in the activation annealing process, rather than the energy level splitting

66
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observed for highly Mg-doped samples. That is, it may be attributed to the Pool-Frenkel-effect in depletion
region, which is induced by applying biased voltage in the TAS and -DLTS measurements.

In summary, we have investigated the GaN:Mg sample grown by MOCVD using TAS and -DLTS
techniques. Both measurements revealed an activation energy of ~112 meV from the valence band, which
is in teasonable agreement with the frequency dependence of capacitance in view of the characteristic
frequency at room temperature. Therefore, this energy level is most probably associated with the Mg

acceptor state itself.

3.3 Activation Annealing Behavior of Mg Acceptors
3.3.1 Experimental

The epitaxial GaN:Mg films used in these experiments were 1.6 pum thick. They were grown on
c-plane sapphire substrates by atmospheric pressure MOCVD at 1025 °C, with a pre-deposited 20 nm AIN |
buffer layer grown at 400 °C. Hydrogen was used both as a main process gas and as a carrier gas for metal
alkyls. TMGa, ammonia, and Cp,Mg were respectively used as the sources of Ga, N, and Mg. The Mg
concentration of the as-grown GaN:Mg layerwés determined to be ~4.7x10"® cm® by SIMS measurements.
After growth, activation annealing waé systematically performed at temperatures between 600 and 850 °C for
10 min in flowing N,. The annealing temperatures for typical samples 1 - 6 are summarized in Table 3.1,
together with their electrical data.  Electrical characterization of acceptor levels in GaN:Mg was conducted
on lateral dot-and-ring Schottky diodes fabﬁcated as follows. First ohmic contacts were made By Ni
* evaporation and subsequent annealing at 500 °C for 30 min in flowing N,. Then Pt was evaporated to form
Schottky contacts.  The dot Pt-electrode has a diameter of 500 um, surrounded by a ring Ni-electrode with a
I mm gap. The area of the ring electrode was 100 times greater than that of the dot eleptrode. From
room-temperature /-J measurements in the dark, good rectifier characteristics of the p-type Schottky diode
were confirmed under all the annealing conditions. Capacitance-frequency (C-f), conductance-frequency

(G/ar), and capacitance-voltage (C-V) measurements were performed at room temperature in the dark with
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an ac modulation level of 30 mV and frequencies ranging from 100 Hz to 10 MHz. TAS measurements
were conducted in the dark at an ac modulation level of 30 mV and frequencies ranging from 100 Hz to 30
kHz in a temperature range from 85 to 320 K. /DLTS measurements were also carried out over a
temperature range from 85 to 320 K.  The steady state reverse bias and filling pulse Voitages were-3and 1V,
respectively. The width of the filling pulse was 1 ms, which ensured that even traps with very small hole

capture cross-sections were completely saturated.

TABLE 3.1. Annealing-temperature dependence of acceptor concentration studied
by the room-temperature C-¥ measurements for the GaN:Mg samples.

Annealing temperature Acceptor concentration

Sample (C) N,-N, (1018 cm-3)
1 600 02
2 650 2.8
3 700 4.0
4 750 26
5 800 2.2
6 850 | 13.9

3.3.2 Results and Discussion

Figure 3.6 (a) shows room-temperature C-f curves at a zero dc bias for the Schottky diodes based on the
GaN:Mg samples (samples 1 - 6) annealed at various temperatures. A typical dispersion effect characteristic
of deep Mg acceptors is observed under all the annealing conditions [5].  Depending on frequency, there is a
competition between the deep impurity and the dopant character. Here, the low frequency capacitance C; is
determined by the carrier exchange between the Mg-related impurity level and ﬁle valence band, reflecting
the electrical activity of Mg dopant, whereas above the capacitance cutoff frequency f. (impurity transition

frequency), the hole modulation of the depletion layer edge governs the electrical response. Sample 1

68



Chlapter 3. . Electrical Characterization of Mg-Doped GaN 69

shows a small £, of ~1.9 kHz and a small C; of ~0.35 nF, which indicates that the 600 °C annealing slightly
activates the Mg dopant. In sharp contrast, a significant increase in f; is seen in addition to a large increase in
C; for samples 2 and 3. 'This result suggests that the electrical activity of Mg is significantly improved by
the annealing at 650 and 700 °C. More importantly, interesting behavior is observed in the high frequency
region of the C-fand G/a-f curves for these samples. Considering that the conductance G/ presents a peak
at the f;, higher-frequency component peaks can be seen as shoulders at ~331.6 and ~400.7 kHz apart from
the main peaks at around 30 kHz in the G/arf curves for the samples annealed at 650 and 700 °C,
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FIG. 3.6. Room-temperature frequency dependence of (a) capacitance and
(b) conductance G/w for the fabricated Schottky diodes based on the GaN:Mg
samples annealed at various temperatures.
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respectively, as shown in Fig. 3.6 (b). ThlS indicates that shallower acceptor levels may be newly formed by
the annealing at these temperatures. Furthermore, decreases in f; and C; are seen in accordance with the
disappearance of the higher-frequency component peaks for the samples annealed at 750 and 800 °C
(samples 4 and 5).

From the C-f'data, meaningful C-V/ measurements need to be performed at lower ﬁequencies. Thus,
effective acceptor concentrations were estimated from 1/C?-V plots at 1 kHz, as shown in Table 3.1. Here,
the obtained values imply the net acceptor concentration (N,- N,) rather than the hole concentration. The
annealing-temperature dependence of the acceptor concentration is in good agreement with the variation in
C; of the C-f curves, as stated above. In particular, the acceptor concentration of sample 3 is in reasonable
accord with the Mg concentration determined by the SIMS measurements, indicating that the activation
annealing at around 700 °C significantly enhances electrical activation rate of Mg dopant. Furthermore, the
acceptor concentration uniformly distributes over the depth of the capacitance measurements for the samples
annealed at temperatures below 800 °C (samples 1 - 5), whereas’the concentration becomes very high for the
sample annealed at 850 °C (sample 6). From the SIMS measurements, Mg is found to diffuse out towards
the near-surface region of ~200 nm from the surface by the 850 °C annealing, as shown in Fig. 3.7. This

segregation phenomenon of the Mg dopant starts to occur by the annealing at around 800 °C.
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FIG 3.7. SIMS profiles of Mg in GaN:Mg samples, as-grown and
annealed at various temperatures.
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Figures 3.8 and 3.9 respectively show a typical series of TAS and J-DLTS spectra for the Schottky diodes
based on the GaN:Mg samples (samples 1 - 6) annealed at various temperatures. Both spectra yield
identical information about deep acceptor levels in GaN:Mg. Depending on annealing temperature, both
spectra reveal three kinds of peaks which are denoted 4y, 4;, and 4>. These peaks shift towards higher
temperatures with increasing hole emission rate which can be calculated from the measurement frequency
and the rate window /%, for TAS and I-DLTS measurements, respectively. This implies that these peaks are
assigned to deep acceptor levels associated with the Mg dopant.  From Arrhenius plbts of hole emission rate
e,/TQ of the corresponding level in the both spectra as shown in Fig.3.10, thermal activation energies for hole
emission into the valence band were estimated. Here, the data were analyzed undér the assumption of a
temperatgre—independent cross-section. The data obtained from the TAS measurements were very close to
those for the -DLTS measurements. For the sample annealed at 600 °C (sample 1), a weak broad peak 4,
is detected, corresponding to a deep acceptor level of Mg with the thermal activation energy of ~161 meV
above the valence band. This acceptor level has much smaller cross-section than the other acceptor levels
(A4; and A), which indicates that the 4, level is probably in the early stage of the Mg acceptor formation,
resulting in the slightly electrical activation of the Mg dopant as stated above. For the samples annealed at
650 and 700 °C (samples 2 and 3), two peaks A} and 4, which are clearly different from the first peak A4, are
observed. The thermal activation energies for the acceptor levels 4; and 4, are ~160 and ~135 meV from
the valence band, respectively. These values are consistent with the reported values in the literature [5,6,13].
Moreover, the A, peak is seen to disappear in the both spectra by the 750 °C annealing (sample 4). By
combining these results with the C-f, G/o-f, and C-V data, the presence of the A4; level seems to be related to
the large increases in f. and effective acceptor concentration, as stated above. In particular, the 4, level
probably corresponds to the higher-frequency component peaks observed in the G/w-f curves for the samples
annealed at 650 and 700 °C (samples 2 and 3). Thus, the shallower 4> level is most likely to dominantly
improve the electrical Mg activity in GaN:Mg [6]. Furthermore, the thermal activation energy of the 4;

level is found to decrease from ~160 to ~145 meV with increasing annealing temperature from 750 up to 850
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FIG 3.8. TAS spectraat the frequency of 1 kHz for the fabricated Schottky diodes
based on the GaN:Mg samples annealed at various temperatures.

°C (samples 4, 5, and 6) in both the TAS and I-DLTS measurements.  This lowering of the activation energy
for the 4; level may be related to the Mg motion induced by the high-temperature annealing process.
Additionally, the /-DLTS spectrum shows a large increase in concentration of the A; level for the sample
annealed at 850 °C (sample 6), which is in good agreement with the segregation phenomenon of the Mg

dopant as confirmed by the SIMS measurements. Therefore, the continued reconfiguration of the local
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region surrounding Mg atoms may induce the energy level splitting of the A; level, resulting in the lowering
of the activation energy [18]. The activation energies observed should be also subject to the Poole-Frenkel

field effect which is apt to occur in the TAS and I-DLTS measurement techniques [9,17].
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FIG 3.9. [-DLTS spectra at the rate windows /%, of 40 us/100 ps for the fabricated
Schottky diodes based on the GaN:Mg samples annealed at various temperatures.

73



74 Chapter 3.  Electrical Characterization of Mg-Doped GaN

& 102
o | 650°C,700°C, 650°C,700°C
o 10 57500,8000  Ay~135meV
o |
o 100
[0 s
@
c 10} s
ST E 600
@2 fA .~
= 10_2!A0. 161me
L 3
o
S 103 — . .
T 00 3.0 6.0 9.0 12.0

1000/T (K1)

FIG 3.10. Arrhenius plots of hole emission rate e/]'z for the GaN:Mg samples
annealed at various temperatures. ‘

In summary, we have systematically investigéted the annealing-temperature dependehce of acceptor
levels in GaN:Mg samples grown by MOCVD by using TAS and I-DLTS techniques. Both measurements
reveal two deep acceptor levels with thermal activation energies of ~135 and ~160 meV from the valence
band. The annealing behavior of the former level is in reasonable agreement with the variation in the
effective accéptor concentration. Therefore, this acceptor level is considered to dominate the electrical

activity of Mg in GaN.

3.4 Conclusion

The I-DLTS measurement technique as well as the TAS one was found to be effective in electrical
characterization of deep acceptor levels in Mg-doped GaN. These I-DLTS and TAS techniques have been
applied on Schottky diodes based on Mg-doped GaN grown by MOCVD to investigate dependence of Mg
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Chapter3. Electrical Characterization of Mg-Doped GaN 75

acceptor levels on annealing temperature. Both measurements revealed two deep acceptor levels with
activation energies of ~135 and ~160 meV above the valence band.  The former level is seen only when the
samples were annealed at temperatures between 650 and 700 °C, and its presence is in reasonable agreement
with a significant increase in effective acceptor concentration confirmed: by low-frequency C-V
measurements. Therefore, this acceptor level is considered to dominate the electrical activation of Mg in

GaN.
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Chapter 4
P-Type Implant Doping of GaN

4.1 Introduction

GaN is of increasing interest for high-temperature and high-power electronic devices [1-3]. In orderto
facilitate the design of these electronic devices, especially from a selective-area doping point of view, both n-
and p-type implantation-doping technologies are considered as being .essential. - Si is generally used as a
shallow n-type dopant for GaN, while shallow p-type dopants do not exist because GaN has a relatively small
permittivity of ~9. Thus, acceptor doping has long been a serious problem for both GaN materials and
device fabrication. The most cbmmonly used p-type dopant is Mg, which has an ionization energy of 150 -
200 meV above the valence band [4-7]. In the case of Mg implantation doping, however, it is very difficult
to achieve p-type conductivity at room temperature, because implantation-induced damage may easily
compensate the holes generated from Mg acceptors due to its heavy jon mass in addition to their deep
acceptor levels [8,9].  On the other hand, Be is expected theofetically to be a more promising candidate for
~ p-type doping since its ionization energy is calculated to be ~60 meV when residing on Ga-lattice sites in
Wurtzite GaN [10,11]. Additionally, the light Be atoms can be implanted deeper info GaN for a given
implantation energy, and they cause less damage in the GaN lattice than Mg atoms.

So far, Be-doped GaN (GaN:Be) films have only been grown by molecular beam epitaxy (MBE) [12,13].
Recently, some data on Be acceptors have been reported; Salvador ef al. [13] have obtained an ionization
energy of about 250 meV from photoluminescence (PL) measurements of GaN:Be samples grown by MBE.
Ronning et al. [14] have reported that isolated Be has the most shallow acceptor level, with an ionization

energy of 150 + 10 meV from PL measurements of Be-implanted GaN samples. Clearly the literature does
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not provide a coherent value for these acceptor levels. In addition, no electrical characterization of the
acceptor levels associated with Be doping has been reported as yet, and the acceptor levels are an important
parameter in improving the performance of the p-type doping process. Thus, various investigations need to
be performed to determine the Be acceptor levels by using electrical and optical characterization techniques.
In this chapter, we have focused on the, electrical characterization of Be-implanted GaN by using a thermal
admittance spectroscopy (TAS) technique in order to detect the electronic states associated with Be doping.
In section 4.2, we have reported that some slight electrical p-type activity was achieved for Be-implanted
GaN and that the Be-related acceptor level was located at ~231 meV above the valence band from TAS
measurements [15].  This value is much deeper than the theoretically expected value. This deepening of
the activation energy for Be acceptors is considered to be associated with imperfect incorporation of the
implanted Be ions. In the case of conventional Be implantation, where one kind of dbpant is used, the
generation of many N vacancies may occur in the implanted region after the activation annealing process,
resulting in Be atoms residing in interstitial sites in GaN. Therefore, in order to suppress the N vacancies, an
N-rich condition should be created prior to Be implantation [8,16,17]. Considering that O atoms are apt to
substitute at N-lattice sites, the implantation of additional O atoms into GaN might be expected to increase the
probability that Be atoms will occupy a Ga-lattice site. 'In section 4.3, the acceptor levels in Be+O
co-implanted GaN have been investigated electrically, and the results are compared to those of conventional

- Be-implanted GaN [18].

4.2 Be Implantation
4.2.1 Experimental
The epitaxial GaN films used in these experiments were 1 pm thick. They were grown on a-plane
sapphire substrates by atmospheric pressure metal-organic chemical-vapor deposition (MOCVD) at 1050 °C,
with a pre-deposited 20 nm AIN buffer layer grown at 400 °C.  The GaN films were not intentionally doped,
3

with a background n-type carrier concentration of ~5x10"° cm®. Prior to the Be implantation, a
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300-nm-thick SiO; layer was deposited on the top surface of the samples by radio-frequency (RF) sputtering
in order to reduce the implantation-induced damage. Then, multiple step Be implantation was performed
using pure Be metal as the source of the *Be"* species. The *Be* ions were implanted at 150, 100, and 80
keV with dosages of 23x10", 6x10", and 6x10" cm™, respectively, to produce a mean Be concentration of
1x10" em™ to a depth of ~0.3 um.  For reference, N-implanted and Be+N co-implanted GaN samples was
also prepared. The N-implanted sample had a mean N concentration of 1x10" cm® (depth = 0.3 um).
The Be+N co-implanted samples enabled the N/Be ratio to change 0, 0.5, 1.0, and 2.0, respectively, with a
fixed Be concentration of 1x10" cm™ (depth = 0.3 pm).  All of the implants were carried out at room
temperature, with an incident angle 7° off the surface normal. Aﬁer implantation, the SiO, layer was
removed and then a 500-nm-thick SiO, capping layer was again deposited on the top surface of the implanted
samples by RF sputtering at room temperature to provide an encapsulation cap for the subsequent implant
activation annealing. Al of the samples were annealed in a SiC-coated graphite susceptor at 1050 °C for 5
min in flowing Hy gas at a pressure of 10 Torr. Following the annealing step, HF was used to remove the
SiO, cap. The depth distribution of the implanted Be atoms was measured by secondary ion mass
spectrometry (SIMS). The carrier type of the Be-implanted samples could .not be determined by
room-temperature Hall-effect measurements because of poor data caused by extremely small Hall-voltages,
as is the case for p-type GaN in general. Instead, electrical measurements were conducted on lateral
dot-and-ring Schottky diodes fabricated as follows. First, ohmic contacts were debosited by Ni evaporation
and subsequent annealing at 500 °C for 30 min in flowing N>.  Then Pt was evaporated to form the Schottky
contacts. The dot Pt—electfode, had a diameter Qf 500 um, and was surrounded by a ring Ni-electrode with a
1 mm gap. The area of the ring electrode was 100 times greater than that of the dot electrode. From
current-voltage (I-V) measurements at room temperature in the dark, the Be-implanted sample showed the
rectifying characteristics of a p-type Schottky diode, while the N-implanted sample displayed the
characteristics of an n-type Schottky diode in the same way as the as-grown GaN before implantation.

Capacitance-frequency (C-f), conductance-frequency (G/w-f), and capacitance-voltage (C-V) measurements
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were performed at room temperature in the dark with an ac modulation level of 30 mV and frequencies
ranging from 100 Hzto 10 MHz. TAS measurements were conducted in the dark at an ac modulation level

of 30 mV and frequencies ranging from 100 Hz to 30 kHz, covering the temperature range from 85 to 475K,

4.2.2 Results and Discussion

Figure 4.1 shows SIMS profiles of the ifnplanted Be atoms both before and after annealing at 1050 °C,
together with Be atomic profiles calculated by the Transport of Ions in Matter software (TRIM).  There is
little Be redistribution caused by the implant activation annealing, indicating the thermal stability of the
implanted Be atoms in GaN. From this result, it is expected that diffusion of Be atoms into GaN from an
external source is not practical and that ion implantation will be required if we wish to introduce Be atoms
into GaN with a view to selective-area doping. The mean Be concentration to a depth of ~0.3 pm is about

1x10” cm?, a value that is in reasonable agreement with that of the TRIM calculation. The tails
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FIG 4.1. TRIM simulated atomic profiles of implanted Be (solid line) and SIMS
profiles of Be implanted in GaN, as implanted (O) and annealed (H) at 1050 °C.
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apparent on the bulk sidé of the experimental Be profiles may be caused by the high background due to the
high resistivity of the Be-implanted samples.

Figure 4.2 shows room temperature C-f'and G/e-f curves at zero dc bias for a Schottky diode based on
the Be-implanted GaN after annealing at 1050 °C. The capacitance is seen fo be strongly
frequency-dependent, as shown by the C-f curve. The capacitance is reduced at frequencies higher than 1
kHz. This variation in capacitance is most likely to be due to a typical dispersion effect that occurs when a
deep level is unable to follow the high-frequency voltage modulation and contributes to the net space charge
in the depletion region [6,7]. In addition, the N-implanted GaN sample showed frequency-independence of
capacitance and maintained low values. These results indicate that the deep level observed in the
Be-implanted sample may be associated with Be doping. ‘That is, the Be-related level could act
simultaneously as a deep impurity and as a dopant. Depending on frequency, there is a competition

between the deep impurity and the dopant character. The low frequency capacitance C; of ~50 pF is
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FIG 42. Room-temperature frequency dependence of capacitance for Be-implanted
GaN after annealing at 1050 °C.  The inset shows the frequency dependence of
conductance at room temperature.

81



82 ' Chapter4. P-Type Implant Doping of GaN

determined by the carrier exchange between the Be-related impurity level and the valence band, reflecting the
electrical activity of the implanted Be atoms, whereas above the capacitance cutoff frequency f; (impurity
transition frequency), the hole modulation of the depletion layer edge govems the electrical response;
Considering that the conductance G/ presents a peak at the /., the characteristic frequency £ is estimated to
be ~4.2 kHz, as shown in the inset of Fig. 4.2. From these C-f and /o data, meaningful C-V
measurements need to be performed at frequencies lower than the £;. -

Figure 4.3 shows room-temperature 1/C°-V plots at a frequency of 1 kHz for a Schottky diode fabricated
on the Be-implanted GaN.  From the slope of these plots, the effective acceptor concentration is estimated to
be ~12x10"7 cm®, which seems to be distributed almost uniformly over the depth of the capacitance
measurement. Here, this value obtained at 1 kHz implies the net acceptor concentration (N, - V) rather than
the hole concentration. This effective acceptor concentration is much smaller than the Be concentration
determined by the SIMS measurements. This indicates that the implanted Be atoms are slightly activated
by annealing at 1050 °C. By extrapolating the line fitted to the /2 —.Vplots to the voltage axis as shown in
Fig. 4.3, the barrier height ¢, of the fabricated Pt-Schottky diode is estimated to be ~1.4 V. |
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FIG 43. Room-temperature capacitance-voltage characteristics at a frequency
of 1 kHz for Be-implanted GaN after annealing at 1050 °C.
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Figure 4.4 shows typical TAS spectra measured for the Schottky diode fabricated on Be-implanted GaN.
under zero dc bias. A dominant peak can be clearly seen in the spectra. This peak shifts to higher
temperatures with increasing measurement frequency. Thus, this peak is assigned to a deep level. By
contrast, no TAS peaks could be detected in the N-implanted GaN sample. This result implies that the deep
level observed in the Be-implanted sample is not related to implantation-induced defects, because N
implantation should introduce at least as much damage into the GaN as Be implantation due to its heavier ion
mass. Additionally, the damage introduced by N implantation has also previously been reported in the
literature to be entirely restored by high-temperature annealing [19,20].  Therefore, this deep level detected
in the Be-implanted GaN is considered to be associated with the Be doping.  Arrhenius analysis for the hole
emission rate ep/Tg of the corresponding level yields an activation energy of ~231 meV for hole emission into

the valence band, as shown in the inset of Fig. 44. Here, the data was analyzed under the assumption of a
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FIG 44. TAS spectra at vartous frequencies between 1 - 10 kHz for Be-implanted
GaN after annealing at 1050 °C.  The inset shows Arrhenius plots of the hole
emission rate, e,/TZ }
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temperature-independent cross-section. The characteristic frequency corresponding to this energy level at
room temperature (300 K) is calculated to be ~3.6 kHz, which can be extracted from a line fitted to the
Arrhenius plots, as shown in the inset of Fig. 4.4. This frequency is found to be in reasonable agreement
with the £, of ~4.2 kHz estimated from the room temperature C-f and G/a-f curves in Fig. ‘4.2. Therefore,
this energy level should be assigned to the Be-related acceptor level. In addition, it makes no sense to
suggest that hydrogen penetrates the thick encapsulation cap during annealing. = Thus, this energy level is
probably associated with isolated Be atoms rather than Be-H complexes.

This acceptor level that we‘ have obtained seems to be in agreement with the value of 250 meV reported
by Salvador er al. [13], but it is apparently much deeper than the theoretically expected value of ~60 meV
when Be atoms only reside at Ga-lattice sites in GaN [10].  Thus, tlﬁs deepening of the activation energy for
the Be acceptor may be associated with imperfect incorporation of the implanted Be atoms, which results in
the slight electrical activation, as stated above. Therefore, some co-implantation technique based on a
sité}competition effect may be effective in enhancing the electrical .activati_on of the implanted Be atoms
[8,17,19,21].

In order to increase the probability of the implanted Be atoms occupying a Ga-lattice site,‘ Be+N
co-implantation ihto undoped GaN was also carried out. The N/Be ratio dependence of the Be acceptors
was investigated in the Be+N co-implantation process.. Figure 4.5 shows a typical series of TAS spectra for
the Schottky diodes fabricated on Be+N co—implanted GaN with various N/Be ratios under zero dc bias.
With an introduction of additional N atoms, the Be acceptor concentration is found to decrease significantly
in addition to an increase in the thermal activation energy for the Bé acceptors. This result probably
indicates the formation of some Be-N compounds (Be;Na) during activation annealing process, resulting in
the decrease in effective Be acceptor concentration. Conversely, we can say that implanted Be atoms are
easily combined with the component N atoms of GaN and that poésible Be dopant atoms decreases
subsequently. As a result, the Be activation efficiency substantially becomes poor by using any Be

implantation techniques.
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FIG. 4.5. N/Be ratio dependence of TAS spectra at various frequencies between
1 and 15 kHz for Be+N co-implanted GaN after annealing at 1050 °C.

In summary, the acceptor levels of Be-implanted and subsequently annealed GaN haye been investigated
electricall. TAS measurements revealed a dominant deep level with an activation energy of ~231 meV
from the valence band, which is in reasonable agreement with the frequency dependence of capacitance and
conductance in view of the impurity transition frequency at room temperature. Therefore, this energy level

is most probably associated with a Be-related deep acceptor.

85



86 Chapter 4. P-Type Implant Doping of GaN

4.3 Be+O Co-Implantation
4.3.1 Experimental |

The epitaxial GaN films used in these experiments were 2.5 um thick. They were grown on a-plane
sapphire substrates by atmospheric pressure MOCVD at 1130 °C, with a pre-deposited 20 nm AIN buffer
layer grown at 420 °C. -The GaN films were not intentionally doped, but had a background n-type carrier

concentration of ~5x10" cm?.

After growth, the GaN samples were implanted, using O, gas and Be metal
as the sources of the O and *Be” species, respectively. Prior to the O" implantation, a 100-nm-thick Ni
layer was deposited on the top surface of the samples by electron-beam evapoi‘ation in order to reduce the
implantation-induced damagé. Then, multiple step O" implantation was performed as follows. The O
ions were implanted at 400, 300, 250, 200, 150, and 110 keV with dosages of 4.5x10™, 8x10", 1.2x10",
1.3x1014, 7x1013, and 1.5x10™ cm'z,i respectively, to produce a mean O concentration of 2x10" em? to a
depth of ~0.4 um. After rémoving the Ni layer, a 300-nm-thick Ni layer was deposited again prior to the
Be" implantation. Then, multiple step Be" implantation was perfoimed; the Be" ions were implanted at 350,
250, and 170 keV with dosages of 6x1014, 2.5x1014, and 4x10™ cm'z, respectively, to produce a mean Be
concentration of 2x10'® cm™ to a depth of ~0.4 um.  Conventional Be- and O-implanted GaN samples were
also prepared with mean concentrations of 2x10" em™ (depth = 0.4 pm) for reference. In the case of the
Be+O co-implantation, the O/Be ratjo was kept at 1 for optimum doping [17,19,21].  All of the implants
were carried out at room temperature, with an incident angle 7° off the surface normal.  After implantation,
the Ni layer was removed and then a 500-nm-thick SiO, capping layer was deposited on the surface by
radio-frequency sputtering at room temperature to provide an encapsulation cap for the subsequent implant
activation anneal. ~ All of the samples were annealed at temperaturés between 950 and 1100 °C for 5 min in
flowing N, gas. Following the annealing step, HF was used to remove the SiO, cap. The carrier type of
the Be- and Be+O-implanted GaN samples was determined by room-temperature Hall-effect and electrical

measurements. For the conventional O-implanted samples, the implanted O atoms became electrically

active as an n-type dopant after annealing at 1100 °C, as reported in section 2.4. Some electrical
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measurements were conducted on lateral dot-and-ring Schottky diodes fabricated using Pt as a Schottky
metal [15,18,22,23].  Capacitance-frequency (C-f), conductance-frequency (G/@-f), and capacitance-voltage
(C-V) measurements were performed at room temperature with an a;: modulation level of 30 mV and
frequencies ranging from 100 Hz to 10 MHz. TAS measurements were performed at an ac modulation
level of 30 mV and frequencies ranging from 100 Hz to 30 kHz, covering the temperature fange from 85 to
480 K. The depth distribution of the implanted O and Si atoms was measured by SIMS. The surface

morphology of the implanted region of the GalN samples was analyzed by atomic force microscopy (AFM).

4.3.2 Results and Discussion
Figure 4.6 shows typical SIMS profiles of the implanted O and Be atoms both before and after annealing

at 1050 °C, together with O and Be atomic profiles calculated by TRIM.- The Be concentration to a depth of
~0.4 um is confirmed to be about 2x10" cm? for both Be- and Be+O-implanted GaN samples before the
activation anneal, which is in reasonable agreement with a calculation made using a TRIM code.
Additionaliy, annealing causes the implanted Be atoms to diffuse slightly towards the near-surface region
(~100 nm from1the surface) regardless of the implantation of additional O atoms. The Be-diffusion level is
almost the same under all annealing conditions, resulting in identical Be SIMS profiles regardless of the
annealing temperature. Moreover, SIMS profiles of implanted O atoms both before and after annealing are
unchanged, in agreement with the profiles calculated by TRIM.  Furthermore, no Ni atoms are detected for
all of the implanted samples. This suggests that the diffusion of Ni atoms into GaN from the Ni layer does
not occur during the implantation process and consequently that the use of the Ni layer for reducing the
implantation-induced damage does ndt influence the Be-doping characteristics, as discussed later.

Figure 4.7 shows the room-temperature sheet carrier concentration, #,, of the Be- and Be+O-implanted
GaN samples as a function of annealing temperature. The behavior of #n; may be classified into three
regions (@), (b), and (c) in view of the carrier type.  In region (b) where the annealing temperature is between

1000 and 1050 °C, the #;, tends to decrease significantly for both Be- and Be+O-implanted samples. These
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FIG 4.6. TRIM simulated atomic profiles of implanted (a) O and (b) Be atoms and
SIMS profiles of (a) O and (b) Be in Be- and Be+O-implanted GaN, as implanted
and annealed (8, [])at 1050 °C, respectively.

samples are the only ones displaying p-type characteristics, with small mobility, 4, in the region of 1 - 3
i ' cm?/Vs. Furthermore, the 7, of the Be+O-implanted samples is relatively higher than that of the
| :

'Be-implanted samples, indicating that the implantation of additional O atoms improves the electrical p-type
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activation. On the other hand, samples annealed in regions (a) and (c) show n-type characteristics, which
may be caused by the implantation-induced damage and the formation of N vacancies during the anneal,
respectively. In particular, the significant increase in 7, seen for the Be+O-implanted sample after annealing
at 1100 °C is considered to be due to the combined effect of N-vacancy formation and electrical O-activation-

induced by high-temperature annealing, as stated above [24].
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FIG 4.7. Sheet carrier concentration as a function of annealing temperatuie
for Be- and Bet+O-implanted GaN.

Figure 4.8 shows room-temperature C-f curves at zero dc bias for Schottky diodes based on Be- and
Be+O-implanted GaN samples after annealing at 1050 °C. - Regardless of the O-implantation, the measured
capacitance varies markedly with frequency for both samples. This variation in capacitance is most likely
due to a typical dispersion effect characteristic of deep Be acceptors; depending 6n frequency, there is
competition between deep impurities and the dopant character [6,7). Here, the low-frequency capacitance

C, is determined by carrier exchange between the Be-related impurity level and the valence band, reflecting
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FIG 4.8. Room-temperature frequency dependence of capacitance for Be- and
Be+O-implanted GaN after annealing at 1050 °C.  The inset shows the frequency
dependence of conductance at room temperature.
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the electrical activity of the implanted Be atoms, whereas above the capacitance cutoff frequency f; (impurity
transition frequency), the hole modulation of the depletion layer edge governs the electrical response. In
view of the fact that there is a peak at £ in the conductance G/, the characteristic frequencies f are estimated
to be ~2.2 and ~28.2 kHz for the Be- and Be+O-iInplahted samples, respectively, as shown in the inset of Fig.
4.8. Thus, a significant increase in f; occurs due to the implantation of additional .O atoms. This result
indicates that shallower acceptor levels may be newly formed by co-implantation of Be" and O" based on a
site-competition effect [17,18]. From C-V measurements at 1 kHz (F ig. 4.9), the net acceptor concentration
(N,- N;) was calculated to be ~1 5x10" cm™ for the Be+O-implanted sample.  As shown in Fig. 4.8, C; is
estimated to be about 43 pF for both samples, which suggests that the effective acceptor concentration of the
Be-implanted sample is at the s,ame»l_evél as that of Be+O-implanted sample. These accepfor concentrations
are much smaller than the Be concentrati‘onlof 2x10" cm? detemﬁnéd by the SIMS measurements. This
result indicates that much implantation-induced damage still remains and may compensate for the holes
generated by the deep Be acceptors in both samples.  Therefore, the higher Be activation rate caused by the
introduction of O atoms is most likely to dominate the improvement of the p-type doping characteristics, as
stated in Fig, 4.7. |

Figures 4.10 (a) and 4.10 (b), respectively, show typical TAS spectra measured under zero }dc bias for
Schottky diodes fabricated on Be- and Be+O-implanted GaN and annealed at 1050 °C.  Depending on the
implant conditions, the TAS spectra reveal two kinds of peak denoted by 4; and 4. These peaks shift
towards higher temperatures with an increasing hole emission rate, which can be calculated from the:
measurement frequency. This implies that these peaks are associated with Be-related deep acceptor levels
[15], as discussed in section4.2.  As shown in Fig. 4.11, the thermal activation energy for hole emission into
the valence band is estimated from Arrhenius plots of the hole emission rate ep/T3 for the corréspbndjng level
in the both spectra. Here, the data are analyzed under the assumption that the cross-section is
temperature-independent.  For the conventional Be-implanted sample, a dominant peak 4, is clearly

observed, corresponding to a Be-related acceptor level with a thermal activation energy of ~240 meV. This
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FIG 4.10. TAS spectra at various frequencies between 1 and 10 kHz for (a) Be-
and (b) Be+O-implanted GaN after annealing at 1050 °C.

value is very close to the previously reported one [15]. For the Be+O-implanted sample, a dominant peak
A>is seen in addition to the peak 4;. This newly observed A4, peak is located at ~163 meV above the
valence band.  Thus, the Be-related acceptor level is found to decrease Signiﬁcantly with the introduction of
O-atoms. This behavior of the acceptor level, i.e., becoming shalloWer, seems to be in good agreement with
the increase in impurity transition frequency f; by implantation of additional O atoms (Fig. 4.8). The
characteristic frequencies corresponding to the A; and 4, peaks at room temperature (300 K) are calculated to
be ~1.3 and ~43.1 kHz, which can be extracted from the Arrhenius plots, as shown m Fig. 4.11. These

values are in reasonable agreement with the values of £, of ~2.2 and ~28.2 kHz estimated from the
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room-temperature Cf and G/a-f curves in Fig. 4.8. - Therefore, this confirms that these acceptor levels are
attributable to the implanted Be atoms. Bearing in mind the site-competition effect caused by the
implantation of additional O atoms, the 4; and A levels can probably be assigned to Be atoms occupying
interstitial and Ga-lattice sites, respectively. Therefore, the decrease in the Be-related acceptor level with the
introduction of O atoms is most likely to enhance the Be activation rate, which results in an improvement of
the p-type doping characteristics, as stated above. In addition, a significant reduction in residual n-type
carriers that act in competition with the p-type carriers is required in order to realize increasing p-type doping

characteristics.
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FIG4.11. Arrhenius plots of the hole emission rate e,/7* for Be- and
Be+O-implanted GaN after annealing at 1050 °C.

Figures 4.12 (a) and 4.12 (b), respectively, show typical AFM images of the Be- and Be+O-implanted

GaN samples after annealing at 1050 °C.  Smooth surface morphology with mean roughness R, of ~0.62
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nm can be obtained in both samples even after the activation annealing process. Additionally, in both
samples, a number of growth steps are clearly observed, which surface morphology is almost identical with
that of the as-grown GaN before implantation. In other words, the surface morphology is found to be
unchanged even after the implantation and subsequent annealing processes for both iinplanted GaN samples.
However, implantation-induced micro-defects “small holes” can be seen even after the high-temperature
annealing process for both Be- and Be+O-implanted samples, which is the same behavior as that of Si- and
Si+N-implanted GaN after activation annealing process, as reported in section 2.3.  Thus, the micro-defects
observed in both the Be- and Be+O-implanted GaN are probably associated with the implantation of Be
atoms. Thé micro-defect density observed in the Be+O co-implanted GaN seems to be a little more than
that in the Be-implanted GaN. In addition, the micro-defects are thought to correspond to the dislocations,
where some parts of the implanted Be atoms may be captured, resulting in the significant decrease in

effective acceptor concentration, as stated above.

FIG 4.12. AFM images of (a) Be- and (b) Be+O-implanted GaN samples with a mean Be
concentration of 2x10'"” cm™ (a depth of ~0.4 pm) after annealing at 1050 °C.  Both images
are 5x5 pnr.
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| In summary, we have electrically investigated the effect of Be+O co-implantation on Be acceptors in
GaN. From TAS and C-f measurements, the implantation of additional O" ions is found to decrease the
Be-related acceptor level from ~240 to ~163 meV due to a site-competition effect. This behavior of the
acceptors is in reasonable agreement with the improvement of p-type doping characteristics as determined by
room-temperature Hall-effect measurements. Therefore, this acceptor level can probably be assigned to Be

atoms residing on interstitial and Ga-lattice sites in GaN.

4.4 Conclusion
P-type regions were produced in undoped GaN films by Be" and Be™+O" implantation and subsequent

annealing at temperatures between 1000 and 1050 °C.  From TAS measurements, the activation energy of
the Be acceptor level was found to decrease from ~240 to ~163 meV by the implantation of additional O
atoms, which is in reasonable agreement with the improvement in p-type doping characteristics determined
by room-temperature Hall-effect measurements. These results indicate that the Be'+O" co-implantation
reduces the depth of the Be acceptor level based on a site-competition effect. Therefore, these acceptor

levels are most probably attributable to Be atoms at interstitial and Ga-lattice sites.
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Chapter　3，　Electrical　Characterization　of　M9−Doped　GaN59Chapter　3Electrical　Chamcteriza“on　of　Mg−Doped　GaN3．11ntroduction　　GaN　based　devices　Q館r　gre翫poten圃fbr　apPH〔痴ons　such　as　blue　lig�q一e�u面ng　diodes（LEps），　blロelasers，　and　high−power　electronics．　Both　n−and餅靭pe　doping　tech�uques　are　needed　fbr　the　design　ofth←sedevices．　Si　is　generaHy　used　as　a　shallow　n−type　dopant丘）r　GaN　while　shallow　p−type　dopants　do　not　exist加。�oeG姻has　a　sm訓pe�oi曲of−9・So蝕Mg　is血e　co�o晦used　doP�pt　w�qch　ggner翫esp−type　conductivity　in　GaN　gro�oby　molecular　beam　epitaxy（MB耳）and　meta1く）rganic　che�ucal−vapordeposidon（MOCVD）．　In　addidon，二二e曲such　as　elec�Pon−beam　irradi面on　and　the�oal�oe樋ng�perequired　to　a伽n　the　p一句pe　conduc廿on　in　Mg−doped　GaN（GaN：Mg）layers　grown　by　MOCVD［1，2］．　Theelec住。�u¢chalacterisdcslofMg．acceptor．　leマels　in　GaN　are6．howeve切ot　w年U　understood．　Up　to　the　prese凱date，　several　energy　levels　have　been　detected　and　a面buted　to　Mg　accepto聡fbr　GaN：Mg　by　using　vario賂characterL乙ation　techniques［3−15］．　　Switching　gear　to　EV　electronic　applications，　selective−area　growth　of　p−type　GaN　and／or　p−type：impl・n囲・n　d・P血9町・・eq・辻的t・・e烈セ・．P・w・・d・vi�t・輌血・n・�o譜y一・任・P・戯i・n・F・・m面・p・�q。fview；it　is　very　impor給nt　to　e…虻abhshρlectdcal　characterセadon　tec�qques　f〜）r　p−type　GaN　　］：hnakaθ∫α孟［3］r壁ported　two　activa廿on　energies，125　and　l　57　meV丘om　H韻一ef飴ct　measurements　ofsarnples　grown　by　MOCVD．　Johnsonε’α孟［4］obtained　an　acdva匠on　enelgy　of　l　3’1　meV　R）r．廿ユe　Mgaccepto面MOCVD一暫。�os�oples．丘om（�qk　c�oe舳eas斑eme鵬H�ogθ’α∠［5］meas�ped�penergy　level　136　meV　above　the　valence　band　in　MOCVD−grown　s�oples　with　a　high　concen廿a口。ロofelectdcally　ac廿ve　Mg　acceptors，　and　two　ene壌y　levels　124　Imd　l　60　meV譲）ove　the　valence　band　in　samples59一53一60Chapter　3，　Electrical　Characterization　of　Mg−Doped　GaNwith　a　lower　densi取of　el�t血。組y　active　Mg　acceptors，　using　a血e�o瓠ad�u伽ce　spec廿oscopy（TAS）technique．　Recentl）もSeg炬er　and　Gislason［6］have　reported　that　an　abtivatiqn　enelgy　of．130　mey　abovethe　valence　band　is曲buted　to　an　Mg−relate¢acceptor念om　TAS　and　dafk　cur欝ent　measuremenお．　　hg，n・・記づ。即�ti伽ce　deep−1・〉・1幡i・血・嘩・・c・py（σ・DロS）i・血・m・就・e醜・・tec�qq・・tOdetect　and¢haractert乙e　d�tp　levels　�qthe　spak｝e　chalge　region　of．Scho蜘一6r　pn・juncdon　diodes　onsemiconductors．　Howeveろtbe　C−DLrS　camot　be　su�tess佃y　used　to　characterセe　Mg−related　deep　levels血G州・Mg・w血琴t・血・1・w　di・de　c即aci伽ce　l・v・1訊1・wm・お皿・m・血t・m即伽・・［5］・hp血・ip1・・theσDL二「S　relies　on　a　shaUow　background．　doping　to　ensure　c6nstant　debledon　width．　Thus，　theσDLTSmeasurements　could　be　conducted　in　a　temかera加re�oge　whφre　the　Mg−acceptgrs錨e飢ly　ionizeφinGaN：Mg．　In　con甑acurrer瞳deep−ievel　transien卿ectroscopy（mLrS）tec�qique　has　the　advahtage　ofab丑ity　to　sensitively　mea膿deep　levels　in　se�u一insula匠ng　se�uconductors　in　v面ch　the　dopar随iおelf　i3　deepεmd／or　is　only　par廿ally　ionized　at　measurement　telhperatures．　Thus，　theみDLTS　is　better　suited長）r　the戚udy・f血・Mg　dee⇔accept6・�qGaN・Mg．　H・w・v・面・tec�qiq・・幡・φ曲・n箆e　c・mp�p・dt・血・σDロsin　view　of　quand面ve　analysis．　Ih　section　32，　we　report　the　electrical　chafacterizahon　of　GaN：Mg　usingthe　1」DLrS　technique　in　order　t6　detect　the　electronic…戯es　associate4　with　Mg　doping，　compa血g　with　theconvendonal　TAS　data．　　hG・N甑・翻・�pd　d・“�t脚・短・n・�tcep…d・P血9弊1・ng加・n・・ed・聡P・・bl・肌S晦Mgi・血6d・卿m・就・・�o・皿y岬・・．9・n・・御三・・nd・・翻取�q・（賦認・�嚇伽・・［12］・抽・勘cceptor　levels　6f　Mg　become　an�qpo噸nt　p描meter�qimpro＞血g　the　per飾�oance　of血e　doping　process。面�py�q》，甑9謙i・雌�q・廊t・�o副血舳・血・翻�tt圃・n・n・珊・fMg　acceわt・rs　i・加伽een　l20�pd250m・V　by．us血9・囲・u・c�qact・伽i・n　tec�qques　su・h舳・嗣1−e三門S・�pd　mロSmeas蜘・血［3−16］．　n・輌d・・�p自・・fmeas�p・d伽鉛刀6　Mg�tcept・・1・v・1・m鷲・郷・d　by血・ihcons誼stencies　in　lhe　ac伽adon　condi亘ons　and／br　the　Mg　doping　concentraUons　in　GaN：Mg．　LI　sec廿on　3．3，we　haye貴）cused　on　the　amea�qg　tempe血ture　used　fbr　the�oal　acdvation　of　the　Mg　dopant　a血dsystematica皿y　investigated　the　ac6eptor　levels　associated　with　M自doping　fh）m　the　viewpohlt　of．anne曲ng　60−54一Chapter　3．　Electricai　Characterization　of　Mg−Doped　GaN61temperature　by　using　TAS　andみDLTS　tec�qques．3．2Cnrrent　Deep一正evel　Tmnsient　Spectroscopy3．2．1Expehmental．　　The　epita）dal　GaN：Mg　films　used　in　these　exper�qents　were　4μm面ck．　They　were．grown　on　c−plane即p�qesub曲tes　by飢mosphedc　pres瓢e　MOCVD翫1000。C，輌血apre−deposit鍼20�oA［N　b�u驚rlayer　grown　at　400。C．　Hydrogen　was　used　as　the　mahl　process　gas　and　also　as　the　carrier　gas　fbr　theme圃蜘ls．　T�qe咽g烈li�o（TMGa），�oo�ua　and　bis−cyclopen励e姻m�Mesi�o（Cp2Mg）wererespectively　used　as　the　sources　of　Ga，　N，　Imd　Mg．　A丘er　grow肛a200−nm血ck　SiO21ayer　was　depositedon．狽?ｅ　top　sur飴ce　of　the…�ople　by　radio−fbeq耳ency　sputtedng　at　room　temperature　to　provide　anencap副頗on　c油魚r　the　subsequer睦acdv雄on�oe訓ng，　and即id　the�o訓anne訓ng（RIA）was　per飾�oedat　8500C　f〜）r　20　min　with　halogen−tungsten　lamps　i皿nowhlg　N2．　The　heat−up　thne　to　the　anneahngte即e伽e　wお一10　s�pd　tem卿血e　ove曲oot　was　m血d（＜1。C）．　Du血g血e�oe曲g，血es町ple　was　in　the�oal　oo血ct　v舳aSi　wa館r　and　the　temper蜘re　was　m（駕ured　v舳acahb�嚇the�oocouple厳ached　to　the　Si　wa飴r　FoUowing血e｛�oe副飢ep，　HF（49％conc．）was　used　to　remove　theSiO・c即・Elr面。組m螂�peme血we「e。o坤αedon血e勧酸dl翫e謡do叫血g　Scho晦diodesas食）lows．　Fhsちohmic　oonlacts　were　made　by　Ni−evapora廿on　and　subsequent　amealing　at　500。C　fbr　30　mhlin　flowing　N2．　Then　Pt　was　evgporated　as　Schotd《y　contacts．　The　dot　Pt−eIectrode　has　a　di�oeter　of　500μm，surrounded　by　a血g　Ni−electrode　with　a　l　mm　gap．　The　area　of　the血g　electK）de　was　100　timesgreater　than　that　of．the　dot　electrod6．　Ele（血｛cal　charactert乙a五〇n　of　the蝕）hcated　Scho晦diode　has　beenpe面�oed　by　me�oof血e　selfpro（加ced　equipment　as　sho杁血in　Fig．3．1．　Cuπent−vol聖e（珊mea5�oements　were　carriεd　out　at　room　tempera加re　in　the　datk　and　good　r年ct雌er　characteri虹cs　ofthe　p−typeS・h・蜘d・d・w・・e。・�u�q・己乃・1・惣ec�o・nt漁・ev・r・e　bias・f−5　V　wお46・3画・�u・Frequency　dependence　of（即aci伯nce　and　capaci伯nce−vol囎e（C一のmeas癒eme血s　were　per偽�oed礁oomtemperature　in重he　da士k　with　an　ac　modula匪on　level　of　l　5　mV　and　a丘equ�pcy�oging　fヒom　lOO　Hz　to　l　O61一55一62Chapter　3．Eiectrical　Characterization　of　Mg−Doped　GaNMHz．　TAS　measurements　were　conducted　in　the　dafk　at　an　ac　modulahon．level　of　15　mV　and　a　fbequencyrangillg　fbom　l　OO　Hz　to　30　kHz　in　a　temperature　range　fbom　85　to　300　K．みDLrS　measuremer雌were　alsoca�ued　out　over　a　temperature　range　fbom　85　to　300　K．　The　steady　state　revelse　bias　and且Hing　pulse・・1�r・・w・・e−5・�uOV・e・pecti・・1γ乃・而d血・f止・曲g　P田・βwas　1鵬wh・h・旙礎・d血t・v・ntraps　with　very　sma皿hole　captur6　cross−sections　were　oompletely　saturated。＿＿＿＿＿＿．＿＿＿＿＿＿．＿＿。＿＿＿＿．＿。＿＿＿＿。．．．＿＿＿＿＿＿．＿＿＿＿＿＿．＿．＿＿＿＿＿。．＿三＿＿＿＿＿．＿＿＿噂ニ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　きま　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　コリ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　つる　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　のi・。，。，L。mp　．＿薦騨騰＿ii。、　　＿罵、鯉§藤、．　．ii　　Halogen　Lamp　　　　　壽　　　　　　　　　　　ii　　　　　　　　　　　　　　　　　　　　　．琴　　　　　　　　　i脚　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　脅　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　■菖　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　や　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●ひ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　6　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　胸鳥　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　詫　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，轟　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　‘　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　印轟　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　究　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　窪　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　嗣5　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ウ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　雫　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　50　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　羊　　　　　　　　　　　　　　　　　　　　　　　　　　　　　亭・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　苔　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　漣　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　孕………………§…oOptical　ChoPPerOptical　ShutterFilter．諸　‘　巧　駐　畢　q　嚢　厭　ろ　旬　窯　嬢R　　　　蒙　　　　藝＿＿1　　　　萎　　　　§　　　　韮．Monocrometer（320nm〜2．5μm）　　　蔓博　　麗　　“　　尋　　瀞　　詫　　馴　　r　　　　　　Microscope　　　　　（Beam　Spot＞5μm）→Optical　Fiber』（λくt6μm！Laser．Diode　（670nm）iiiiiiiillii肇．AID　Converter駄“苓鴛弐苓．噂鶉壌1ηa1？ε纏s穆ノ癬Current　Amplifierlbapaciiance　Meter！．昏3FRA曹ゆ‘C四〇stat’翻隠隔嘲噛・●窒高雪覧曜曽鴫■・■●6単菖■屠騨8隅■■shermocouIe胃■鷺闇量5闇■卿十　　　　　　　　　　§　　　　　　　　　　謡や　ゆ　む　ら　を　ゆ　と　の　ユ　ヨ　む　ヨ　ゆ　ぴ　お　ユ　ニ　　す　ゐぐ　　　　　　　　　　ε　　　　　　　　　　事　　　　　　　　　　箋　　　　　　　　　　§闘；翻龍Tempe「atu「e　Cont「olle「…闘■昌■6腸H5闘Digltal　Thermometer．Pulse　Generator　榊ゆ矧◎””�褐�“ウ轡誓誓Personal・Computer　with　GP−IB　ln之errace………………§……≡………のりるりりゆゆゆゆゆゆウリリのコロロロごゆ　ごせこるゆむゆゆゆゆゆのりつのいロロロロくにゆりりりりつ　ゆ　ウゆりウコのの　コ　ロロロほコリリ　りりりりじのゆコリコロほこのるコリらめりリロウコレ　　ロロリロロサぼずゆゆ　コ　ゆゆりや　ゆウのロリのロぼゆ　ゆのゆゆのう　ゆのゆゆゆのリウのロ　ロロササゆサののゆゆ　りゆゆのもウのりリ　コぼりロロほぐゆﾅるのりリセジ　　　　　　　　　＜◎ptlcal　Par匙s＞　　　　　　　　　　　　　　＜Dl＿TS＆TAS蹴easureπきe轟能Sys惚m＞　　FIG　3．1．　A　schemadc　of　seBproducedサlec恒cal　chalacterセation　sy…虻em　equipped　with　opdcal　parts．3．2．2ResultS　and　Discussion　　　Figしπe　l32　shows　room達emperature　fヒequency　dependence　of　capacitance　at　a　zem　dc　bias　andンだ一7pl・曲血・勧翻・d　R−S・h・蜘di・d・凸e　c脚血ce　is　seen．・・b・・柱・ngly丘・q・・n・y　d・p・nd・血The　capacitance　is　reduced　at　fヒequencies　higher　than　30　kl｛z．　This　varia匠on　in　capacitance　is　most　likelydue　to　a　typical　dispersion　ef［6ct，　which　oc6uls　when　a　deep　level　is　unable　to　fbllow　the　high−f｝eqμencyvoltage　modulation　and　cor血ibutes　to　the　net　space　charge　in　the　deple廿on　region．　Here，　the　Mg　level　acts62一’T6一Chapter　3，　Electricai　Characterization　of　Mg−Dopgd　GaN63simultaneously　as　a　deep�qpurity　and　a　dopant　Depending　on　f｝equenc）〜there　is　a　competition　between血・d・叩�qP蜘出d血・d・卿・h飢・・t・・1・血・1・w丘・q・・n・y�o9・，止・h・1・・p・・vid・d　by血・modulating　voltage　essenda皿y　mod愈the　charge　on　the�qpurity　level．　Thus，　the　low　f祀quencycapaci伽ce　r�p血s　nearly　oo�穫t血曲�oge．　Wben血ese　holes雛e　no　longer　able　to飴llow血e　apPli鉗voltage　moduladon，　the　holes　contdbute　to　the　moduladon　of　the　depletion　layer　charge，　but　with　a…並rongeramplitude　than　in　the　low　fbequency�oge．　In　othεr　words，　the　low丘equency　capacitance　is　determined　bythe　carder　exchange　between　lhe　Mgイelated　impurity　level　and　the　valence　band，　whereas　above　the�qpurity　transition　f｝equenc》〜the　hole　moduladon　ofthe　dq）letion　layer　edge　govems　the　electrical　resporBe．Considering　the丘equency　dependence　of　capacitance　as　sho�oin　the�q3et　of　Fig．3．2，　meaning細CL　7measuremen�sneed　to　l£per飴�oαi　at　lower丘閃uencies．　It　is副so魚und甑血e　conven廿on烈C−DLrSmeasurements　using　a　high−fヒequency　type　capacitance　meter　could　not　be　successfUly　used　to　characterizethe　Mg−related　levels　as　s倣ed　above，　because　t毎e　capacitance　measur�pe類：is�oeliable　a　丘equencies　蝉L孚ou）　0≧2．01．51．00．50．0　　ロ　ぎる6．oこ84．o岳莞2，。§　O．0　　102　103　104　105　106　1α　　　　　　　　Frequency　O→z）Φb：3．3eV．　　　　　Na−Nd：4．Ox1018　cm−3ηear　sσr拍ceNa−Nd：3．6x1018　cm・30．0　　　　2．0　　　　4．0　　　　6．0　　　　8．0　　　　10．O　　　　　　　　　　Reverse　Voltage（V）Room4empera加re　capacitヨnce−voltage　chalacteri甜cs　at　a　f土equencyThe　inset　shows丘equency　dependence　ofcapaciねnce　at　room曳やF［G3．2．oflkHz．tempe旧tu【e・63一57一6．4Chapter．3．　Eiectrical　Characterization　of　Mg−Doped　GaNabove　30　kHz．正nstead，1AS　andみDI』「S　techr丘ques　are．more　suitable衰）r　the　electrical　characterization　of．the　Mg　acceptor　levels．　As　shown　in　Fig．32，1で一7plots　at　the　low　fヒequency　of　l　kHz　reveal　that　anef梵ctive　acceptor　concentration（切傷一ハのof−4x　1018　cm弓a�qost　u�ufり�oly　dis面butes　over　the　depth　of　thecapacitance　meおurement．　This　value　is　in　good　agreeme�uwith　the　Mg　con�tntrahon　detem血ed　bysecond町ion　mおs　spec廿ome噂（SIMS）．　In血e　case　of　accepto蔦in　GINMg，血e　C−7me蹴�pe臨翫1　kHz　determine　the　net　ac�tptor　ooncer血ation（m血us　the　concentradon　of　donors）rather血an　the　holeconcen甑ioh．．S面αly　spe曲g，�q止e　ne飢s曲ce　re錘on　of−40�o，血e�tceがor　concen圃on　is　sh即lyreduced，　which　indicates　that　the　dissociadon　of　GaN　in　the　near　su坤ce　region　is　hlduced　by．the　activaUon�o，曲9P・・cess．　By・勲P・1・血9血・1�q・翻t・血・1だ一7pl・給t・血・v61囎・面・お・h・�o血Fig．3．2，　the　barner　height砺ofthe　f烈）ricated　Pt−Scho敏y　diode　is　esdエnated　to　be〜3．3　eV：　　　Figure　3。3　shows　TAS即ectra　measured　on　the　fabricated　Pt−Scho晦diode　sample　at　various丘equencies　under　a　zero　dc　bias．．　A　peak　can　be　clearly　seen　hl　the　spect【a　This　peak　shif�sto　highertemperatures　with　increasing　measurement　fヒequency　Thus，　this　peak　is　related　to　a　deq）leve1．　A宜heniusanalysis　fbr　hole　emission　r翫eθ誕of　the　corre町）onding　level　yields　an　acdvadon　ene瑠y　of〜115　meV　R）rhole　e�ussion�qω血e　v烈ence　band．　Here，血e伽w躍an訓）7ed�oder血e　ass�o1虹on　of　atemperature−independent　cross−section．　　　Fi騨・3．4・h・w・mロS・pec廿・m・蹴・d・n血・R一団・h・晦d・d・・�opl・瓠・韻・聡戯e−w血d・耐・・Adorninant　peak　can　be　clearly　detected　ill　the　spectra．．This　peak　shifls　to　higher　temperatures　wi．thincreaSing　the　hole　e�ussion　rate　calculated　fヒom　the　rate−v血dows，　which．hldicates　that血is　peak　is　assignedto　a　hole　trap．　As　shown　in　Fig．35，　an　acdvation　enelgy丘om　the　top　ofthe　valence　band　is．calculated　to　be、一P12m・V食・m血・・1・P・・f血・�q・腋d　t・血・�qh・�uus　pl・魯・fh・le　emissi・n・飢・・μ飴・血・駕・k．This　value　is　very　close　to　an　activation　energy　of〜115meV　fbr　the　TA．S噛高?ａｓｕｒｅｍｅｒ艶，　indicating血t　both・n・・田1・v・1・d・lect・dbynS・ndのLrS　m・蹴・m・酪鍵・a�qb圃t・・nid・面・訓deep　l・v・1・H・・e・血・characteri甜。　fbequency　associated　with雌s　ene壌y　level　at　room　tempe皿ture（295　K）is　esdmated　to　be　64−58一Chapter　3，　日ectrical　Characterization　of　Mg−Doped　GaN．●　　　　（3．O　　　L量＿　　　　　　　　　　　　　　　　　　　　　　，　　　g　　　　　　　100Hz一…一・・……・・……・・…「…一・←30kHz　　　　，　　　　b　　　　こ　　　　マ52・0　　　　募　　　　§1．・　　　　薯　　　　ξ　　　　く　0．0　　　　　　　　70　　　　　120　　　　170　　　　220　　　　270　　　　320　　　　　　　　　　　　　　　　　　Temperature（K）照ふ払s・p�t伽・鋤・卿…i6ぎ・fl・・翫一．3撒飴・血・M暫d6圓G州・　く叩。こ篤⊆　あの←＿」o芒�@ピコOFIGよ42．01．51．．00．50．0　　　　　　　t歪1t2／40μs180μs　　　　6ρμs1120μs　　70　　　　　120　　　　　170　　　　　　　　　　　　　　　　　　　320　　　　　　　　　　　　Temperature（K）C・�t・tDL「S・蜘舳ous賦e’windows％「止rMg’dop的G州・　　100μs1200μs　　200μs1400μs220　　　270　65−59一6566Chapter　3．　Electrical　Charactprization　of　Mg−Doped　GaN〜95．9kHz，　extracting　fbom　the　hne　fitted　to　the　A曲enius　plots　as　sho�oin　Fig．35［5］．　This　fヒequency　isやmd　to加螂on池le響eeme血紬one　e血麟om血e蜘ency蜘denceρfc騨i伽ce翫room　temperature　as　shown　hl　the　hlset　of　Fig．32．　There負）re，　this　enelgy　level　revealed　by］：AS　andみDLrS　fbr　our　salnple　is　oonsidered　to　be　as蕊9ned　to　the　Mg　d6ep　acceptor　itsel£possessing　an　acdvahonenelgy　which　is　apparently　lower　than　the　results　previousIy　reported　h：1　the　lite凱ture［3−6］．　Addi亘ona皿）もhoother　cer直ers　de（診er　than　this　Mg　acceptor　show　up　in止e　TAS　and」のLTS　spec赴a貴）r　our…�ople．　鯉図　101「も湿ヒ810。£醒ぎ10−1’奮幽歪1」」Φ10−2ろ工8●●●●□TAS：Ev＋115meV●1−DLTS：Ev＋112meV●o■●◎O　o．■o●o．■FIG　3・5，4．0　　　．　　5．0　　　　　　6．0　　　　　　7．0　　　　　　8，0　　　　　　　　　　　　　1000／T（K−1）舳e�uuspl・捻・fh・lee�ussi・n幟・ダ飴・出・Mg確d（洲・　　For　refヒrence，　we　also　prepared　an　ac廿vation　annea16d　sample　with　the　s即e　Mg−doping　concen廿adon・nd舳・ut・SiO・eh�Ss皿磁i・n　cap．t・…血m曲・血・・面・1・�o・acd・葡・n　ene町や・血・Mg�tcept・・isdue．　to　the　annealing　con（五tions．　A　discr6te　e耳ergy　level　with　a　much　lower　ac廿vaUon　energy　of　97　meVwas　detected　by　TAS　measurements　fbr面s　sample．　Therefbre，　this　lowe血g　of　the　ac廿va丘on　energy　fbrthe　Mg　acceptor　which　was　rev面ed　by　the　TAS　and　mLrS　measuremen捻，　is　considered　to　be　due　to　thepresence　of　po�qdefヒcts　generated血the　acdvation　anneaユ血9　Process，　rather　than　the　6ne�ry　level　sphtthg　66−60一Chapter　3，　Electricai　CharacterizatiQn　of　Mg−Doped　GaN．67observed負）r　highly　Mg−doped�oples．　That　is，　it　may　be　a面buted　to　the　Pool−Frenkel」ef騰ct　in　deple廿onregio止」vvhich　is　h｝duced　by　applyhlg　biased　voltage　hl　the　TへS　andみDU「S　nieasurements．．hs�o町we�qve�qe甜g滋ed血e　G姻：Mg�ople騨by　MOCW）曲g肌S�pdみD口Stechr丘ques．　Both　measurements　revealed　an　activation　enelgy　of〜112　meV　fヒom　the　valence　band，　whichis　in　feasonable　agreement．　with　the　fbeqμency　dependence　of　capacitance　hl　view　of　the　ch鉱acteristic丘equency　at　room　tempelat�pe．　There量）re，　this　ene【gy　Ievel．is　mo就probably　associated　with．the　Mgacceptor　s旋並e　itse1£3．3Ac髄va血on　Anne訊血ng　Beh劉Vior　of　Mg　Acceptors3．3．1ExperimCntal　　The　epita虹al　GaN：Mg　fi�qs　used　in　these　experiments　were　l．6μm廿亘ck　They　were　grown　onc−pl�pe　s即p�qe　sub血tes　by　a�qosphedc　press脳e　MOCVD飢1025。C，軸apre−deposited　20�oAINb・焼晦・・経・�o舐400。C・Hy血・9・岬as劇b・血お・m御・・cess　gお・nd　as　a・ゆ・・gas魚・m・囲alkyls．　TMGa�oonia，　and　Cp2Mg　were　respectively　used　as出e　sources　of　Ga　N，　and　Mg．　The　Mg・。nce働。n。f血，．お一心・�oG州・Mg瞳魅d・・�q・d．tOb・4フ・1び8　cm％y　S脳S　m・お面・m・鵬．岨er餌。咄a面v樋on�oe晦wおsy就em甜。訓ly　pe痴�o磁temper血es　be伽een　600�pd　850。C魚r10曲Mo舳g　N2．丘e�o銘�qg　tem�各面r�Sic記s�oples　l−6�pe　s�o並ed酬e　3．1，together　with　their　electrical　data　Electdcal　chalacterization　of　acceptor　levels　in　GaN：Mg　was　conducted・nl翫・圃d・t一・nd一三gS・h・晦磁・d・＄脚・鉱・das艶1・w・・F撤・�qcc・即・t・W・・e謝・byNievapor瓠on　and　subseque血�oe曲g翫500。C鉛r　30　m一三nowing　N2．　Then　n　wおevapor飢ed　to魚�oSchot取y　contacts．　The　dot　Pt−elecぜode　has　a（五ameter　of　500μm，　su跡。�od信d　by　a血g　Ni−electrode　with　al�og即．顎e鍵ea　of血e血g　elec柱ωe　wお100�qes騨二三of血e　dot　el『c廿ode．　Fromroom�femperature匹7measurements　hl　the　dafk，　good　rect岱er　characteri甜cs　6f　the　p−type　Schotd《y　diodewere　con丘med　under　aU　the　amea�qg　oonditions．　Capacitance−fヒequency（（》），　conductance一丘equency（α碗），and　capacitance−voltage（C一のmeasurements　were　perlbmled　at　room　temperature　hl　the　dafk〜縦th67一61一68Chapter　3．　Electrical　Charact母rization　of　Mg−Doped　GaN・n・・m・・脚・nl・v・1・f30　mV・nd丘・q・…ies　ran幽9丘・m　100｝セt・10　M｝セ・払S　m・お瀞・m・弊were　conducted　in　the　da上k　at　an　ac　moduladon　leYel　of　30　mV　and　fヒequencies　ran帥g．丘om　100月z　to　30kHz　in　a　temperature　range　fbom　85　to　320　K．1LD口S　measuremen：的were　also　ca］�ued　out　over　atemperature　range　fヒom　85　to　320　K．　The　steaqy甑e　reverse　bias　and　fnling　pulse　voltages　were−3　and　l　Vrespectively　．The　width　of．the　f皿ing．pulse　was　l　ms，　which　ensured　that　even　tmps　with　vely　smaU　holecapture　cross−sections　were　completely　saturated．TABLE　3．1．　Annea�qg−temperature　dependen�tofac�tptor　concent面on　studiedby　the　room峨empelature（｝7meas田emen的fbr　the　GaN：Mg　samples．Sampl・A　ealinDpe「atu「e　Aρc三三鵯tion123456600650700750800850’　0．2　　2．8　　4．0　　2．6　　2．213．93．3．2Results劉nd　Discussion　　Figure　3．6（a）shows　room−temp6rature　Cデcurves　at　a　z6ro　dc　bias盆）r　the　Schottky　diodes　based　oh　theGaN・Mg　sampl・串（・ampl・・1．一6）・m・烈・d翫・曲・・t・mp・・ぬ…Aりpi・舳・persi・n・鏑・t・�q・・t・h・ti・of　deep　Mg　acceptors　is　observed　under　all　the　anhealing　condidon9［5］．　Depending　on　fbequencメthere　is　acompedtionbe轡ee耳止edeepゆ二三d止edo�Sch飢�tte「He「e・血elowρequency卿aci伽ceqisd・t・�q・dby血e　c韻・・ex・h・ng・加餅een止・．Mg−rel謝�qP頃W　l・v・1・nd血・v烈・n・g　b・nd，・e且ec醜the　electrical　activity　of　Mg　dopant，　whereas　above　the　capacit自nce　c磁off倉equency妥（impurity幡ition傘equency），　the．hole　modulation　of　the　depletion　layer　6dge　g6vems　the　electrical　response．　Sample　1　68−62一Chapter　3．．Electrical　Characterization　of　Mg−Doped　GaN69shows　a　sma皿差of〜1．9　kHz　and　a　sman　q　of−0．35　nE　which　indicates　that　the　600。C　annealing　slightlyac廿vates　the　Mg　dopant．　In　shalp　cont倣，　a　sig面cant　increase　in泥is　s�tn　in　addidon　to　a　large　increase　inqfbr　s�oples　2　and　3．　This　result　Emggests　that　the　electdcal　acdvi取of　Mg　is　significandy�qproved　by血e�o曲g翫650�pd700。C．　More�qpo血IU畑ere曲g　be�q酒or　is　obsewed血血eゆ丘θquencyregion　ofthe　Cヂandαφデcurves」br　these　samples．　Conside血9　that　the　conductanceαωpresents　a　peakat　the妥，　hi帥erfヒequency　compon�pt　pea坤can　be　s�tn　as　shoulders　at〜331．6　and�c400．7　kHz　apart　fbom止emain　peaks翫aro�od　30　kHz　in．血eα妨ヂcurves免r　the　samples　annealed　at　650　and　700。q　1．0塗0．8ε80．6器芳。．4巴80・2　0．0＾0．4　　ε80．3δ80．2量ξ・．1ぎ00．0。700。C6500C（a》750。C800600。Co600。C．700。C7　C　　65008000≡↓（b》102103　　　　　104　　　　　105　　　　　106　　　Frequency．（Hz｝107FId　3．6．　Room4empera�pie丘equency　dependence　of（a）capacitance　and（b）conductan�tαωfbr　the魚bricated　Schotdくy　dodes　based　on　the　GaN：Mgsall耳）les　almealed　at　various　temperatuロes．69一63一70Chapter　3，　Electrical　Characteri之ation　of　Mg−Doped　GaNrespecdvelメas　shown　in　Fig．3．6（b）．　This　hdic翫es噸shallower　acceptOr．levels．　may　be　newly魚�oed　by血eam・討�q9舳・・e　t・m脚・紺・・．　F舳・�oq・eゴdec・ease・�q加d　q�pe　seen．�q・・。・伽ce舳血・disappearance　of　the．highe卜丘equency　component　peaks　fbr　the　samples　amealed　at　750　and　800。ρ（sarnples　4　and　5）．　　From　the　Cデdata，　rneanlpgfhl　C−7measurements　need　to　be　perR）mled　at．10wer　fヒequencies．　Thus，・畳・ti・・．accept・・c・n6・n�qi・鵬w・・e　e就甑・d倉・m　1で一7pl・t・就1kHろas・h・�o血丁ぬ1・3・1・H・・e，the　ob�qed　values�qply　the　net　acceptor　concentrahon（ノ〉乙一2＞レ）ra血er　than　the　hole　concentrahon・　The�oe血g−temper血e　dependence　of血e　acceptor　conce血血on　is血go面響eeme繭舳e　v囲短on．�qC乙of　the（ycur＞es，　as　stated　above．　In　particula］らthe　acceptor　concentrado箕of　sample　3　is　hl　reasonableaccq・d舳蝉9・・nce舳・d…曲・d　by血・S盛S．田r蹴・m・蘭d・血9幅血・�t丘・翫i・n・�oea�q9翫雛・�od　700　QC・iゆ・鋤・曲ce・elec恒・淑廿・ゆ・興・・fMg　dOP�pt・F血・�o・・e・血・accept・・c・nce血加・n堅魚�uy　di・面b厩…V・・血・d・p血・f血・b購・i�Sce　m・騨・m・血・魚・血・・ampl・・�oealed　at　temperatures　below　800。C（samples　1」5），．whereas　the¢oncent【ation　b6comes　very　high　fbr　thesarnple�oealed　at　850。C（sarnple　6）．　From　the　SIMS　measurements，　Mg　is　fbund　to　dif恥e　out　towalds．、血ε・・鍵一s曲ce・e衷・n・f−200�q．倉・出血・．・戯・．門止・850ρC・m・血9，お・h・wn、�qFig．3．7．・m・segregation　phenomenon　ofthe　Mg　dopar虻s鵬to　occur　by　the　annealing　at　around　800。C．　　　　　　　　　　　　バ　　　　　　　　　　　　叩　1021　　　　　　　　　　　　　∈　　　　　　　　　　　　9　　　850．C　　　　　　　　　　　　§1020／．8。ぴ。　　　　　　　　　　　　£10195呂10188呈1017　　　　　0．0　　　0．2　　　0．4　　　0．6　　　0．8　　　1．O　　　　　　　　　　　　　　Depth（黙m》Fld　3．7．　SIMS　pro飢es．ofMg　ln　GaN：Mg…旧mples，　as二grow彫md�oe副ed翫v面。協tem引写　es，70一64一しChapter　3，　Electrical　Characterization　of　Mg−Doped　GaN71　　Figures　3．8　and　3．9　respectively　show　a　typical　series　of　TAS　andみDLTS呂pedt【a　fbr　the　Schottky　diodesbおed　on　the　G｛NMg　samples（samples　1−6）�oe烈『d瓠v面ous　t�ppeゆes．　Both　spec血ゾeldide�uc組i�ub�o瓠onぬ）ut　d�tp　acceμgr　levels　inΦN：Mg。　Depending　on　3nne組ing　temperature，　both　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　�j．spec柱a　rev（烈血ee�q偽of麟whch�Se　denot剛。，オ1，　andオ2．乃ese　I跳sh衰towar（嬉h帥ertem即加es　v舳�qcreas嘩hole　emission�学hich　can　be　c烈cul翫（ガ魚）m　the卑easur�pe而equencyand　the�学indow旋魚r　TAS　andみDLrS　meおur�pe血s，　re叩ecdvely．　This�qplies血宏these　p眺areassigned　to　deep　ac6eptor　levels　associated　with　the　Mg　dopant．　Fro即A丘he�uus　p16ts　ofhole　e�ussion　ra　e・μ’・f血ec・騨・血91・v・1血血・b・�Qec廿aas・h・卿Fi号3・’0・血・�o脚・鱒・n・n・増・・舳ρ1・・�ussi・n血・血・v烈・nce　b・nd　w・・e　e甜m調・H・・e，．血・伽鴨・e　an訓）尼・d・nd・・止e　as・�opd・n・f・tempelature−indq）endent　cross−section．　The　data　obtained　fヒom　the　TAS．　measuremehts　were　veワclose　tothose　fbr　the　1LDUrS　measurement寧．　Forψe　sample　annealed　at　600。C（sample．1），　a　weak　broad　peak．40is　detected，　co聾espond血g　to　a　deep　ac�tptor　level　of　Mg　with　the　the�oal　acdv瓠。茸energゾof〜161　meVabove　the　valence　band．　Thi串acceptor　level　has　much　smaller　cross−section　than　the　other　acceptor　levels臼1andオ2），　which　indicates　that　theオ。　level　is　probably　in　the　early…虻age　of　the　Mg　acceptor　fb�oaUon，resulting　in　the　slighdy　electdcal　ac廿vadon　of　the　Mg　dopant　as　s倣ed　above．　For　the　samples�oealed　at650and　700。C（…�oples　2　and　3），　two　peaks．41　and．42　which　are　clearly　dif匝rent丘om　the　first　peak．40，　areobserved．　The　themlal　acdvation　ene匁es　fbr　the　accgptor　levelsオ1　andオ2　are〜160　and〜135　meV丘omthe　valence　ban（ちrespecdvely：　These　values　are　consistent　wi止the　reported　values辻［th（｝hterature［5，6，13］．Moreove鳥theオ2　peak　is　seen．to　disappear　in　the　both　spectra　by　the　750。C　anneahng（sample　4）．　Bycomb�qng　these　results　with　the　Cメα媛and　CL　7　data，　the　presence　of　theオ21gvel　seems　to　be　related　tothe　large　increases　in／2　and　ef飴cdve　acceptor　concer血adon，　as　stated　above．　In　particular，　theノ望21evelprobably　corresponds　to　the　higher−fヒequency　component　peaks　observed　in　theαめヂcurves　R）r　the　samples�o品品650�pd700。C（samples　2．孤d　3）．乃聡，血e　sh囲owerオ21evel　is　mo就甑ely　to　dom血�pdyimprove　the　ele面。訓Mg　ac廿vity　in　GaN：Mg［6］．　Fu�qe�oore，　the　the�oal　acdv頗on　ene鵜of　theオ11evel　is　fbund　to　decrease　fk）m〜160　to〜145　meV　with　increasing血meaHng　temperature丘om　750　up　tb　850　71−65一72Ch・pt・・3．　Elect・i・al　Ch・・act・肖zati…fMg−D・P・d　G・N　ω濯＝『9εεo罵＝りあ8器距∈眉く1kHzへ1145出。VAi　　157meVA1　　　59meA盃60me8500C8000C7500C　　　　　　　　　　　　161meV　　A2　　　　　　　Al　　　　135meV　　A2　　　　　．　　　　　　　　　　　　　7000C　　　　134meV　　　　　　　　　　　　　　　161meV　Ao　　　　6500C80130　　　180　　　230　　　280　　　Temperature（K》330FIG　3愈T鵠・pec撚血・丘・q・と・・y・fl田・魚・血・魚bdcat鵡・h醐磁・d・・based　on　the　GaN：Mg　samples　annealed　at＞arious　tenlpera血�ts．。C（samples　4，5，　and　6）in　both　the　TへS　and、みDLTS　measuremeh的．　Ths　lowering　ofthe　ac廿vation　energy我）rthe．オ11evel　may　be環lated　to　the　Mg　motioh　induced　by　the　high4empera加re．　amealing　process．Addid・三三・mロS・pect�o5h・w・al雛・h・・ease血6・ncen圃i・n・f血・オ11・v・1三曲・・�opl・・�oeal的訊850．C（・ampl・6）圃・h　i・�q9・・d響�tm・三三血・・e理・g訊i・n　ph・n・m・n・n・f曲Mgdopant　as　con血ned　by　the　SIMS．　measurements．　Theref〜）re，　the　conほnued　reco�uigurahon　of　the　locaI2　72−66一Chapter　3，　Electrical　Characterization　of　Mg−Doゆed　GaN73・e衷・n・�o・舳gMg軍・一ゆd・�t血een・野1・〉・1・ph血9・f血・411・v・1・・e・皿血gh止・1・w・血90f　the　acdvadon　ene暫［18］。　The　acdvahon　energies　observed　should　be　also　s画．ect　to　the　Poole−Fre菰elfield　ef陀ct　v面ch　is　apt　to　occur　in　the　TAS　andみDLTS　meas画ement　techniques［9，17］．バω捏＝『曾5罵＝oロ　ωooト＿」04　　　　A1145meV　　　　A1157meVx3tllt2＝40Fs1100μsA1159meVA2140me合ぎ41159me　　A160me　　　　　Ao182me8500C800．67500C700．b650。C600。C80130　　　180　　　230　　　280　　　↑emperature（K）330FIG　3．9．．ﾝDLTS叩ectra　at　the　rate　windows’〆ちof40戯100μs　fbr　the　fabricatedSchot磁y　diodes　based　on　the　GaN：Mg　samples　annealed　at　vadous　temp�pturgs．　73−67一74Chapter　3，日ectrical　Characterizationρf　Mg−Doped　GaN　弾　102z�_ご101ヒΦΩ’　　　100£⊆　10−10ノ、．’あ．辺∈10−2山Φ』ろ．10−3工　　　む　　　　　　　　　　　　　む650C，700　C，750。C，860。C　　　　　　　A1：〜160me　　　ロ　　　　　　　　　　　　　む650C700　C　　　　　　，．A2：〜135meV　　600℃Ao＝〜161me　　　　　　　　　　　　HG　3．10．　　　　　　　　　　　　annealed　at　varlous　temper司tu給s。　　　hsu�o�rwe　h訓e　sy就e蜘cally　invesdg翫ed出e�oealing純empem加re．蜘dence　of�tceptorIevels　in　GaN：Mg　samples即own　by．lOCVD　by　us血g　TAS｛md　mLrS　tec�qiques．　Both　neasurementsreveal　two　deep　acceptor　levels　with　therrdal　activation．　eロe噛es　of〜135　and〜160　meV　fk）m　the　valenceb�o己n−eal�qg　b・h即i…f血・掩�o・・1・v・l　il血．・e麗・n油1・鰹eem・h・舳・h・繊i・n血血・・館・・ive　accep…c・ncenm・i・n・．恥・晦面・�tcep…16・rl　i・c・n・id・・ed・・d・伽・血e　elec翻activity　of　Mg　in　GaN．　　o．0　　　　3．6．’　　6．0．　　　9．0　　　　12．0　　　　　　　　　　　　　　　10001T（K“1）Arrhenius　plots　ofhole　emissiom翌teθ〆デ貴）r　the　GaN：Mg　samples3．4Condusion　　　The匹DL「S　measurement　technique　as　well　as　the・nS　one　was　fbund　to　be　ef匝ctive　in　electricalcharacterization　ofφeep　acceptor　levels　in　Mg−doped　GaN．　TheseみDLTS　and　TへS　tec�qques　have　beenapplied　on　Schot血y　diodes　based　on　Mg−doped　GaN　gro幅by　MOCVD　to　invesdgate　dependence　of　Mg　74，一68一Chapter　3：　Electrical　Characterization　of　Mg−Doped、GaN75accep…1・v・1・・n�o・曲9．煤Em鉾・賦B・血m騨・m・血・・e・岬榊・蜘脚…1・vd・而血activadon　ene塑es　of〜135　and〜160　meV　above　the　va悪ence　band。　The　fb�oer　level　is　seen　only雨hen　thesamples　were　amealed　at　tempelatures　between　650　and　700。C，　and　its　presence　is．in　reasonable　agreementwith　a　significant　increase　in　ef【ヒctive、　accgptor　con�tn廿adon　Oon丘�oed．by　low−fヒequenlcy　σ7mea…贈ements．　Therefbre，血is　acceptor　Ievel　is　considered　to　domlnate　the　ele面cal　acdva丘on．of　Mg　ihGaN．Re艶rences［1］HAmano，　M　Kito，　K．　Hi�Sa的u，　and　I．　Ak翻d，　Jpn．　J．　AppL　Phys．28，　L2112（1989）．［2］S．N血mu職TM功kai，　M．　Senoh，　and　N　Iwasa，　Jpμ工Appl．　Phy＆31，　L139（1992＞　　　　　　　、［3］TT自naka，　A．　Wa伽abe，　H　Amano，　Y　Kobayashi，　K．1．　Akasaki，　S．　Yiim刎d，　and　M．　Koide，　Appl．　Phys．Lett．65，593（1994）．［4】C．Johnson，　J．　Y　Lin，　HX。　Jiang，　M　A　Khan，　and　C．　J．　Sun，　Appl．　Phys．　LetL　68，667（1996）．［5］J．WHuang，　T　E　Kuec瓦H．　Lu，　and　I．　BhaしAppl．　Phys。　Le廿．68，2392（1996）．［6］D．Se餌er　and　H．　P　Gislason，　Appl．　Phys．　LetL　88，6483（2000）．［7］WG6t乙，　N．　M　Johnson，　J．　Wi旬keちD．P　Bouちand　R．A　S住eet，　Appl．　Phys．　Le賃．68，667（1996）．［8】J．Z．　Li，　J．　Y　Lin，　H．　X．　Jiang，　A．　SalvadoちA．　Botchkarev；and　H．　Mofkoc，　Appl．　Phys．　Lett　69，1474（1996）．［9］hエ�q・DYR鵬N脚a・脚Kaas蝋SG螂Hk脚d凪三一ApPLPhy・8＆2564（2000）．［10］M．Sc�qeiお，　N　D．　N創ye脚d　M　Ge�o副．却pl．晦s．89，1890（2001）．［11】AYP・ly断N3Sm�q・陸AVG・v・・k・帆S・U蜘NMS�qd卿dWVLmd血Solid−Sta応e　Electronics　45，255（2001）．［12］WG6修NM．　Jo�qson，　and　D．　P　BouちAppl．　Phys．　Le枕68，3470（1996）．［13］RYKoro血。鷲J．　M．αegie，　and　B．　W恥ssels，　Appl．　Phys．　Le枕78，222（2001）．75ム69一、76Chapter　3，　Electrical　Characterization　of　Mg−Doped　GaN［14】E．Litwin−Staszews�sTSusld，　R　Piotrzkowski，1．　Grzego塀，　M．　Bockowski，　J．　L　Robeltl　L．Kohczewicz，　D．　Wねs氏E．　Kam並ska，　D．　Cote，　and　B．　Cle巧aud，　J．　Appl．　Phys．89，7960（2001）1［15］ND．　Nguye無MGe�o晦M．　Sc�qei蕊，　B．　Sch血eleちand　M．　Heuken，　J．　App1．　Phys。90，985（2001）．［16］YNakano　and　T　Kachi，　Appl．　Phys。　Lett．79，1631（2001）．［17］D．J．　K�q，　J．　Appl．　Phys．88，1929（2000）．［18］YNakano　and　T　J�qbo，　J．　Appl．　Phys．92，5587（2002）．［19］YNakano，　R．　K．　Malhan，　T　Kachi，　and　H．　T�qo，　J．　Appl．　Phys．89，5961（2001）．76−70一Chapter．4，　P−Type　lmplant　Doping　of　GaN77Ch紐pter　4P−Type　Impl段nt　Doping　of　G窃N4．11ntroduction　　GaN　is　of　increasing�q［ere…並fbr　high適empemture　and　high−power　electronic　devices［1−3］．　h　order　to企cihtate　the　design　ofthese　electronic　devices，　especia皿y　fbom　a　selec廿ve−area　doping　Poi血of　view，　both　n−and　p一壷pe　implamion−doping　tec�qologies　are　oonsidered　as　being　essen丘al．，Si　is　gener蛆y　used　as　a・h烈1・wn一確d・卿魚・（ぬN，　w皿・・h飢・w排�S・d・P郷d…t・幻就bec�o・�phお・舩iヤ・ly・m烈lP・面蜘・f−9・凸弼・accrpt・・d・P血g　hお1・ng加en　a　sedo聡P「obleゆbo血G州me翻s甲dde樋ce励d面on乃e　most　co�oo皿y　used　p一卿e　do卿is．　Mg，剛ch　has�pio血ation　ene鵜of　150−200meVぬ）ve止e　valence　band［4−7］．　In　the　case　of　Mg　implan面on　doping，　howeveちit　is　vely　difHcultto　achieveびりpe　conducdvi｛y翫room　temperature，　beca聡e�qplan鰍　ion−induced　d�oage　may　easilycompensate　the　holes　generated　fbom　Mg　acceptors　due　to　its　hea〜ワion　mass　in　addi丘on　to　their　deep．acceptor　levels［8，9］．　On　the　other　hand，　Be　is　expected　theore廿cany　to　be　a　more　promising　candidate　fbrP一字・d・P血9・血ce　it・i・�uゆ・n・n・聯i・c記・曲・dt・b・遍Om・Vwh・n・e・i・�q9・n　Ga−1狛ce・it・・並Wt血zite　GaN［10，11］．　Add適ona取the　Hght　Be　atoms　can　be�qplI血ed　deeper　ir面GaN　fbr　a，　given�qplantadon　ene郷and　they　cause　less　damage　in　the　GaN　latdce　than　Mg　atoms．　　So　far，　Be−doped　GaN（Ga：N：Be）f董ms　have　only　been　grown　by　molecular　beam　epitaxy（MBE）［12，13］．Recer庄ly，　some　data　on　Be　acceptors　have　been　reported；Salvadorθ’oま［13］have　obtε通ned　an　ioniza怠onenergy　of　about　250　meV　fk）m　photolumlne5cence（PL）measurements　of　GaN：Be　samples　gro�oby　MBE．Romhlgθ∫αZ［14］have　reported　that　isolated　Be　has　the　most　shallow　acceptor　level，　with　an　ior直zationenergy　of　150±10meV　fヒom　PL　measurement『of　Be−implanted　GaN　samples．　Clearly　the　hterature　does77一71一781’Chgpter　4．．　P−Type　Implant　Doping　of．　GaNnot．　provide　a　coherent　value　fbr　these　acceptor　le＞els．　hl　addihon，　no　electdcal　character囲hon　of　theacceptor　levels　associated　with　Be　doping　has　been　reported　as　yet，　and　the　acceptor　levels　are　an�qportantp飢�oeter　in�qproving　the　per飾�oance　ofthe　I》卿e　dophg　process．引上us，　v謡ous�qe甜g飢ions　peed　tobe　perら�oed　to　detem血e　the　Be　ac卿tor　levels　by　us血g　elec恒。烈and　opdc烈ch�octe血adon　tec�qques．In　this　c即ter，　we　have　fbcused　on血e　elec面。副。�qter圃6n　of　Be−implI血磁GaN　by　using紬e�o烈admi雄ance　spectroscopy（TAS）tec�qque　in　order　to　detect　the　electror直。　stat6s　ass�tiated　with　Be　doping．　　Ih　se面on　4．2，　we　have　reported　that　some　shght　electdcal　p−type　aρtivity　was　achieved貴）r　Be一加plantedGaN　and　that　the　Be−related　acceptor　level　was　located　at〜231　meV　above　the　valence　band　fbom　TASmeasuremer曲［15］．．　This　value　is　much　deeper　than　the　theoreticaUy　expected　Yalue．　This　deepenjng　ofdle　activa丘on　energy　fbr　Be　3cceptors　is　considered．to　be　associated　wi1血hnper驚ct　incorporation　of血eh：nplante（l　Be　ions．　hthe　c司Se　of　conventional　Be　h：nplantahon，．where　one�qd　6f　dgpa卑is　used，1hegeneraUoh　of　many　N　vacancies　may　occur　in　the　implar庄ed　region　after　the　activadon　anneaHng　process，resulting　in　Be　atoms　residing加intelstitial　sites　hl　GaN．　ThereR）re，　ill　older　to　suppress　the　N　vacancies，　anN−rich　con（五tion　should　be　created　priOr　to　Be．　implantation［8，16，17］．　Considering　that　O　atoms　are　apt　tosubstitute　at　N−lattice．sites，　the　implantadon　of：ad（Htional　O．　atoms　into　GaN　rnight　be・ex即cted　to　increase　theprobabihty　that　Be　atoms　wi皿occupyζGa一正attice　site♂hl　spction　4．3うthe　acceptor　levels　in　Be＋Oco」�qplar岐ed　GaN　have　b�tn　investigated　electricaU）〜and　the　results　are．oompared　to　those　of　conventionalBe−implanted　GaN［18］．．4．2Be　Implantation4．2．1．Expehm．entaI　　．．The　epitaxial　GaN　filrns　usgd　in　these　exper�qents　were　l　Fm　thick　They　were　grown　on　a−planes包P⇒hke　substrates・by　atrnospheric　pressure　metal−organic　chemical−vapor　deposition（MOCvD）at　10500c，・舳apre−dep6sit瓠20�oAIN　b嚥erlayet即。�o翫400。C．　The　GaN五�qswere　not�qe�uon朗y　dope¢with　a　background　n−type　carder　concentration　ofん5xlO15　c血一3．　Phor　to血e　Be�qplanta耐on，　a78一72一Chapter　4，　P−Type．lmplant　Doping　of　GaN79300一�o一面ck　SiO21即er　was　deposhed　on血e　top　s血e　of血e　s�oples　l写．rado一丘equency（RF）s卿e血gin　order　to　reduce血e�qplan励on一松（沁ρed（�qage．　The瓦m面ple　step　Be�qplan血lion　was　per飾�oed曲9P�p・B・m・耐as血…�pce’Ef血e　gBe＋@eci・・．職e　gBe＋i・麟・・e�q伽t・d翫150，100�Sd　80．k・V舳d・・購…f2．3・1014，6・1013，�pd　5・1013　cm2，・e・pecti・・1メt・P・ωuce　am�pBe　c・nce血面・n・flx1019　cmβto　a　depth　of〜0．3μm．　For　refヒrence，　N−implanted　and　Be＋N　co−implanted　GaN　sarnples諏as烈・・P・e蜘舳・N一�qpl血・d．�opl・h認・…N・・nce伽i・n・f　1・101g　cm6（d6P血一〇・3脚）・The　Be＋N　co一�qplanted　samples　enabled　lhe　NBe　rado　to　change　O，0．5，．1．0，　and　2．0，　respectivel）〜with　a五xed　Be　conce�ua口on　of　l　x　1019　cm6（depth＝0．3μ血）．　AII　of　the　implants　were　canied　out　at　roomtemperature，　with　ah　incident　angle　7。　off　the　su�uace　nomlal．　A丘er　implantation，　the　SiO21ayer　wasre甲oved竃nd止en　a　500一�o一面ck　SiO2　capp血g　l町er　was昭血d卿sit鉗on血e　top　s曲ce　of血e�qpl�ptedsamples　by　RF　sputt6ring　at　room　temperature　to　provide　an　encapsulζtion　cap　fbr　the　subseguer瞳implantacdva怠on．　anneahng．　AU　of仕【e　samples軸∋re　annealed　hl　a　SiC−coated即phite　susceptor　at　l　O500C　f〜）r　5mln　ip且owihg　H2　gas　at　a　pressure　of　l　o　TbrL　Folowing　the　annealing　step，　HF　was　used　to　remove　theSiO2　cap．　The　deμh　di…並budon　of　the�qpl自nte4　Be．　atoms　was　measured　by　secondary　ion　massspectrometW（SIMS）．　The　ca�uer　type　of　the　Be−implanted　s�oples　could．not　be　dete�oined　by・oo卑門e卑perature　Hall−e舵ct　meas�pements　becaus60f　poor　da加caused　by　ext・・rnely　smaH　Ha11−voltages・as　is　the　case愈）r　ptype　GaN．in　general．　Instead，　electrica工measurements　were　conducted　on　latera五dot−and−ring　Schotd守diodes　fabricated　as　fもllows．　Fhsちohmic　contacts　were　deposited　by　Ni　evaporationand　subseque血ameI田ng翫500。C魚r　30　min　h　no舳g　N2．　Then　P｛was　ev即�Ked　to魚�othe　Scho晦・・血・魯・凸・d・tR−elec鎚・deh・d・伽・t・・gf500即・・nd　w郷�o・�o醐by・血gNi−elec廿・d・舳・1�og即．抽e惣of血e血g　elec柱ode　Wお100．t�qes径e翫er止�p畝of血e　dot　elec廿ode．　From・�o・血一v・1咤・（助m・お�p・m・血・翫τ・・mt・mp・・a血・�q止・眈k，血・Be一か日l�pt・d・�opl・．・h・w・d血・・ecd馳9・h�o・1・碑・・£・p一州・事・h・晦di・d・・w捌・出・N一�qpl血・d・町P1・d醐・d止・characteri…虹cs　of　an　n−type　Schottky　diode．　in‘the　same　way　as　the　as−grown　GaN　befbre　implantation．Capacitance一能equency（Cプ），　conductance−fbequency（αφ〆），　and　capacitance−vol�re（C一のmeasurements　79−73一80Chapter　4．　P−Type　lmplant．Doping　qf　GaNwere　per飾�oed甑room　temper蜘re並止e破k　v舳an　ac　modula匠on　level　of　30　mV．and倉equenciesranging　fセom　l　OO　H2　to　10MHz．　TAS　measurem�pts　were　conduct舜d　imhe　da‡k　at　an　ac　modulation　leveIof　30　mV　and　fヒe句uencies　rangi且g　fめm　100　Hz　to　30．kHz，　cove血g　the　tempera加re　range　fbom　85　t6475　K．4．2．2Res磁s劉nd　Discussion　　Fi騨・4，1・h・w・SIMS　p・D且1…f血・血pl韻・d　B・釦・m・b・轍角・e�pd誼・・am・曲9副050．C，together　with　Be　ato�uc　profUes　calculated　by　the　Tr邸port　of　Ions　in　Ma腫er　software（TR囮）．　There　isli皿e　Be　redi諭b磁on　ca�od　by血e　impl飢ac丘v翫ionε�oea�qg，　indic加ng　the血e�o創s励皿ty　of血eimplanted　Be．≠狽盾高刀@in　GaN．　FK）m　this　resulちit　is　expected　that　diff�sion　of　Be　atoms．　ir庄。　GaN　fbom　ane）莚ernal　source　is　not　practical　and　that　ion　irn；plantadon　wm　be　requh・ed　if　we　wish　to�q：roduce　Be．atoms�qlo　GaN嚇th　a　view　to　selective−area　doping．　The　mean　Be　concentra亘on　to　a　depth　of−0．3μm　is　aboutlx1019　cm’3，　a　value　that　is　in　reasonable　agreement　with　that　of　the�ocalculaUon．　The　ta置s＾1020呼∈り》1019じ£聲1018旧りき10170�@山　　1016　　　　o”o’‘二1；；書≦・＝�d＼　　　　　　，f　　　　　　　　　　　　　　　　　　　、’　　　　　　　　　　　、　　　　　亀　　　　　　へ　　　　も　　　　　　、　　　・　　150keV　　　　　　亀魯　　　　　�`　　　　　　　・亀　　、，　　　　　　　�j　、」00keV　　　　　　　　し　　　　80keVl　、，　　　　　　　　覧　　　、Oas−implant．■　annealedcalculate　（tot年1）0．00．10，2　　0．3　　0．4．　Depth（μm）．0．5　　’0．6HG4．1．�os�q函ated批。�ucpro創esof蜘edBe（sohd血e）mdS脳Sprof聾es　ofBe　illnplanted　in　GaN，　as�qplanted（○）and　armealed（■）at　l　O50。C．　80−74一Chapter　4．．P−Type　lmplant　Doping　of　GaN81apparent　on　the　bulk　side　of　the　exper�qent訓Be　pro且les　may　be　caused　by　the　high　background　due　to　thehi窪h　resistivity　ofthe　Be一�qplanted　samples．．　　Fi騨e　42　shows　room　t�p1£繍re　Cヂand（ヲ曜cmves翫zero　dc　bias　fbr　a　Scho晦diode　based　onthe　Be一�qplanted　GaN　after　amealhlg　at　1050　。C．　The　capacitan�t　is　seen　to　be　…韮ronglyfbequency−dependent，　as　shown　by　the（＝≒プcurve．　The　capacitance　is　reduced　at　fヒequencies　higher　than　lkHz．　This　varia戯on　in　capacitance　is　mo…虻iikely　to　be　due　to　a．typical　di鐘）ersion　ef琵ct　that　occurs　when　adeep　level　is�oble　to蝕ow血e　h含h一蜘en6y　vol聴e　modt且翫ion�pd　co�ub皿es　to血e　net叩ace　c�qgein　the　d母pletion　region［6，7］．　h　addition，　the　N一群planted　GaN　sample　showed　fbequency−independen�tofcapacitance　and　maintahled　low　values．　These　results　indicate　that　the　deq）level　observed　in　theBe−implanted�ople　may　be　associated　with　Be　doping．』shat　is，　the　Be−related　level　could皐cts�qultaneously　as　a　deep　impurity　and　aS　a　dopant．　Dependhlg　on食equency』there　is　a　competitionbetween　the　deep�qpu蜘and　the　do脚t　ch飢lacter　The　low丘equency　capacitance　q　of〜50　pF　is　　80εε：608器40・著9200　　　0¢）　O　一CLo300K葦40ぎ30§2。碧10　弓ま。ちOofら＝4，2i　kHz　　↓102　　　　103　　　　104　　　　105　　　　106　　　　107　　　　Frequency｛Hz）102103　　　　　104　　　　　105　　　　．106　　　　Frequency（Hz）107FIG　4．2．　Room�fe叫）elature丘eqμency　depend6nce　of　capacitance　fbr　Be一�qpla血edG・N誼・・�o・血9組1050rC．職・醜t・h6w・．止・丘・q・・n・y　d・甲・d・nce・fconductance　at　room　temperature．81一75一82∴Chapter　4、．　R丁ype　Implant　Doping　of（∋aNdetermhled　by　the　carrier　exchange　between　the　Be−related　hnp�uty　level　and　the　valence　band，　reflecthlg　theelectrical　activ奪y　of　th6�qplanted　Be　atoms，　whereas　abov6廿1e　capacitance　cutoff丘equencyπ．（ゆpu［ritytransition　fbequ夢ncy），　the　hole　modulation　of　the　dgpletion　layer　edge　govems　the　electdcal　response．C・mid・血9伽血e　c・n山・伽ceαωP・e・e臨・嘩舳・加e　c�qt・d甜・蜘・n・y差i・．・鏡�q測．t・be．〜4．2　kHz，　as　shown　in　th年．inset　of　Fig、4．2．　From　these　Cデandαめヂdat匙meaning飢（ン7me�oemen髄�td　to　be画。�o（畑貨equencies　lower↑比m　theズ．・　　Fi四・4・3・h・wsr・・壁・卿・盟町・・で一7pl・甑・加q・・n・y・f1馳．魚・aS・h・三面・d・励d・甲・don　the　Be一�qplanted』GaN『．　From　the　slope　ofthese　plots，　the　ef驚。丘ve　acceptor　concentration　is　esth：nated　tob・一1蓋1Q17　cmβ・画・h・ee鶴・・b・di・面b三三・訊曲血y・v・曲・d三三・f血e蜘瞬cemeasurement　Here，．this　value　obtalned　at　l　kHz�qplies　the　net　acc今ptor　concen血瓢ioh（脇一・磁）．rather　lhanthe　hole　concentration．　This　ef掩cdve毎cceptor◎on�tntl痴on　is　much　smaHer　than　the　Be．モ盾獅モ?ｎｔｌａｔｉｏ?dgte血血ed　by　the　SIMS　measureme飢s．1臨s　i繭。翫es　t�qthe�qplantedBe伽ms脚slighdy　ac廿轍edb畑6醜翫1050．C・By・脚・1血9血・�q・切賃・dt・血・1で＝7pl・魯t・血・v・1兜・面・お・h・�o血Fig・4・3，the　barder　heightφ50fthe魚bdcated恥一Scho爵diode　is　est�qated‡o　be〜1・4　eVバ蝉匹轟6これ。き2．01．00．0φb：14eVNa−Nd：12xio16　cm’3　　　　　　　　　　　　　　　　　　　　　　　o　o　　　　　　　　　　　　　　　　　　　　　　1kHz0．00．5　　　　　1．OReverse　Voltage（V》．1．5FIG　4．3．　Room−ten：甲e臓ture．モ≠垂≠モ奄狽≠獅モ?岬oltageρ�qcted甜cs　at　a　f士equencyof　l　kHz　fbr　Be一�qpla血ed（〕閻N　a：段er　annea�qg　at　l　O50。C．82−76一謡雛11．鋸善’設題浮’鶴輩1量ll．露　蓬Admittance　Signal　G1ω（pF）　　一・　　卜。　　ωo　　o　　o　　o8．　蕊■iO睾冨N易き藷εω　8ムcooEmission　Rate　ep’T2（s’1K響2｝ハ　　ハ　　　　　ハ　　ハO　O　O　o　oP山　南　ム　〇　一。ハ。∫ρOo9づ1ミ井ψo岩　器　オ　　レ　講冊閲葺…榊　心　　ヨ　　ヨ　　ミ’7＝リウ凸07＝：N0コー固わ宙ヨさ下セ召喜℃可三〇〇℃ヨ’ゆ90ΩDZ留＄4、Chapter　4．　P・Type　imp［ant　Doping　of　GaNtemperature−indepebdent　cross−sectio焦　．The　characteri…虹。丘equency　corresponding　to　this　ene�ry　levd　atroom亡emperature（300　K）is　calculated　to　be〜3．6　kHz，　which　can　be　ex駐acted　fbom　a�qe且ttgd　to　theAエfhe�uus：plots，　as　shown　in　the�q3et　of　Fig．4．4．　This　fヒeqμency　is　fbund　to　be　in　reasonable　agreement舳止・妥・f−4．2kHz　e・甑晒・m血・…mt・m卿傭・（：ゾ・ndα々ゾ・�o・・血幽Fig．4．2．丘・・e鉛・e，血・en・・野1・Y・1・h・皿d加assi蟄・d．t・血・Be一・el面�tcept・・1・v・L　M蜘i・撚・・n・・en・e・rsuggest　that　hydrogen　penet由tes　the面ck　enc司psし旺adon　cap　durhlg　anneal血9．．Thusうthis　ene螂level　isP・・b池lyas…i飢6d舳ir・1鋼B・翫・�o・細・血�pBe−H・・即1・x・r・　　　田・�tcept・・1・vel�qtw・h訓・・b瞬d忌・�p・t・焼h響�tm・脂血血・v副…f250　m・V・騨・dby　S舳…剛13］・b砿it　i・即P剛y�o・h　dee伊・1�q血・典…e耳・組1y・隅・t・d・烈ue　of〜60　meVwh，nB，鋤。m、・皿y・e・id・威G撫1諭ce・it・・hG・N［101．：rh聡、面・dee鉾伽9・f血・．�q・鋤・n・h・珊魚・the　Be　acceptor　may　be　associated　with　imperfヒct血co耳）oration　of　the�qplanted　Be　atoms，　which　results　hlthe　shght　electrical　ac丘va丘on，　as…蛇ated　above．　Therefbre，　some　co一�qplan面on　technique　based　on　a・it・二b・mp・ti廿・n・焼・t　m町．b・ゆ・ti・・血・曲・血9血e　elec面・烈．�t廿・細・f血・�qP1三門．　B・翫・m・［8，17，19，21］．　　　b・・d・…h・・ease血・p・・b・b恥・f出・�qpl姻B・揃・�o・cc軸9・gみ1ぬce・it・・B針Nco一�qplとm�qon　into　mdoped　GaN　was田so　cε瞬ed　ou　．　The：N／Be　rado　dependence　of　the　Be　acceptorswas．?…dg翫・d血血・BけN・・一�qpl�p戯i・np・・gess．．　Fi騨・4．5．・h・w・a卿iρ烈・ed…f払S・pecm飴・the　Schottky　diodes．fabricated、on　Be＋N　co一�qplanled　GaN　with　various　N／Be甲tios　under　zero　dc　bias．覇血�p�q・d蜘n・騨d・岬N就・�o・血・p・雛p脚ncen飽drni・釦mdl・dec・eおe　si餌且。副y血・ddd・n　t・aロ血・・eお・血血・Φ・�o曲廿・面・n・ne三二・血・B・�tcept・聡・：阯s　re3可t　p・・b醐yindic瓠es止e魚�o曲on　of　some　Be−N　comPounds（Be3N2）d血9．acdv甜on　annea�qg　Process，　resul血g　in止・＃ec・ease血r焼・d・r　Pr　accept・・cgncen�Qi・nρ・pve「串el茅we　c鱒町肱．�qpl血ed　Be滋。�oae・おily・・mb血・d舳血e　c・mp・n・nt　N翫・醐・f（洲・nd伽卯ssibl・B・d・甑翫・鵬d・�pease・subsequer虻ly　．　As　a　resulちlhe　Be　activaUon　ef五ciency　sub…舶ntia皿y　becomes　poor　by　using　any　Be�qplan伽on　techniques．　84−78一Chapter　4．P−Type　lmplant　Doping　of　GaN85ハLニリeへ。罵。あ8葱芒∈眉く302010　0302010　0302010　0302010　0Be．111．Be：1x1019　cm二31kHz・………ゆ15kHzBe＋N81’lBe：1x1び9　cm−3　N’Be＝0．5’1ikHz…一・…ウ15kHzBe十N胴1／lBe：1x1019　cm’3N，B6＝1，11kHz・……一←i5kHz　　　　　　　　　9Be十N−1，IB・・1・1019ﾏm『3　　N／Be＝2’11kHz……一ゆ15kHz　　　　　　　　　　　　HG　4．5．　　　　　　　　　　　　land　l　5　kHz　fbr　Be＋N　c（ト�qpkmted　GaN　a丘er　annealing　ad　O500C．b・umm融eaccep・q・1・v・1・・fBe一�qP1�p・・d�od�pb・eq・…1y�p・・al・dG姻脚・been　i・v・就ig誠・delectrically　TへS　measurements　revealed　a　dominant　deep　level　with　an　activadon　energy　o£〜23］meV倉・m血・v・1・nceb�pd・wh・hi・�q・eas・n・bl・響eem・nゆ血・倉・4・・n・yd・p・nd・nce・f・apaci励ceand、。nd。、伽ce�q。i，w。f血，�qP。h脚、覚i。n倉，q。，n、y翫，。。m・，mp，伽，e．正，，e釦・e，面・en・�S】・v・】is　most　probably　ass�tiated　with　a　Be−related　deep　acceptor　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　85　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−79一80　．180　280』　380　480　　　　　　　　　　　　　　Trmpe「atu「e（K》NIBe　rado　dependence　of1脇S　spectra　at　variQus丘equencies　between86Chapter　4，　P−Type　Implant　Doping　of　GaN4．3Be＋o　co−1mp1紐nt劉tion4．3．1Experiment紐1　　凸・epi倣i副GaN血・慨dゆ・・e　exp血・聰w・・e　2・5．μm面・k・n・y　w・・e即・�o・nみpl・n・sapP血e　subs圃es　by　a�qOsphehc　pressme　MOCVD翫1130。C，　wi血apredeposit磁20�oAIN　buf驚rlayer　grown　at　420。C．　The　qaN鉗ms　were　not　hlte�uona血シdoped，　but　had　a　background　n−type　canierconcerltration　of〜5xlO15　cm弓．．　A丘er　growth，　the　GaN　samples　were　implar虻ed，　us血g　O2　gas　and　Be　metalas止e　so皿ces　of血e　l60＋and　gBe＋s⇒ecies，　re隅。丘vely　Phor　to血e　O＋�qplan励。恥alOO一�o一面ck　Nilayer　was　deposited　on　the　top　su�uace　of　the　samples　by　electron−beam　evaporation　in　order　to　reduce　theimplan励on一挙duced（�qage．　The恥mu憾ple就ep　O＋�qplan面on　w由pe面�oed　as．魚llows．　The　O＋．i・n・w・・e�qpl血・d翫400，3QO，250，200，150，�pd．P10k・V舳d・�r…f45・1014，8・10B，12・1014，　　　　　　　　　　　　　　　　　　　　　　ず1．3x1014，7x1013，　and　1．5x1014　cm2，　respectively；to　pK）duce　a　mean　O　concenぜation　of　2x1019　cm弓to　adep血of−0．4μm．　A且er　remo血g止e　Ni　l騨a300喚�o一面ck　Ni　l町er　was　d卿sited昭血pdor　to血eBe＋impl漁i・n職・恥m皿dpl・卿Be＋�qpl�p励・n幡帥m・ed；血・B6＋i・mw・r・．�qpl�p・d雄350・250，�pd170　k，V舳d。�r，，。f6。1014，25。1014，�pd　4。1014．Am2C・e・pecti・・1メt・．P・・duce　a　m・�pB・・・n・年�梶En・f2・1019　cm6　t・ad・p血・f−0．4脚．　C・m・面・n烈Be一�pdO一�qpl�pt瓠G・N・�opl・・w・・e創・・P・ep肛・d舳m・�p。・・細説・鵬・f2・1019ρmβ（d・面一〇．4脚）拓r　re色・ence．　h血e　cお・・f血・B面co−implan励on，血e　O侶e　r滋io　wおkept飢1癒r　op�q�odop血g［17，19，21］．細of血e�qpl酪were　ca�u（ガout瓠room　tempera加re，叉舳an�qciden　angle　7。　o年the　s慮�te　no�oal．　A丘er�qpla�覚恥出eNi　l寄er　was　remo咽and止en　a　500一�o一面ck　SiO2　c即p�qg　layer　wおdeposit瓠on止e　s面ace　byradio−fbequency　spu虻ering　at　room　temperature　to　provide　an　encapsulaUon　cap　R）r　the　subseqμent�qplantactivation　ameal．　All　of　the　salhples　were　annealed　at　temper耳tures　between　950　and　1100。C　fbr　5　m血illflowing　N2　gas．　FoUowing　the　anneahng　step，　HF　was　used亡6　remove　the　SiO2　cap．　The　carrier　type　ofthe　Be−and　Be千0−implanted　G自N　samples　was　dete�o三ned　by　roomイemperature　H：all」ef驚ct　and　electhcalmeasurements．　For　the　convendonal　O一�qplanted　sarnples，　the　implanted　O　atoms　bec�oe　electricaUyactive　as　an　n−type　dopa血a負er�oeaHng　at　1100．。C，　as　reported　in　s母ctioh　2．4．Some　electhca186一80一Chapter．4．　P−Type　lmplant　Doping　of　GaN87measurements　were　conducted　on　lateral　dot−and−ri皿g　Schotdくy　diodes肋ricated　using　Pt　as　a　Schottkymetal［15，18，22，23］．　Capacitance−fbequency（Cヲ），　conductance一丘equency（α碑），　and　c呂pacitance−voltage（C一のmeasureme曲were　I£db�oed翫room　temperature嚇血an　ac　modul面on　level　of　30　mV　and丘equencies�o�Sg丘αn　100　Hz　to　10　MHz．．TAS　me捌remenおwere　per飾�oed　at　an　ac　modul加onIevel　Of　30　mV　and　fbequencies　ranging丘om　l　OO　Hz　to　30　kHz，　cove血g　the　temperature　range　fbm　85　to480K．　The　depth　di…面bu廿on　of　the　implanted　O　and　Si　atoms　was　measured　by　SIMS．　The　su出acemolphology　ofthe�qplanted　region　ofthe　GaN　salnples　was　analyzed　by　atomic丘）rce　microscopy（AFM）．4．3．2Results　and　Discussion　　Figure　4．6　shows砂pical　SIMS　profiles　ofthe　implanted　O　and　Be　atoms　both　befbre　and　aaer　annealing包1050。C，　toge血er舳0�pd　Be叙。�uc　pro五les　c創。蜘�o．．』e　Be　conce血翫ion　to　a　dep血of〜0．4μmis　oo面�oed　to　be　about　2x　1019　cm6我）r　both　Be−and　Be＋0−implanted　GaN　samples　beR）re　theactiv甜on�oe烈，醐ch　is血reaso曲le鰹eeme繭血ac烈。腰on　made．曲g　a�ocode．Additiona11）〜amealhlg　causes　the�qplanted　Be　atoms　to　diffUse　sli帥tly　towards　the　near−su漁ce　region　　　　　　　　　　，（一100�o食om血e　s曲ce）rega田ess　of血e　impl�p励on　of醐don烈0翫。�o．皿e　Be一α跳ion　level　isa年nost　the　same　under　l　all　a�oeahng　conditiorβ，　resulthlg　in　identical　Be　SD頭S　profiles　regardless　of　thea�oea�qg　temperature．　Moreove蔦SIMS　pro且les　of　implar此ed　O　atoms　both　befbre　and　a負er　annealing　aremch�pged，血璽eeme調舳e　pro創es　c記。撮宏ed　by�oF舳e�oore，　no　Ni翫oms鍵e　detected飴rall　of　the　implanted　samples．　This串ugge…寛s　tha：t　the　d伽ion　ofNi　atoms　hlto　GaN　fヒom　the　Ni　layer　does・・t・ccw　d・血9止・加pl禰・・p・・cess　md・・弼・q・・皿y出舳・u・e・f血・Ni　l即・・鉛r　red・・血9血・implantadon−hlduced　damage　does　not　i�u1uence　th6　Be−dopklg　charactehstics，　aきdiscussed　later　　Figure　4。7　shows　the　roomイemperature　sheet　ca【rier　concen血adon，η，，　of　the　Be−and．　Be＋0−implantedG自Nsamples　as　a　ftmction　of�oeahng　ternperature．　The　behavior　ofη∫may　be　classi且ed　hlto　threeregions（a），（b），　and（c）in　view　ofthe　carrier　tソpe．　Ih　region（b）where　the　anneabng　temperature　is　betweenlOOO　and　1050。C，　theη∫tends　to　decrease　significantly　fbr　bo廿1　Be−and　Be＋0一�qplanted　samples．　These87一81一88Chapter　4，　P−Type　Implant　Doping　of　GaN1020¢∈10199＝o眉歪1018芒．8ロ810170�D∈9＝o署詣＝o．o＝oo�@o自101610201．0191018101710166s’eρm〃だ1一〃7　　　　　　　　’　　　　　　　ノの　ロ　　　　　　　　　　　　　　　　　　ノ　’　　．　／400keV　　し　　　ノ　　　　ら　’｛’　　，ρり　噺、　　コ　　　　チ　　　　　し　　　　ヘ　ボ　　　らやゆ　の　　　　　　　　　　の吻　‘へ　’｝ワ．の　　　ノ　　　　　ノ　　も　　　ロ　も　多の5　，8　　　　覧　　竃　」ノ，h覧3◎OkeV　　ゆ　　　　ロ　ノ　　　　　　　　ロ　　　　　ら　　　　ロ　　　の噂’@　覧　覧　　�j250keVロ　　　　　　　　　　し　　　　　し　　　　　　ロ　　　　コ　　　ロ　　　い20⇔k壇vl　　　　l　・　…　　　　450keV　＝　�j110k硫1四”　　　　亀　　　　覧　　　　　．●　　　　亀　　　　■　　　　1　・　…　　　　　　亀　　　　　　　．　　　　　陰　　　　■　　　　■　　　　　　●　　　　　　　巳　　　　　●　　　　曜（a》0・1’1　　e誉perimental　　　　　　　　　口丼・四品面面・．蝿　　　　�G�B　　　　6　（鋭calculated　《tbtaI）3s’eρmσ’び〃　　侮、．亀で軸’35　　　0　弓　　　　　　陶　　　ノ　　　　　　　　　　　　　　　　　　　へ　　　の　　　　　ロ　　　　　ロ　　　　　　　　　　　　　へ∵ノ／覧、　�jσ　　　　　　　　　　　　　　　魯　　　　　　　　　　　亀　　　　　　し　　　　　　　　　コ　る　　　　　　？50keV　　　　　　象　　　　　　　　　　　亀　　　　　　・　　　　　　　　　　　　、　　　　　　　ら　　　　　　　　　　　　ら　　170keV，　　　　覧　　　　　　　ロ　　　　　　　　　　　　　　　　　　　　　　　・7R’M・　　　　　　　ロ　　　　　　　　　　　　　　ロ　　　　　　　鴨　　　l　　　　　　　　l．　　　　　　　　　　　　＝　　　　　　　　1　　　．　　　　　　　　9（b》Be・1’1calculated　（total》魅、．毬8瀬experimentaI魎���K���R�D、．�J　　　　ロ　　　　　ロコ。　（po　［爾ロ卸0．00．20．4　　0．6Depth（Fm》0．81．0FIG　4．6．　TRIM　simulated　atomic　prof丑es　of　implanted（a）Oand．（b）Be　atoms　andSIMS　profnes　of（a）Oand（b）Be　in　Be−and〔Be←6一�qplanted　GaN，　as　implanted、（○，舞）and　almealed（灘，□）at　l　O50。C，　respec廿velysamples　are　the　o創y　ones　displaying　p−type　characteris丘cs，　with　sma皿mobii以μin　the　region　of　l−3ρm2／Vs。　Furthemlore，　theη、　of　the　Be＋0−implanted　samples　is　relatively　higher　thεm　that　of．the「Be一�qplanted　s眠ples，　indicadng甑the�qplξm励on　of　ad（五廿ona10翫oms�qproves　the　elec面cal．　p一三e88一82一Chapter　4，　P−Type　Implant　Doping　of　GaN　　　　　　　　o89activation．　On　the　o血er　hand，　samples　annealed　hl　regions（a）and（c）3how　n−type　characterisdcs，　whichmay　be　caused　by　the　implantation−h｝du�td　damage　and　the　fbmladon　Qf　N　vacancies　during　the�oeal，respective1γ　hl　particulaちthe　signi五can‡increase辻Lη3　seen」匿）r　thg　Be＋〇二�qplanted　sample　a：aer　amealing就1100。C　is　considerαi　to　be（血e　to　the　comb血ed　e艶t　ofN−va（泊ncy魚�o頗on　and　elec面。母q−activ雄on・inducαi　by　high伽肥州re　a�oe甲州g，　as甑ed伽ve［24］．　　　　　　　　　筆1Q15　　　　昔　　　　．21014　　　　駕　　　　萱　　　　81013　　　　5　　　　0　　　　お1012　　　　焉　　　　91011　　　　釜．　　　　ωFIG　4．7．Be十〇繭1’1Be−1／1　　　　　　　　　　　（b）　　　（a）　　　　　　　　　　　　　　　　　　　　（c》ぐ・・開・開・・開・・ぐ・・・…　開・・…　贋願レ・…　■・層・・・…　噸》　　　　　　　　　　　　　　950　　1000　　1050　　1100　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Annealing　Temperature（C》　　　　　　She6t　carder　concent1加on　as　a　fUnction　ofann6aHng　terhpemtu重efbr　Be−and　Be＋0−hnplanted　G颪N．Figure　4．8　shows　room−tempela加re（〕ゲcurマes　at　zero．dc　bias　fbr　Schotdくy　diodes　based．on　Be−andBe＋0一�qpla血（ガG州samples　a仕er．amα血ng副050。C．．Regardless　of血e　O一�qpkm励on，　the　measuredcapacitance　varies　markedly　with　fヒequency　fbr　both　samples．　This　variadon　in　capacitance　is　most　likelydue　to　a　typlcal　dispe蔦ion　ef琵ct　charactedstic　of　deep　Be　acceptors；dgPen（�qg　on丘equency；there　iscompetition　between　deep�qpurities　and　the　dopant　charactさ土［6，7］．　Here，　the　lo痴」fbequency　capacitance（互is　determhled　by　c年�uer　exchange　bet四een止e　Be−related�qpu：rity　level　and　the　valehce　band，　reflecthlg　89−83一90Chapter　4．P一丁ype　Implant　Doping　of　GaN　　　　　　　　　　■50f40．e．830器り‘δ　20二〇　100o、Berl’1・」・・CL　ち・・開ゆ・¢30eε0208「　ヨ…10讐起。　　　　　エ　　　ロ　　　エBe．1，1　↓’　B帥α1’1。90・103　　104　　105　　106　　10　Frequency（Hz｝Be十〇■1，1102．103　104　105　106Frequency（Hz｝107FIG　4．8．　Room−temperature　fヤequency　dependen�tofcapaci伯n�t長）r　Be−andBe＋0−implanted　GaN　after　annealing　at　1050。C．　The　inset　shows　the伽quencydependence　ofoonductance　at　room　tempera加re．3．0　趾．2．o乞景1．90．0　　　　　　　　　　　f50　　　　　　　　　　　ε401kH．・・．300K§・・　　　　　　　　　　　要20　　　　　　　　　ψ9Be一躍’1．謹ら葵11贈■購唖口　，翻レ閲Be＋0噛1’1．〃陀9’0ηBe・1’1　　　　　　　　0．0・●m。。・一4．2・10・6cm・・　　tO　　　　2．0　　　　　3．OReverSe　Voltage（V）Be＋0齢1’l　Ne什＝一1．5x1017c．�q一30．0　0．5　　　　　1．OReverse　Voltag6（V》1．5HG　4．9．　Room｛emperature　1疋メー7plots　at　a　fヤequency　of玉kHz　fbr　Be−and恥0一面伽t・dg・N・丘・・�pneal�q9翫1050．C・篇・溢・et・h・w・…m−tempe伽re　C−7curves副kHz．90一84一Chapter　4，　P−Type　lmplant　Doping　of　GaN9．1血eelecthcal　ac廿vity　oflhe�qpla1並ed　Be　atoms，　whereas　above　the　capacitance　cutoff　f士equ�pcyプ；（�qpuritytransition丘equency），　the　hole　modね1adon　of　the　dgpletion　layer　edge　govems　the　electrical　response．　hlview　ofthe　fact　that　there　is　a　peak　aらだin　the　c6nductanceα礪the　characteri甜。　f士equencies囲are　estimatedto　be〜2．2　and〜28．2　kHz　f〜）r　the　Be−and　Be＋6一�qplanted　samples，　re呂pectivelメas　shovm　j皿1he�qset　of　Fig．4．8．Thus，　a　signi五can6ncreas信inゐoccu撃due　to　the�qplantadon　of　additional　O蜘ms．　This　resultindic翫es　that　shallower　ac�tptor　levels　may　be　newly魚�oφby　co−implantadon　of　Be＋and　O＋based　on　as虻e−compe面on　ef騰ct［17，18］．　From　C−7measurements　at　l　kHz（Fig．4．9），　the　net　acceptor　concentra直on’（祐一恥お・烈・ぬ・d・・b・一1・5・1・17c面・出・B面一ゆゆ・瓠・�opl・・舶・h・・卿Fig・4・8・qi・・・血鋼t・be　ab・ut　43　pF魚・b・血・ampl・・，　wh・h・�r9・・魯温血e　e踊・・a・�tpt・・c・n6・n甑i・n・f山・Be一�qpl血・d・�opl・i・舳・．r・・lr・・1碑t・fBdO一�qpl血eds町ple・乃eseaccepto「concen撚io弼�p，m。、h、m訓1，，血舳，　Be　c。n、e�梶Bnbf2。1019　cm6　d，t，曲，d　by血6　SIMS　m，お�p・m・nお．盟・・e・曲d・磁・・血舳・・h�qpl�p励・曲d・・rd・�q鰭・・丘hem血�pd吻・・mp・・s凱・角・血・h・1・・geperated　by　the　deep　Be　acceptors　in　both　samples．　Therefbre，1he　higher　Be　activahon　rate　caused　by　the辻町roduction　of　O　atoms　is　most　Hkely　to　dominate．the　improvement　of　the　p−type　doping　characteristic6，　ass倣ed　hl　Fig．4．7．　　Figures　4．10（a）and　4．10（b），　respectively；show　typical　TAS．　spec�K．measured　under　zero　dc　bias　fbrS・h・晦岬・・勧畑・d・耳Be−and　B針0−impl血的G・N・nd�o・烈・d翫1050．C・D・p・n血9・n血・implant　con曲m，血e皿S倒pec曲reve晶晶。�q面of　peak　denoted　byオ1．andオ2．　These　pe畿s磁towalds　hiεher　temperatures　with　an　increasing　hole　emission　rate，　which　can　be　calculated　fヒom　the・measurement丘equency　This　hnpHes　that　these　peaks　are　associated　with　Be−related　deep　acceptor　levels［15］，as　discussed　in　secdon　4．2．　As　shown　in　Fig．4．11，血e血e�oal　ac廿va丘on　ene珊魚r　hole　e�ussion　into血，v烈，nceb�pd・i、　e面面丘。m組h，�u、、pl。・，。f血・h・le　e�ussi・n戯・げ魚・血e　c・π・・p6・血g　l・v・1孟血6bo血spec佃．　Here，血e伽�pe�o1皿ed　under血e　ass�opdon晶晶e　cmss−secdon　istempe臓ture一志dependent．　For　the　convenhonal］［3e一�qplar曲ed　sample，　a　dor血ant　peakノ歪1　is　cleadyobserve¢co∬espond並g　to　a　Be引el測acceptor　level　wi血a血e�o烈acdv面on　ene珊of〜240　meV：珊s91一85、一92Chapter　4。　P−Type　lmρ1ant　Doping　of　GaN24ε16e∈∋δ　8．罵＆oあ248器16．運∈38　　　0（a》1kHz・・一レ10kHz　　　　　A．180（b》1kHz一・・卜10kHz　　　ハ2180　　　　　280　　　　　380　　　Tempera加re（K》480FIG　4．10．　TへS　spとctra　at　vadous丘equencies．betw�tn　l　and　l　O　kHz　fbr（a）Be−and（b）Be＋0−implanted　GaN　a丘er　amealhlg　at　1050。C．v盈ue　is　very　close　to　the　previously　reported　one［15］．　For　the　Be＋0−impla孕ted　sample，　a　domhlant　peakオ，is　seen血・dditi・n舳・p・醐1』並・血・wly　6b・e圃オ・P・誼i・1・・韻a−163　m・v油・v・血・vεdence　band．　Thus，　the　Be−related　accgptor　level　is　fbund　to　decrease　significar血y　with　1血e　introduction　ofOato血s．　This　behavior　ofthe　acceptor　leveI，　i．e．，　becomjng　sha皿owe鶉seems　to　be　hl　good　agreem6r比withthe　lncrease　h1�qpurity　transi廿oh　fヒequency囲by�qplan血tion　of　additior囲Oatoms（Fig．4．8）．　Thechqracteri甜。　fbequencies　Oorr6sponding　to　the浸1　and！望2　peaks　at　K）om　temperatur6（300　K）are　calculated　tobe〜1．3　and−43．1　kHz，　which　can　be　extracted　fヒom　the　A曲enius　plots，　as　shown　i皿Fig．．4．11．　Thesevalues　are　in　reasonable　agree加er比with　the　values　ofπof〜2．2　and〜282　kHz　e…寛imated　fbom．　the　9．2．一86一Chapter　4，　P−Type　lmplant　Doping　of　GaN936．roomイempera加re　Cデandαbヂcurves　in　Fig．4．8．．．Therefbre，血is　confhlms　that　these　accgptor　levels　area血ibutable　to　the�qpla血ed　Be　atoms．　Bea血g　hl　mind　the　site−competition　ef驚ct　caused　by　the�qplanta丘on　of　additional　O　atoms，　theオ1　and．421evels　can　probably　be　assigned　to　Be　atoms　occupymginterstitial　and　Ga【lattice　sites，　re串pective1）孔　Therefbre，　the　decrease　in　the　Be−related　acceptor　level　with　the�q［roduc直on　of　O　atoms．　is　most　Hkely　to　enhance　the　Be　activa丘on　rate，　which　results　in　an　improvement　ofthe　p−1ype　dophlg　chεロ温ctedsdcs，　as　s壌ted　above．　In　addi丘on，　a　significant　reducdon辻l　residual　n−1狸ecarriers　that　act　in　comかeti廿on　with　the　p・type　ca�uers　is　required　hl　order　to　reahze　increasing　p−type　dopingcharacteristics．�D101マ言質100｝＄210−1＝oロロ。ココ∈田2＝ω10−2010−3篭謂三三”i　Be＋o−1／1　　　　　　　　　　　　　△EA2：r163meV　　　　　　　　；ぐり　　　　コ　　ロロ　∩イ．3kHz　i　　　Be＿111　　　　　　　　　　　　　△EA7：ん240meV　　　　　　　　i＠300K　　　　　　2．0　　　　3．0　　　　4．0　　　　5．0　　　　6．0　　　　　　　　　　　　　　　　1000π（K．1》E【G4．11．　A�uhenius　p1αs　ofthe　hole　emission職eε炉fbr　Be・andBe＋O一�qplanted（洲a：�qamea�qg　at　1050。C．　　Figures　4．12（a）and　4．12（b），　re写pecdvely；show　typical　AFM　images　of　the　Be−and　Be＋o一�qplantedG臼Nsamples　after　amea�qg　at　l　O50。C．　Smooth　su血ce　morphology　with　mean　roughhess　Rη150f〜0．6293一87一94Chapter　4，　P−Type　lmplant　Doping　of　GaN魯�ocan　be　ob�qed血bo血samples　even　aaer血e�ttiv面on�oea�qg　process．　Add廿om取回bo血samples，　a　n�ober　of即ow四鏡eps鍵e　cle鍵ly　obsewe¢曲ich　s面ace　mo甲holog／is創mo鏡ide�uc創舳that　of　the　as−grown　GaN　befbre�qplantation．　Ih　other　wo】Kls，　the　sur盛ace　moΦhology　is　fbund　to　beunchanged　even　after　the�qplantation　and　subsequent　anneaUng　processes　fbr　both�qplar曲ed　GaN　samples．Howeve墓�qplanta丘on−induced　Inicro−de魚cts‘‘smaU　holes”can　be　seen　even　a丘er　the　high−temperatureanneahng　pro�tss　fbr　both　Be−and　Be＋0−implanted　sarnples，　which　is　the　same　beha瓦dor　as　that　of　Si−andSi＋N−h：nplar睦ed　GaN　a：仕er�ttivation　anneaHng　process，　as　reported辻【section　2．3．　Thus，　the�ucro−defbctsobserved　in　both　the　Be−and　Be＋0一�qplanted　GaN　are　pK）bably　associated　wi寸h　the　implantation　of　Beatoms．　The　micro−defbct　der旧ity　observed　in　the　Be＋O　co一�qplanted　GaN　seems牧）be　a　ht皿e　more　thanthat　in　the　Be一�qplanted　GaN．　haddition，　the　micK）一defbcts　are　thought　to　correspond　to　the　dislocations，where　some　paおof　the　implanted　Be　atoms　may　be　captured，　result董ng　in　the　signt匠car比decrease　inef驚cdve　acceptor　concenぼation，　as　s血ted　above．凸’@、　≧�d　’鍵座面．FIG　4．12．　AFM�qages　of（a）Be−and（b）Be＋0−implanted　GaN　s�oples　with　a　mean　Beconcentration　of2xlO19　cm「3（a　dq）th　of〜0．4トu〔n）a丘er　ameahng　at　l　O50。C．　Bolh�q�res　　　　　つare　5x5　Fm一．94一88一Chapter　4．　P−Type　Implant　Doping　of　GaN95　　　1・・�o町w・h釧eelec憤・』y�q…丘9翫・d血e　e飴・t・fB針0・・一impl�p励・nρn　Br�tcept・曲GaN　From　TAS｛md　Cヂmeasuremer曲，　the　implan毎d6n　of　ad（茄onal　O＋ions　is　fb�od　to　decrease　theBe−related母ccgptor　level丘om民240　to〜163　meV　4ue　to　a　site−competition　ef匝ct．　This　behavior　of　the．accgptors　is　in　reasonable　agr�tmerにwith　the�qprovement　ofp−type　doping　characterisdcs　as　dete�oined　byroom−temperature　HaU−ef驚ct　meおur�pents．　Therefbre，　this　accgptor　level　can　probably　be　assigned　to　Be．atoms　residing　on　intersti廿al　and　Ga−latほce　sites．�qGaN．4．4Conclusion　　P一りP・・e帥mw・・e　p・・d・・ed血・nd・P・d　GaN血・by　Be＋and　Be＋＋〇＋impl・n励・n・nd・ub・閃・・凱εmnea�qg　at　temperatures　between　l　OOO　an“1050。C．　From　TAS　measurelnents，　the　activation　energy　ofthe　Be　acceptor　le＞el　was食）und　to　decrease丘om〜240　to〜163　meV　by　the�qplantadon　of　additional　Oatoms，　which　is　in　reasonable　agreem�pt　with　the　improvement　in　p一重ype　doping　characteristics　dete�oinedby　room−temperature　Hall−e」琵ct　measurement寧．．　These　results　indicate　that　the　Be＋＋0＋co−implantadonreduces　the　dgpth　of　the　Be　acceptor　level　based　on．a　site−compedtion　ef驚ct　Therefbre，　these　acceptorlevels　are　mo…並probably　attributable　to　Be　atoms　at　interstitial　and　Ga．la癒ce　sites．Re艶rences』［1］MAKh�p，A．　R．　Bh・腰謡，　J．NK�oi嬬・ndD．　T　OI・・n，ApPI．　Phy・．　k焦63，1214（1993）．［2］J．C．　ZolpeちRJ．　Shul，　A．　G　Baca，　R　G　W丑son，　S．　J．　Pearton，　and　R．　A．　St烈1，　Appl．　Phys．　Lett．68，2273（1996）．［3］A．Pzhang，　J．　w　Jolmson，　E　Ren，　J．　Han，　A．　Y　Polyakov；N．　B．　sm�qov；A．　v　Govorkov；J．．M．Redv面g，　K．　P　Lee，　and　S．　J．　Pearton，　Appl．　phys．　Lett．78，823（2001）．［4］丁面前亀A鴨励・・早�qm・，Yk晦ash，　K鳳舳，　S・Y�q碗mdM・K・id・，印pL　Phy・Lett．65，593（1994）．　95−89一96Chapter　4，　P−Type　lmplant　Doping　of　GaN［5］C．Johnson，　J．　Y　L瓜H．　X．　Jiang，　M．　A．　Khah，　and　C．　J．　Sun，　Appl．　Phys．　Lett　68，667（1996）．［6］J．WH�og，　T　E　Kuec瓦H．　L脚d　I．　B�qちAppL　Phys．1£徒68，2392（1996）．［7］D．Segher　and　H．　P　Gislasor』Appl．　Phys．　Lett．88，6483（2000）．［8］D．GKenちM．　E．　Overberg，　Imd　S．　J．　Pealton，　J．　Appl．　Phys．90，3750（2002）．［9］YNakano，　T　Kachi，　and　T　Ji血bo，（unpublished）．［10］EBemardini，　V：Fiorentini，　and　A．　Bos虹App1．　Phys．　Letし70，2990（1997）．［11］J．Neugebauer　and　C．　G　Van　de　W誕1e，　J．　Appl．　Phys．85，3003（1999）．［12］0．Brandt，　H．　Y…mg，　H．　Kostial，　and　K．　H．　Ploog，　Appl．　Phys．　Lett．69，2707（1996）．［13］A．SalvadoろWKim，0．　A�qs，　A．　Botchkm〕e又Z．　Fan，　and　H．　Morkog，　Appl．　Phys．　Le髄．69，2692（1996）．［14］C．Rolming，　E　P　Carlson，　D．　B．　Thomson，　and　R　E　Davis，　AppL　Phys．　LetL　73，1622（1998）．［15］YNakano　and＝L　Jimbo，　AppL　Phys．　Lett．81，3990（2002）．［161H．　Kobayashi　and　W．　H．αbson，　Appl．　Phys．　Le廿．74，2355（1999）．［17］YNakano，　R．　K．　Ma止an，　T　Kachi，　and　H．　Thdano，　J．　Appl．　Phys．89，5961（2001）．［18］YNakano，　T　Kachi，　and　T　J�qり。，　Appl．　Phys．　Lett。82，2082（2003）。［19］YNakano，　T　Kachi，　and　T　J�qbo，　Jpn．　J．　Appl．　Phys．41，2522（2002）．［20］D．Haase，　M．　Sch�ud，　W　K�qeろA．　D6me恥VH翫le，　E　Scho】z，　M．　Burkald，　and　H．　Schweizeいppl．Phys．　Lett．69，2525（1996）．［21］YNakano　and　T　Jimbo，　J．　Appl．　Phys．92，3815（2002）．［22］YNakano　and　T　Kachi，　AppL　Phys．　Lett�c79，1631（2001）．【23］YNakano　andπL　J�qbo，　J．　Appl．　Phys．92，5587（2002）．［24］YNakano，　T　Kachi，　andT　Ji血bo，　J．　Vac．　Sci．　Tbc�qol．　B（血press）．96−90一

