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Electrical characterization of acceptor levels in Mg-doped GaN
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Thermal admittance and current deep-level transient spectroscopy techniques have been applied to
Schottky diodes fabricated on Mg-doped GaN grown by metalorganic chemical vapor deposition to
investigate the dependence of the Mg acceptor levels on the annealing temperature. Both
measurement techniques revealed two deep acceptor levels with activation energies at;135 and
;160 meV above the valence band. The former level was only seen when the samples were
annealed at temperatures between 650 and 700 °C, and its presence corresponds with a significant
increase in effective acceptor concentration, as confirmed by capacitance–voltage measurements.
Therefore, this acceptor level is considered to dominate the electrical activation of Mg in GaN.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1512681#
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In GaN materials and device fabrication, acceptor d
ing has long been a serious problem. So far, Mg is the dop
most commonly used to generatep-type conductivity in GaN
grown by metalorganic chemical vapor depositi
~MOCVD!.1,2 The acceptor levels of Mg become an impo
tant parameter in improving the performance of the dop
process. Many investigations have determined that the t
mal activation energy of Mg acceptors is between 120
250 meV by using various characterization techniques s
as the Hall-effect, thermal admittance spectroscopy~TAS!,
and current deep-level transient spectroscopy~I-DLTS!
measurements.3–13 The wide range of measured data for t
Mg acceptor levels may be caused by the inconsistencie
the activation conditions and/or the Mg doping concent
tions in GaN:Mg. In this study, we have focused on the
nealing temperature used for thermal activation of the
dopant and systematically investigated the acceptor le
associated with Mg doping from the viewpoint of anneali
temperature by using TAS andI-DLTS techniques.

The epitaxial GaN:Mg films used in this study were 1
mm thick. They were grown onc-plane sapphire substrate
by atmospheric pressure MOCVD at 1025 °C, on a predep
ited 20 nm AlN buffer layer grown at 400 °C. Hydrogen w
used both as the main process gas and as the carrier ga
metal alkyls. Trimethylgallium~TMGa!, ammonia, and bis-
cyclopentadienyl magnesium (Cp2Mg!, respectively, were
used as the sources of Ga, N, and Mg. The Mg concentra
of the as-grown GaN:Mg layers was determined to
;4.731018 cm23 by secondary ion mass spectrome
~SIMS! measurements. After growth, activation anneal
was performed systematically at temperatures between
and 850 °C for 10 min in flowing N2. The annealing tem-
peratures used for typical samples, numbered 1–6, are s
marized in Table I, together with their electrical data. Ele
trical characterization of the acceptor levels in GaN:Mg w
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conducted on the lateral dot-and-ring Pt-Schottky diod
which were fabricated as follows.13 First, ohmic contacts
were made by Ni evaporation and subsequent annealin
500 °C for 30 min in flowing N2. Then, Pt was evaporated t
form the Schottky contacts. The dot Pt-electrode has a di
eter of 500mm, surrounded by a ring Ni-electrode, separa
by a 1 mmgap. The area of the ring electrode was 100 tim
greater than that of the dot electrode. From current–volt
(I –V) measurements at room temperature, good rect
characteristics were confirmed for thep-type Schottky diode
under all of the annealing conditions that we use
Capacitance–frequency (C– f ), conductance–frequenc
(G/v – f ), and capacitance–voltage (C–V) measurements
were performed at room temperature with an ac modula
level of 30 mV and frequencies ranging from 100 Hz to
MHz. TAS measurements were conducted at an ac mod
tion level of 30 mV and frequencies ranging from 100 Hz
30 kHz, covering the temperature range from 85 to 320
I-DLTS measurements were also carried out over a temp
ture range from 85 to 320 K. The steady-state reverse
and filling pulse voltages were23 and 1 V, respectively. The
width of the filling pulse was 1 ms, which ensured that ev
those traps with very small hole capture cross sections w
completely saturated.

Figure 1 shows room-temperatureC– f curves at zero dc
bias for the Schottky diodes based on the GaN:Mg sam
~samples 1–6! annealed at various temperatures. A typic
dispersion effect characteristic of deep Mg acceptors is
served under all the annealing conditions.4,13 Depending on
frequency, there is competition between the deep impu
and the dopant character. Here, the low-frequency cap
tanceCL is determined by the carrier exchange between
Mg-related impurity level and the valence band, reflecti
the electrical activity of the Mg dopant, whereas above
capacitance cutoff frequencyf c ~impurity transition fre-
quency!, the hole modulation of the depletion layer edg
governs the electrical response. Sample 1 shows a smallf c of
;1.9 kHz and a smallCL of ;0.35 nF, which indicates tha
0 © 2002 American Institute of Physics
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annealing at 600 °C only slightly activates the Mg dopant.
sharp contrast, a significant increase inf c is seen in addition
to a large increase inCL for samples 2 and 3. This resu
suggests that the electrical activity of Mg is significan
improved by annealing at 650 and 700 °C. More importan
an interesting behavior is observed in the high-frequency
gion of theC– f andG/v – f curves for these samples. Co
sidering that the conductanceG/v presents a peak in thef c ,
higher-frequency component peaks can be seen as shou
at ;331.6 and;400.7 kHz, apart from the main peaks
around 30 kHz, in theG/v – f curves for these samples, a
shown in the inset of Fig. 1. This indicates that shallow
acceptor levels may be newly formed by annealing at 6
and 700 °C. Furthermore, decreases inf c andCL are seen in
accordance with the disappearance of the higher-freque
component peaks for the samples annealed at 750 and 80
~samples 4 and 5!.

From the C– f data, meaningfulC–V measurements
need to be performed at lower frequencies. Thus, effec
acceptor concentrations (Na–Nd) were estimated from the 1
C2–V plots at 1 kHz, as shown in Table I. The annealin
temperature dependence of the acceptor concentration
good agreement with the variation inCL from the C– f
curves, as mentioned above. In particular, the acceptor
centration of sample 3 is in reasonable accord with the
concentration determined by the SIMS measurements, i
cating that the activation annealing at around 700 °C sign
cantly enhances the electrical activation rate of the Mg d

FIG. 1. Room-temperature frequency dependence of the capacitance f
fabricated Schottky diodes based on the GaN:Mg samples annealed at
ous temperatures. Inset shows the frequency dependence of the condu
G/v at room temperature.

TABLE I. Annealing-temperture dependence of acceptor concentra
studied by the room-temperatureC–V measurements for the GaN:M
samples.

Sample
Annealing temperature

~°C!
Acceptor concentration
NA-ND (1018 cm23)

1 600 0.2
2 650 2.8
3 700 4.0
4 750 2.6
5 800 2.2
6 850 13.9
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ant. Furthermore, the acceptor concentration is uniform
distributed over the depth of the capacitance measurem
for the samples annealed at temperatures below 80
~samples 1–5!, whereas the concentration becomes very h
for the sample annealed at 850 °C~sample 6!. From the
SIMS measurements, we can see that Mg diffuses out
wards the near-surface region~;200 nm from the surface!
when annealed at 850 °C, as shown in Fig. 2. This segre
tion phenomenon of the Mg dopant starts to occur when
annealing temperature is around 800 °C.

Figures 3~a! and 3~b!, respectively, show a typical serie
of TAS andI-DLTS spectra for the Schottky diodes based
the GaN:Mg samples~samples 1–6! annealed at various
temperatures. Both spectra yield identical information ab
the deep acceptor levels in GaN:Mg. Depending on the
nealing temperature, both spectra reveal three kinds of pe
which are denoted byA0 , A1 , and A2 . These peaks shif
towards higher temperatures with an increasing hole em
sion rate, which can be calculated from the measurem
frequency and the rate windowt1/t2 for the TAS and the
I-DLTS measurements, respectively.13 This implies that these
peaks are assigned to deep acceptor levels associated

the
ari-
nce

FIG. 2. SIMS profiles of Mg in GaN:Mg samples, as grown and anneale
various temperatures.

FIG. 3. ~a! TAS spectra at a frequency of 1 kHz and~b! I-DLTS spectra at
rate windowst1 /t2 of 40ms/100ms for the fabricated Schottky diodes base
on the GaN:Mg samples annealed at various temperatures.
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the Mg dopant. The thermal activation energies for h
emission into the valence band were estimated from Arrh
ius plots of hole emission rateep /T2 for the corresponding
level in the both spectra. Here, the data were analyzed u
the assumption of a temperature-independent cross sec
The data obtained from the TAS measurements were v
close to those for theI-DLTS measurements. For the samp
annealed at 600 °C~sample 1!, the weak, broad peakA0 is
detected, corresponding to a deep acceptor level of Mg w
a thermal activation energy of;161 meV above the valenc
band. This acceptor level has a much smaller cross sec
than the other acceptor levels (A1 andA2), which indicates
that theA0 level probably occurs in the early stage of M
acceptor formation, resulting in only a slight electrical ac
vation of the Mg dopant, as mentioned above. For
samples annealed at 650 and 700 °C~samples 2 and 3!, the
two peaksA1 andA2 are observed, which are clearly diffe
ent from the first peakA0 . The thermal activation energie
for acceptor levelsA1 andA2 are;160 and;135 meV from
the valence band, respectively. These values are consi
with the values reported in the literature.4,9,10 Moreover, the
A2 peak is seen to disappear from both of the spectra
annealing at 750 °C~sample 4!. By combining these result
with the C– f , G/v – f , andC–V data, the presence of th
A2 level seems to be related to the large increases inf c and
the effective acceptor concentration, as mentioned above
particular, theA2 level probably corresponds to the highe
frequency component peaks observed in theG/v – f curves
for the samples annealed at 650 and 700 °C~samples 2 and
3!. Thus, the shallowerA2 level is most likely to dominate
the improvement in the electrical activity of Mg i
GaN:Mg.9 Furthermore, the thermal activation energy of t
A1 level is found to decrease from;160 to;145 meV with
increasing annealing temperature from 750 up to 850
~samples 4, 5, and 6! in both the TAS andI-DLTS measure-
ments. This lowering of the activation energy for theA1 level
may be related to diffusion of Mg induced by the hig
temperature annealing process. Additionally, theI-DLTS
spectrum shows a large increase in concentration in theA1

level for the sample annealed at 850 °C~sample 6!, which is
in good agreement with the segregation phenomenon of
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Mg dopant as confirmed by the SIMS measurements. Th
fore, the continued reconfiguration of the local region s
rounding the Mg atoms may induce an energy-level splitt
of the A1 level, resulting in the lowering of the activatio
energy.14 The observed activation energies should be a
subject to the Poole–Frenkel field effect, which is apt
occur in the TAS andI-DLTS measurement techniques.8

In summary, we have systematically investigated
annealing-temperature dependence of acceptor levels
GaN:Mg samples grown by MOCVD by using TAS an
I-DLTS techniques. Both measurements reveal two deep
ceptor levels with thermal activation energies of;135 and
;160 meV from the valence band. The annealing behav
of the former level is in reasonable agreement with the va
tion in the effective acceptor concentration. Therefore, t
acceptor level is considered to dominate the electrical ac
ity of Mg in GaN.
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