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By using high-temperature deep-level transient spectroscopy (HT-DLTS) and other electrical measurement techniques,
localized deep levels in n-type Al,Ga;_,N epitaxial films with various Al compositions (x = 0, 0.14, 0.24, 0.33, and 0.43)
have been investigated. It is found that there are three distinct deep levels in Al,Ga;_,N films, whose level position with
respect to the conduction band increases as Al composition increases. The dominant defect level with the activation energy
deeper than 1.0 eV below the conduction band closely follows the Fermi level stabilization energy, indicating that its origin
may be related to the defect complex, including the anti-site defects and divacancies in Al,Ga;_,N films.
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1. Introduction
Al,Ga;_,N
Al,Ga;_,N films, are attractive for their applications in UV

light-emitting diodes (LED), UV-detectors, and high-power
electronic devices.!'3! However, it is known that the exter-

epitaxial films, particularly  Al-rich

nal quantum efficiency of Al,Ga;_,N-based LEDs is limited
to within several percent, and Al,Ga;_,N/GaN-based tran-
sistors suffer from drain current instability and lack long-term
reliability.’] It has been considered that these phenomena have
a strong connection with deep-level defects in Al,Ga;_,N. (4]
In order to improve and optimize device performance, it is
necessary to study the localized centers and understand their
influence on the electrical properties of Al,Ga;_,N alloys.

Moreover, up to now, few papers about the electrical char-
acterization of localized deep levels in Al,Ga;_,N have been
published, although photoluminescence (PL) or cathodolumi-
nescene (CL) investigation had shown some characterization
luminescence peaks related to the deep levels in Al,Ga;_ N
and AIN.15-8! In addition, such electrical characterization has
been carried out on Al,Ga;_,N with an Al composition lower
than 0.25,3°1 presumably because of the difficulty in grow-
ing a thick Al,Ga;_,N layer with high Al composition of high
quality. However, such studies are expected to provide infor-
mation essential for the improvement and optimization of de-
vices based on Al,Ga;_,N epitaxial films and quantum struc-
tures.

In this study, we report a detailed characterization
of localized deep levels in Si-doped Al,Ga;_,N epitax-
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ial thin films with various Al compositions, which are
grown by means of metal-organic chemical vapor deposition
(MOCVD), using high-temperature deep-level transient spec-
troscopy (HT-DLTS), as well as normal current—voltage (I-V)
and capacitance—voltage (C-V) measuring techniques. Since
Al,Ga;_,N alloys have an extremely wide band gap ranging
from 3.4 eV to 6.2 eV, in order to detect deep levels with the
activation energy larger than 1.0 eV, the measurement tem-
perature range should extend to 600-800 K in standard DLTS

[10

measurements.!'”! Tn our HT-DLTS system, the measuring

temperature range can reach 77 K-800 K.

2. Experiments

The samples used in this study were grown on c-plane
sapphire substrate by means of MOCVD and consisted of 250-
nm Si-doped Al,Ga;_,N films with x in the range of 0, 0.14,
0.24, 0.33, and 0.43, respectively. After the initial nitridation
step of sapphire substrate, a high-temperature AIN buffer layer
with about 1-pum thickness was deposited. The n-type carrier
concentration of the five samples was determined to be in the
range of 10'7 cm ™3 by means of C-V measurements.

The thickness of the Al,Ga;_,N films was confirmed by
a cross-sectional scanning electron microscope (SEM-Nova
Nano SEM 430). The Al composition was determined us-
ing high-resolution X-ray diffraction (XRD-Bruker D8 dis-
cover). The crystal quality of AlGaN layer was also inves-
tigated by X-ray diffraction rocking curves (XRCs). For I-
V, C-V, and DLTS measurements, circular Schottky diodes
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with 300-pm diameter were fabricated using the conventional
photolithographic lift-off technique. The Ohmic contacts
were formed using electron-beam deposition of Ti/Al/Ni/Au
(30/175/35/100 nm), with subsequent annealing at 850 °C for
35 s in a nitrogen atmosphere, using a rapid thermal annealing
system. The Schottky contacts were formed using electron-
beam deposition of Ni/Au (50/150 nm). The dimensional lay-
outs of fabricated Schottky diodes in the cross-sectional and

top view are shown schematically in Fig. 1.

Ni/Au
Schottky
Ti/Al/Ni/Au contact Ti/Al/Ni/Au
Ohmic Ohmic
contact Au contact

mm

250-nm n-AlGaN
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sapphire

(a)

To characterize the fabricated devices, /-V and C-V char-
acteristics were measured using an Agilent 4155C semicon-
ductor parameter analyzer and a 4294 A precision impedance
analyzer at 1 MHz, respectively, at room temperature in the
dark.
77 K to 800 K were carried out using the highly sensitivity
[10~7 (Np —Na) < Nr < 107> (Np —Na)] Semilab DS-83D
system. During the DLTS measurements, the reverse bias was

DLTS measurements in a temperature range from

set at 2 V and periodically pulsed to 1 V for trap filling.

Ti/Al/Ni/Au
Ohmic contact

Ni/Au
Schottky contact

(b)

Fig. 1. Dimensional layout of fabricated Schottky diode in cross-sectional (a) and top view (b).

3. Results and discussion

Figure 2 shows typical measured [-V curves of the
AlGa;_,N Schottky diodes with four different x values (x =
0.14, 0.23, 0.33, and 0.43).
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Fig. 2. (color online) /-V characteristics of the Al,Ga;_,N Schottky

diodes with different Al compositions.

The experimental /-V characteristics were analyzed us-
ing the following equations:!!!

I=1 [exp (:k‘;) — 1} , @)

I = AA" exp (_Z’;) , P

where I is the saturation current density, ¢ is the magnitude of
electronic charge, k is the Boltzmann constant, @ is the barrier
height, 7 is the ideality factor, A is the area of Schottky barrier
contact, and A* is the effective Richardson constant. The the-
oretical value of the effective Richardson constant is given by
A* = 2mgm*k?/h3, where h is the Plank constant and m* is
the electron effective mass for AlIGaN. Apparently, there have
not been any reported experimental results of the electron ef-
fective mass in the literature, we estimated m* for Al,Ga;_,N
with different x by a linear interpolation from the theoretical
value of m* = 0.35m for AIN and m* = 0.22m for GaN. The
values of n obtained from Eqgs. (1) and (2) are 1.56, 1.58, 1.82,
and 1.85, respectively. The higher value of the ideality fac-
tor is greater than one due to the presence of interface states
between the metal and the semiconductor because an interfa-
cial film of atomic dimensions always exists between the metal
and semiconductor, causing surface state assisted tunneling or
leakage current.!!?! In Fig. 2, the reverse bias leakage current
density was generally very small and was below the order of
5x107 A/cm? at a reverse bias of 2 V in all of the samples
studied.
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The measured A?/C? as a function of the applied voltage
V for the Schottky diode samples is shown in Fig. 3. In gen-
eral, the C-V relation for the Schottky diodes is!'?!

A* 2(Wi—V —kT/q)
C? N quSg

3)

where A is the area of the Schottky barrier contact, V4 is the
built-in potential, Ny is the carrier concentration, and & is
the dielectric constant of the Al,Ga;_,N. The Schottky bar-
rier height ¢p is related to the V4,; by the relationship

o8 = qVhi +qVy, 4

where V,, = (kT /q)In(N;/Nq) is the potential difference be-
tween the conduction band and the Fermi level of the n-type
Al,Ga;_.N. The N, is the effective density of states in the con-
duction band of n-type AlGaN. The Schottky barrier height ¢
for the Al,Gaj_4N alloys with x values of 0.14, 0.23, 0.33 and
0.431s 1.25, 1.39, 1.41, and 1.61 eV, respectively. The detailed
study of the surface state characterization of the Al,Ga;_,N
samples will be described elsewhere.!!4]
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Fig. 3. AZ/CZ—V plot of the Al,Ga;_,N samples.

Si is the most widely used n-type dopant in an AlGaN
ternary system. However, the contribution of these donors to
the free carrier concentration for such a large band gap and in
the presence of deep impurities is still unknown. For n-GaN,
the Si donor level has been established to be approximately
20 me V.

To determine the Si donor activation energy in AlGaN
alloys, variable temperature Hall measurements were per-
formed. As is shown in Fig. 4, the Si donor levels were ob-
tained at approximately 33, 40, 50, and 57 meV, respectively,
as x value increasing from 0.14, 0.23, 0.33 to 0.43, which in-
dicates that Si remains a shallow donor in AL,Ga;_,N with Al
composition x lower than 0.43. That is to say, in the following
discussion about deep levels, we can ignore the effects of Si
donors. The Si donor binding energy increases as x increases,
which happens because of the smaller dielectric constant of
AIN than GaN and the large effective mass of the electron in
AIN. 3]

Figure 4 presents the DLTS spectra of Al,Ga;_,N sam-
ples with various x values. The emission rate windows in these
spectra were 100 Hz and 200 Hz, respectively. The reverse
bias up to 2 V restricts the depletion width to the Al,Ga;_N
layer during DLTS measurements. In order to compare the ori-
gin of deep-level defects in the Al,Ga;_.N alloys, a GaN sam-
ple was chosen as a reference. As shown in Fig. 4, three deep
levels, which were labeled as Ejg, E2o, and E3g, were clearly
observed for GaN. These three deep levels are consistent with
the activation energy range from 0.14 eV-0.27 eV (E),[10-1%]
0.44 eV-0.62 eV (E),['*2!1 and 0.67 eV-0.89 eV (E3),!!7!8]
respectively, as observed by many groups. These defect lev-
els are most likely associated with the point defects, such as N
Vacancy,“(”ﬂ’zz] N anti-site,[1822] and N interstitial, 823! re-
spectively. However, Cho et al.?”) reported that the E; trap
is related to the threading dislocation with E; = 0.19-0.23 eV
and o = 10710-10~15 ¢cm?. From these points of view, the
origins of these levels are so far still unclear. The defect lev-
els are denoted as Ej;, Ey;, and E3; where i = 1, 2, 3, and 4
for our Al,Ga;_,N samples. With Al composition increasing,
the DLTS signals of the three deep levels shift toward higher
temperatures, which is similar to the defect levels in undoped
AlGa;_xN, as observed in photocurrent measurements. (241 1p
our study, the energy levels of Ey;, Ey;, and E3; (i =1, 2, 3,
and 4) are from 0.27 €V, 0.39 eV, 0.49 eV to 0.53 eV, 0.48 eV,
0.59¢eV,0.75eVt00.81eV,and 1.02 eV, 1.07 eV, 1.12 eV to
1.22 eV, respectively.
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Fig. 4. (color online) The DLTS spectra of the Al,Ga;_;N Schottky

diode samples with various Al compositions ranging from 0, 0.14, 0.24,
0.33, to 0.43 with the frequencies of 100 Hz and 200 Hz, respectively.
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To extract more detailed information from the DLTS sig-
nals, the activation energy (AE) and capture cross section (Or)
were obtained from Arrhenius plots, which were plotted from
DLTS signals at different rate windows. Figure 5 presents the

Arrhenius plots as a function of In(e,/T?) versus 1000/T,
where e, is the thermal emission rate of the electrons from
deep state. The other parameters of the deep-level defects de-
tected are summarized in Table 1.

Table 1. The DLTS parameters for the deep-level defects Ey;, Ey;, and E3; (i =0, 1, 2, 3, and 4) in Si-doped Al,Ga;_,N samples (x
means Al composition; AE means activation energy; ¢ means capture cross-section; and, Nt means defect density).

X Ey; AE/eV o/cm? Np/em™3 E»; AE/eV o/cm? Np/em™3 E;3; AE/eV o/cm? Np/em™3
0 Eo 0.16 3.9x10°18  77x103  Ey 0.45 1.2x107Y7  1.4x10™  Ex 0.75 72x10°17  2.1x10"
0.14  Ej 0.27 44x1071  33x10M%  Ey 0.48 28x10717  42x10"  Ej 1.02 23%x10717  8.6x10™
024 Ep 0.39 34x1071°  63x10™  Ep 0.59 34x10718  79x10™  Es 1.07 57%x10717  2.0x10"
033  Ep3 0.49 4.1x1071  28x10  Ex 0.75 1.I1x10718  33x10  Es 1.12 44x10717  4.6x10
043 Epn 0.53 1.0x10718  12x108  Ey 0.81 58%x10717  21x10Y  Ey 1.22 8.0x1071¢  23x10%

By comparing the Ejg, Ey, and E3p defects of n-GaN,
we believe that the origins of three deep levels observed in
the Al,Ga;_,N samples correspond to the same kinds of de-
fects in GaN, respectively. From the Arrhenius plot obtained
from different rate windows, the values of or are almost con-
stant at ~107'% cm? for the E};, ~10~'8 cm? for the E»; and
~10717 em? for the E3; (i = 1, 2, 3, and 4), respectively. As
Al composition increasing, the extend defects, such as dislo-
cations, are dominant rather than the point defects. As shown
in Table 1, as Al composition increases, the Et for the Ey;, Eo;,
and E3; (i =1, 2, 3, and 4) levels becomes deeper. However,
based on the AIGaN energy band gap, the values of the o are
in the order of ~ 10719 ¢cm?, ~107!8 ¢cm?, and ~10~!7 cm?,
which implies the same origin for Ey;, E»;, and E3; (i=1, 2, 3,
and 4), respectively.
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Fig. 5. (color online) The Arrhenius plots of the electron emission rates
for the Ey;, Ey;, and E3; (i =0, 1, 2, 3, and 4) deep-defect levels.

To further gain insight into the physical origins of dom-
inant deep level E3; detected in the Al,Ga;_,N, their energy
positions are plotted in Fig. 6 as a function of the Al composi-
tion. The energy position was referred to the maximum of the
valence band. Figure 6 also includes the DLTS data of dom-
inant deep levels reported for GaN,!>=271 Alj 1»Gag ggN, 28]
and Alg 17Gag $3N.[21 For AIN, we plotted the deep-level

emission energies in CL spectra.l*’l To plot the conduction
band edge E., reported band data, which were determined by
optical observation,*!" cathodoluminescence®?! and photo-

1331 were used

reflectance measurements at room temperature,
as a function of the Al composition. As shown in Fig. 6,
there is a tendency whereby the energy position of the dom-
inant deep level E3; approaches the midgap as the Al compo-
sition increases. Kimihito er al.l'%! once observed two dom-
inant deep levels with activation energies higher than 1.0 eV
in Al,Ga;_,N with x = 0.25 and 0.37. To further investigate
the behavior of the dominant level E3;, the experimental data
are referred to the Fermi level stabilization energy, Ers, calcu-
lated by Walukievicz ef al.,’*! as indicated by the broken line
in Fig. 6. Unexpectedly, the energy position of E3; follows
the Erg trace well. On the basis of an amphoteric native defect
model, Walukiewicz proposed the Fermi level stabilization en-
ergy as a pinning energy level in GaAs.[*! First principles cal-
culations predict that the formation energies of simple defects
(vacancies, interstitials and anti-site defects) in III-V semicon-
ductors strongly depend on the Fermi level position. [36-37]
Figure 6 indicates the possibility that the origin of the E3;
is related to amphoteric native defects or their complex. In
GaN, for example, the formation energies of Vg, and Vy be-

1381 In this case,

come equal when Fermi level approaches Efs.
interactive defect transformation (Vg, + NN <> Nga + VN or
VN + Gaga ¢ Gan + Vga) can create a defect complex, in-
cluding anti-site defects and divacancies (Ng, + VN + Vga or
Gan + Vga + Vn). In AlGaN with high Al compositions, the
formation energy of V4 is much lower than that of Va2
leading to the Erg position near the midgap, as shown in Fig. 6.
In addition, it is likely that V) can play a leading part in the
interactive defect transformation. In such a case, the origin
of the dominant deep levels E3; in high Al composition Al-
GaN is related to a complex consisting of (Na;+ Va1 + V) or
(Aly 4+ Va1 + VN).

On the other hand, Onuma et al.1**! and Uedeono et

al.BY pointed out that the complex defects consisting of
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cation vacancies and oxygen (Vi—Ox) could create deep lev-
els in Al,Ga;_,N alloys. A vacancy trapping mechanism for
carbon—vacancy complex formation showing that C atoms are
easily trapped in the vicinity of vacancy was also proposed. [4°]
Therefore, the oxygen-related or C-related complex point de-
fects maybe the origin of deep levels E3; in Al,Ga;_,N alloys

observed in our study.

GiJN AlGaN AIN
T T T T T ‘ T T T T T *
6 4
> 4F B
v
~
)
bﬂ -
B
=
H 2} 4
GalN DLTS Fermi level stabilization energy |
Or 4
E, |
1 L 1 L 1 L 1 L 1 L 1
0 0.2 0.4 0.6 0.8 1.0

Al composition/x

Fig. 6. (color online) Energy positions of the dominant deep levels E3;
(i=0,1,2,3, and 4) detected in Al,Ga;_,N samples (red square) as a
function of Al compositions. Other symbols show data from Refs. [25]—
[30]. The broken line indicates the Fermi level stabilization energy.

4. Conclusions

The localized deep levels in n-type Al,Ga;_,N epitaxial
thin films with various Al compositions have been investigated
by means of HT-DLTS and other electrical measurement tech-
niques. The deep levels with the activation energies of E3j,
E3p, E3z, and E3q of 1.02, 1.07, 1.12, and 1.22 eV, respec-
tively, have been observed in Al,Gaj_,N films with x = 0.14,
0.24,0.33, and 0.43. The energy positions of the E31, E3), E33,
and E34 in the Al,Gaj_4N closely follow the Fermi level sta-
bilization energy on the basis of the amphoteric defect model,
indicating that the possible origin of the E3; is the defect com-
plex, including anti-site defects and divacancies in Al,Ga;_,N
films.
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