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Defects in the Al2O3(25 nm)/GaN structure were probed by using monoenergetic positron beams.

Al2O3 films were deposited on GaN by atomic layer deposition at 300 �C. Temperature treatment

above 800 �C leads to the introduction of vacancy-type defects in GaN due to outdiffusion of atoms

from GaN into Al2O3. The width of the damaged region was determined to be 40–50 nm from the

Al2O3/GaN interface, and some of the vacancies were identified to act as electron trapping centers.

In the Al2O3 film before and after annealing treatment at 300–900 �C, open spaces with three differ-

ent sizes were found to coexist. The density of medium-sized open spaces started to decrease above

800 �C, which was associated with the interaction between GaN and Al2O3. Effects of the electron

trapping/detrapping processes of interface states on the flat band voltage and the defects in GaN

were also discussed. Published by AIP Publishing. https://doi.org/10.1063/1.5026831

I. INTRODUCTION

Gallium nitride (GaN) and its related alloys [(AlInGa)N]

are ideal semiconductors for high-power and high-speed

electronics because of their beneficial physical properties,

such as a wide bandgap, high saturation electron velocity,

sufficient thermal conductivity, and high breakdown volt-

age.1,2 GaN-based metal-semiconductor field-effect transis-

tors (MESFETs), therefore, have been extensively studied as

next-generation power devices.3–5 The application and per-

formance of GaN-MESFET, however, were restricted

because of their relatively large gate leakage current through

the Schottky contact and their normally on operation mode.

To suppress the leakage, metal-oxide-semiconductor (MOS)

gate stacks for GaN-based devices have been studied exten-

sively. However, compared to Si- and SiC-based MOS devi-

ces, forming uniform thin thermal oxides on GaN is difficult.

In addition, Ga2O3 is not suitable as an insulator because of

its insufficient band offsets for GaN.6–9 Thus, techniques for

depositing oxide or nitride films on GaN and their electrical

properties have been extensively studied.10–20 Among many

candidates, Al2O3 prepared using atomic layer deposition

(ALD) is seen as an attractive candidate for GaN-based

MOS devices because of its high conduction-band offset on

GaN, high dielectric constant, and high breakdown field.

The deposition of gate oxides tends to introduce high-

density carrier traps at the interface, and they are the major

obstacles in device fabrication. For widegap semiconductors,

the energy levels of those traps could be located far from

valence or conduction bands exhibiting long-time constants

for charge emission at room temperature. This could be an

origin for the degradation of the device reliability, such as

threshold voltage (Vth) instability. For high-k films deposited

by ALD for Si-based MOSFET, post-deposition annealing is

usually done at around 1000 �C to improve the quality of the

films and high-k/Si interfaces.21 Compared to Si or SiC,

because the interfacial reaction of the insulator and GaN

could occur easily, the post-deposition annealing tempera-

ture should be kept as low as possible. Here, the reaction

involves not only chemical reactions between oxides and

GaN, but also the mass exchange between insulators and

semiconductors. Thus, knowledge on the interface reaction

between oxides and GaN is a key to developing GaN-based

MOS devices. Positron annihilation is a useful technique for

characterizing vacancy-type defects in semiconductors,22,23

and it has been successfully used to detect defects in

GaN.24–27 This technique is also useful for detecting open

spaces in thin amorphous films deposited on semiconductor

substrates.28,29 In the present study, we used monoenergetic

positron beams to study reactions between ALD-Al2O3 and

GaN during post-deposition annealing and annealing behav-

iors of open spaces in ALD-Al2O3.

II. EXPERIMENT

The GaN templates used in this study were 5-lm-thick

Si-doped GaN grown on cþ-GaN substrates by metal-organic

vapor phase deposition. Top GaN layers with a Si concentra-

tion of 2� 1016 cm–3 were grown by hydride vapor phase

epitaxy (HVPE). The density of the threading dislocations of

the templates was estimated to be lower than 107 cm–2 by

wet etching. Before depositing ALD-Al2O3, the templates
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were treated with a sulfuric acid peroxide mixture

(H2SO4:H2O2¼ 1:1). Using low-energy ion scattering spec-

troscopy, it was found that this treatment formed a sub-nm-

thick GaOx layer (native oxide) on the template surface,30

and 25-nm-thick Al2O3 films were deposited on the template

by using the ALD method. Trimethylaluminium [TMA:

Al(CH3)3] and H2O were used as precursor and oxidant gas,

respectively, and the growth temperature was 300 �C. The

Al2O3/GaN samples were annealed up to 900 �C for 5 min in

a N2 atmosphere.

For measurements of the electrical properties, a Pt(100 nm)

layer was deposited on the ALD-Al2O3 film through a

shadow mask to provide gate contacts and Pt(100 nm)/

Ti(20 nm) ohmic contacts were deposited on the GaN sub-

strate. The C–V characteristics were measured at a frequency

of 1 MHz using an Agilent B1500A semiconductor device

parameter analyzer. The flat-band voltage Vfb was estimated

from the C–V data using a simulation program.31 The

current-voltage (I–V) measurement was performed using a

Keithley 4200-SCS semiconductor characterization system.

The measurements were done in darkness and under illumi-

nation with a semiconductor laser (wavelength¼ 375 nm).

Photoluminescence (PL) spectra of the Al2O3/GaN samples

were measured by using a 325-nm He-Cd laser as an excita-

tion source and a Princeton Instruments SP-300i

monochromater. All measurements were performed at room

temperature.

Details on the positron annihilation technique are

described elsewhere.22,23,32,33 In the present experiment, the

Doppler broadening spectra of the annihilation radiation

were measured using a Ge detector as a function of the inci-

dent positron energy E in darkness, while the sample was

illuminated with a 325-nm He-Cd laser. The laser beam was

defocused at the sample position, and the total area of the

sample was illuminated with an irradiance of 10 mW/cm2.

The measured spectra were characterized by the S parameter,

defined as the fraction of annihilation events in the energy

range of 510.24–511.76 keV. The measured S(E) profiles

were analyzed by VEPFIT, a computer program developed

by van Veen et al.34 In the analysis, the sample structure was

divided into three or four blocks. The S–E curves were fitted

by using

S Eð Þ ¼ SeFe Eð Þ þ SsFs Eð Þ þ RSiFi Eð Þ; (1)

where Fe(E) is the fraction of non-thermalized (epithermal)

positrons annihilated at the surface and Fs(E) and Fi(E) are the

fractions of thermalized positrons annihilated at the surface and

in the i-th layer, respectively [Fe(E)þFs(E)þRFi(E)¼ 1]. Se,

Ss, and Si are S parameters that correspond to the annihilation

of epithermal positrons at the surface, that of thermalized posi-

trons at the surface, and that of positrons in the i-th layer,

respectively.

The lifetime spectrum of positrons implanted into the

Al2O3 film was measured by using a pulsed monoenergetic

positron beam35 at the NEPOMUC positron source of the

Technische Universit€at M€unchen.36,37 Approximately 4� 106

counts were accumulated for a lifetime spectrum. The spec-

trum SLT(t) is given by SLT(t)¼R (1/si) Ii exp(–t/si), where si

and Ii are the positron lifetime and the intensity of the i-th
component, respectively (RIi ¼ 1). The spectra were analyzed

with a time resolution of about 200 ps [full-width at half-

maximum (FWHM)] by using the RESOLUTION computer

program.38

Using electron energy loss-spectroscopy, Kimoto

et al.39 characterized ALD-Al2O3 formed on the Si substrate.

They reported that observed energy-loss near edge structures

were well explained by assuming Al atoms tetrahedrally and

octahedrally coordinated by oxygen (denoted as Td and Oh

sites, respectively), suggesting that the atomic coordinate of

ALD-Al2O3 is close to that of c-Al2O3. Consequently, in the

present work, the positron lifetimes in c-Al2O3 were calcu-

lated using the QMAS (Quantum MAterials Simulator) code.

Details of the calculation procedure are described else-

where.40,41 In a spinel-like c-Al2O3 structure, eight Al vacan-

cies (VAls) exist in three spinel unit cells to satisfy

stoichiometry. Depending on the growth technique or condi-

tions of c-Al2O3, VAls could locate at both Td and Oh sites,

but the first-principles calculation suggested that VAls prefer-

entially are located at Oh sites.42,43

In the present work, calculations were performed on a

monoclinic supercell equivalent to three conventional spinel

unit cells.44 The supercell was constructed as follows.

According to Ref. 44, lattice vectors a¼ a0(0,1/2,1/2),

b¼ a0(1/2,0,1/2), and c¼ a0(3/2,3/2,0) were constructed,

where a0 represents an experimentally obtained cubic spinel

lattice constant (0.7911 nm).45 Then, a compact unit cell was

obtained by changing bases; a0 ¼ –b, b0 ¼ b – a, and

c0 ¼ aþ b – c. Finally, the supercell with dimensions of

2a0 � 2b0 � c0 was constructed. In the supercell, the total

number of Al sites was 72 and eight Al atoms were removed

from the cell using random numbers. The calculations were

done for the supercells with VAls at the Oh site and those

with VAl at Oh and Td sites. Atomic positions in the fixed cell

were computationally optimized through a series of first-

principles calculations. For each system, we assumed a neu-

tral charge state. The enhancement factor of the positron

wave functions used in the calculation was given by

c¼ 1þ (cBN – 1) (1 – 1/e1), where cBN is the Boro�nski-

Nieminen enhancement factor.46 For the high-frequency

dielectric constant, e1, we used a value of 3.0 by a reference

to e1 of a-Al2O3.47

III. RESULTS AND DISCUSSION

A. Defects and open spaces in the Al2O3/GaN
structure

Figure 1 shows the S values of the Al2O3(25 nm)/GaN

samples before and after annealing at 800 �C and 900 �C. All

measurements were performed in darkness. The S value

decreased as E increased due to positron annihilation in the

GaN template. The S value for positron annihilation in

HVPE-GaN was reported to be 0.441 corresponding to posi-

tron annihilation in defect-free GaN.48,49 Using the relation-

ship between the mean implantation depth of positrons and

E,22 the E value corresponding to the thickness of the Al2O3

film was calculated to be 2 keV. For the as-deposited sample,

therefore, the observed increase in the S value at E ffi 1 keV
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was associated with the annihilation of positrons in the

Al2O3 film. The S value for a bulk a-Al2O3 sample with no-

defect response was obtained to be 0.415. The large S value

at E ffi 1 keV, therefore, suggests the annihilation of posi-

trons trapped by open spaces in the amorphous structure. For

the annealed samples, the S value at E ffi 1 keV decreased,

but humps appeared at E¼ 2–3 keV, which can be attributed

to the introduction of vacancy-type defects below the Al2O3/

GaN interface.

The obtained S–E curves were analyzed by using the

VEPFIT code, and the solid curves in Fig. 1 were fitted to

the experimental data. In the fitting, the region sampled by

positrons was divided into three blocks for the as-deposited

sample and into four blocks for the annealed samples,

respectively. Here, the first and second blocks correspond to

the annihilation of positrons in the Al2O3 film. The inset of

Fig. 1 shows the derived depth distributions of S obtained

from the fittings. For the annealed samples, the vacancy-type

defects were found to be introduced up to a depth of

40–50 nm from the Al2O3/GaN interface. For group-III

nitride semiconductors, a cation vacancy is the trapping cen-

ter of positrons, but the N vacancy (VN) does not trap a posi-

tron because of its positive charge.32,33 Thus, the species of

defects causing the increase in S can be identified as Ga

vacancies (VGas) and/or their complexes such as (VGa)n(VN)m

(n, m¼ 1, 2, 3…). The introduction of such vacancies can be

attributed to the atomic diffusion from the GaN substrate

into the Al2O3 film during the annealing treatment.

Figure 2 shows the PL spectra measured for the Al2O3/

GaN samples before and after annealing at 300, 800, and

900 �C. For the as-deposited sample, the PL spectrum mainly

exhibited ultraviolet (3.2–3.6 eV) and yellow luminescence

(about 2.2 eV) bands. Ultraviolet luminescence (UVL) corre-

sponds to near band edge (NBE) emission, and the peak

broadening on the lower energy side could be due to an

incorporation of luminescence originating from excitons

bound to defects, donor-acceptor-pair transitions, etc.50

Yellow luminescence (YL) is typical for GaN containing

complexes of vacancies and oxygen or carbon.50–52 The

intensity of the NBE emission increased after temperature

treatment at 300 �C, which could be due to the improved

crystal quality near the Al2O3/GaN interface. However, the

S–E curve for the as-grown sample can be analyzed without

assuming the defective region in GaN, suggesting that the

introduction of vacancy-type defects was not observed

before annealing. After annealing at 800 and 900 �C, both

UVL and YL are significantly lower. Because the penetration

depth of the He-Cd laser light is estimated to be about

100 nm for GaN, the excitation of electrons mainly occurs

just below the Al2O3/GaN interface. The observed decrease

in PL intensities, therefore, can be attributed to non-radiative

recombination centers introduced near the Al2O3/GaN

interface.

Figure 3 shows the annealing behavior of (a) the inten-

sity of NBE, (b) Vfb derived from the C–V measurements,

and (c) the S values for the Al2O3/GaN samples. The S val-

ues at E¼ 0.8 and 2.2 keV correspond to the annihilation of

positrons in the Al2O3 film and in the GaN template just

below the Al2O3/GaN interface, respectively. To increase

statistical accuracy, those S values were averaged by using

the values measured at E¼ 0.7–0.9 and 2.0–2.4 keV, respec-

tively. The statistical error of the S value is 5� 10 –4, and the

corresponding error bars are smaller than the size of symbol

used in the figure. At 800 �C annealing, the decrease in S at

E¼ 0.8 keV suggests that the size of open spaces decreased

in the Al2O3 film. At this temperature, because the suppres-

sion of PL was observed, the defects introduced below the

Al2O3/GaN interface (inset of Fig. 1) were likely to act as

non-radiative recombination centers.

Figure 3(b) shows the annealing behavior of Vfb mea-

sured in darkness and under illumination. An ideal Vfb for

the gate stack used in the present work was calculated to be

1 V. For the as-deposited sample, a negative Vfb value was

observed. A similar behavior of Vfb for Al2O3/GaN stacks

was often reported, and this was attributed to the presence of

FIG. 1. S parameters as a function of incident positron energy E for the

Al2O3(25 nm)/GaN sample before and after annealing treatments (800 �C
and 900 �C). Solid curves are fits to experimental data. The inset shows the

depth distributions of S obtained from fitting.

FIG. 2. PL spectra of Al2O3(25 nm)/GaN samples before and after anneal-

ing. Suppression of PL intensity for samples after annealing at 800 and

900 �C is attributed to the introduction of non-radiative recombination cen-

ters in the template.
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positive charges fixed at the interface.16,19,20 The Vfb value

increased as the annealing temperature increased, suggesting

that the density of net positive charges decreased due to

annealing up to 900 �C. Under illumination, the value of Vfb

decreased, but the difference between the values measured

with and without illumination decreased as the annealing

temperature increased. We will come back to this point later.

Figure 4 shows the relationship between the current den-

sity J and the electric field Eeff applied in the template for

the Al2O3(25 nm)/GaN sample before and after annealing

treatments (600–900 �C). The leakage of the Al2O3/GaN

stack was suppressed with increasing annealing temperature

up to 700 �C. For the samples annealed at 800 and 900 �C,

however, spike-like leakage started to appear. The observed

degradation of the leakage current blocking capability is con-

sidered to relate to the change in the amorphous structure of

the Al2O3 film after annealing above 800 �C.

For the samples before and after annealing at 800 and

900 �C, the lifetime spectra of positrons were measured at

E¼ 1 keV, which correspond to the annihilation of positrons

in the Al2O3 film. The lifetime spectra were decomposed

into three components, and the obtained lifetimes with corre-

sponding intensities are shown in Fig. 5. Standard deviations

of these parameters are smaller than the size of symbols used

in the figure. The third lifetime (s3) is typical for the annihi-

lation of positronium (Ps: a hydrogen-like bound state

between a positron and an electron). When a positron is

trapped by an open space, it could couple with an electron

and form Ps. Ps exhibits two spin states: para-Ps (p-Ps), a

singlet state, and ortho-Ps (o-Ps), a triplet state.53 The intrin-

sic vacuum lifetimes of p-Ps and o-Ps are 125 ps and 142 ns,

respectively. P-Ps annihilates via the 2-c process, and the

energy of the emitted c-rays is 511 keV. Thus, the value of S
is sensitive to the formation probability of Ps. When o-Ps is

trapped in a void, the positron may annihilate with a sur-

rounding electron of opposite spin, resulting in the emission

of two c-rays instead of 3c-annihilation. A large open space

reduces the probability of this so-called pick-off process and

increases the o-Ps lifetime. According to the relationship

between the o-Ps lifetime and the void size used for amor-

phous polymers,53 the diameter of the voids (which are

assumed to be spherical) in the as-deposited and annealed

samples can be estimated to be 0.6 and 0.9 nm, respectively.

FIG. 3. (a) PL intensity corresponding to NBE, (b) Vfb, and (c) S measured

at E¼ 0.8 and 2.2 keV before and after annealing. Values of Vfb and S at

E¼ 2.2 keV were measured both in darkness and under illumination,

respectively.

FIG. 4. Current density J and electric field Eeff applied in the template for

the Al2O3(25 nm)/GaN sample before and after annealing treatments

(600–900 �C).

FIG. 5. (a) Positron lifetimes (s1, s2, and s3) and (b) their intensities (I1, I2,

and I3) measured at E¼ 1 keV for Al2O3/GaN samples before and after

annealing. In this energy range, almost all positrons annihilate in the Al2O3

film. The values of s1, s2, and I2 decrease as annealing temperature

increases, suggesting that the matrix structure of the Al2O3 film shrunk.
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Because the I3 values are 1%–3%, however, they are not the

major open spaces in the Al2O3 film.

The lifetime of positrons annihilated from the free state

in crystalline a-Al2O3 was 143 ps.54 Because the first and

second positron lifetimes (s1 and s2) were longer than this

value (Fig. 5), they are associated with the annihilation of

positrons trapped by open spaces. The intrinsic lifetime of p-

Ps (0.125 ns) is likely to be involved in the s1 value, but its

effect is small (because of a small I3). Thus, one can con-

clude that open spaces with three different sizes coexisted in

the as-deposited Al2O3 film, and this is also true for the film

annealed up to 900 �C. As shown in Fig. 5, the values of s1,

s2, and I2 decreased as the annealing temperature increased,

suggesting that the amorphous structure shrunk and the open

spaces and their density decreased as well.

Figures 6(a) and 6(b) show an example of atomic config-

urations of c-Al2O3 used in the calculation and a correspond-

ing distribution of the positron density, respectively. Light

blue, red, and black circles correspond to Al, O, and VAl,

respectively. Figures 6(c) and 6(d) show another set of

atomic configuration and positron density distribution. For

the supercell shown in Figs. 6(a) and 6(c), the positron life-

times were obtained to be 0.220 ns and 0.245 ns, respec-

tively. In Fig. 6(c), three VAls locate near the center of the

supercell. This caused the localization of positrons at the

center, and the large open space increased the positron life-

time. In Fig. 6(b), the positrons of VAls were rather scattered,

shortening the positron lifetime.

Figure 7 shows the frequency distributions of the calcu-

lated positron lifetimes for c-Al2O3. The mean positron life-

time was obtained to be 0.242 ns. Because this value is close

to s1 shown in Fig. 5, the first annihilation mode can be

attributed to the positron annihilation in the atomic structure

close to that of c-Al2O3. The s1 value decreased from 0.26 ns

to 0.24 ns with increasing annealing temperature. According

to the simulation results shown in Fig. 6, annealing could

cause the dissociation of VAl clusters.

B. Effects of illumination on GaN and Al2O3/GaN
stacks

Figure 8 shows the S–E curves for the GaN template

measured in darkness and with illumination. The mean

implantation depth of positrons is shown on the upper hori-

zontal axis. The S value increased as E decreased, which cor-

responds to the diffusion of positrons toward the surface.

From the fitting of the S–E curve for the sample measured in

darkness, the diffusion length of positrons toward the surface

Ld was derived as 59 6 1 nm. The S–E curve measured with

illumination can be fitted by using the value of Ld obtained

for the result measured in darkness. A major origin that

causes a difference in S–E curves with and without illumina-

tion is the differences in the values of Ss, which were

obtained to be 0.4715 6 0.004 and 0.4432 6 0.004 for the

sample without and with illumination, respectively. For bulk

GaN grown by supercritical acidic ammonothermal technol-

ogy, a similar illumination effect on the S–E curve was

reported previously, and the details on what causes the

decrease in the S value are given in Ref. 48.

The inset of Fig. 8 shows a schematic band diagram of

an n-type semiconductor under illumination, where EV and

EC are the energies of the valence-band maximum and the

conduction-band minimum, respectively.55 A circle and a

square represent an electron and a hole, respectively. The

electric field caused by upward band bending causes

FIG. 6. Examples of atomic configurations of c-Al2O3 used in the calcula-

tion [(a) and (c)] and corresponding distributions of the positron densities

[(b) and (d)]. Light blue, red, and black circles correspond to Al, O, and VAl,

respectively. The positions of eight vacant Al sites in the supercell were

determined using random numbers.

FIG. 7. Frequency distributions of the calculated positron lifetimes for

c-Al2O3. The positron lifetimes were calculated for supercells with VAl at

the Oh site and for ones with VAl at the Td and Oh sites, respectively.
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electrons excited from the valence band to the conduction

band to be swept away from the surface and holes to diffuse

to the surface. For semiconductors, Ss is larger than Sb because

of the formation of Ps and the positron annihilation with elec-

trons at the surface. The positron wave function at the surface

could be pushed back toward the bulk by the presence of holes

at the surface, and this would suppress the positron-electron

annihilation and the Ps annihilation at the surface. As a result,

the Ss value is decreased by illumination.

For the GaN template used in the present experiment,

the recovery of the Ss value required almost one day. This

fact suggests that the decrease in the Ss value under illumina-

tion was caused by the hole accumulation at the surface due

to the suppression of the electron-hole recombination.

Electrons excited by illumination are considered to be cap-

tured by traps, which can hold electrons for a long time.

Because the bulk S value for the GaN template was close to

the defect free value, the electron traps were likely to be

non-vacancy defects or vacancies which are not detectable

by positron annihilation (such as VN).

Figure 9 shows the S–E curves for the Al2O3(25 nm)/

GaN samples without and with illumination. For the as-

deposited sample, the S value at E> 1 keV was decreased by

illumination, which is similar to the result observed for the

GaN template (Fig. 8). The decrease in S can be attributed to

the positive charges near the Al2O3/GaN interface introduced

by illumination. Figure 10 shows the schematic band dia-

grams of the samples before and after annealing. Because the

Vfb value was negative for the as-deposited sample [Fig.

3(b)], a certain amount of positive charge was located at the

interface [Fig. 10(a)]. As shown in Fig. 3(b), the value of Vfb

decreased under illumination, which suggests that neutral

traps were excited at the interface. As discussed above, the

excess electrons could be captured by the defects in the GaN

template (inset of Fig. 8). As a result, positive charges accu-

mulated at the interface [Fig. 10(b)] and prevent the diffu-

sion of positrons toward the Al2O3 film. Because the S value

in the Al2O3 film was larger than that in GaN, the decrease

in the annihilation probability of positrons in the Al2O3 film

decreased the S value.

Figure 3(c) shows the annealing behavior of S measured

at E¼ 2.2 keV for the samples with and without illumination.

The S values for the samples before and after annealing

below 700 �C were decreased by illumination, which is due

to the introduction of positive charges at the interface.

Above 800 �C, however, the S values increased under illumi-

nation, where the statistical error of the S value is smaller

than the size of the symbol used in the figure. An increase in

the S value measured under illumination was reported for the

GaN film grown on Si56,57 and ion-implanted GaN.58 Since

positrons are attracted or repelled by vacancy-type defects

through Coulomb forces, the transition of the charge state of

vacancies (V) from positive to neutral (or neutral to nega-

tive), Vþ ! V0 (or V0! V–), increases the positron trapping

probability.22 Thus, the observed increase in the S value

can be attributed to the capture of photon-excited electrons

FIG. 8. S–E curves for the GaN template measured in darkness and under

illumination. The inset shows the schematic band diagram for n-type semi-

conductors under illumination.

FIG. 9. S–E curves for as-deposited and tempered Al2O3 (25 nm)/GaN sam-

ples measured in darkness and under illumination. For the as-deposited sam-

ple with illumination, the decrease in the S value at E> 1 keV is attributed

to excitation of electron traps at the Al2O3/GaN interface.

FIG. 10. Schematic band diagrams of as-deposited Al2O3/GaN samples in

darkness (a) and under illumination (b). (b) Neutral traps are excited under

illumination and emitted electrons are captured by traps in the GaN tem-

plate. (c) Capture of electrons by vacancy-type defects introduced by out-

diffusion of atoms.
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by vacancy-type defects and the resultant charge transition

of the defects. This fact suggests that the vacancy-type

defects introduced by the reaction between the Al2O3 film

and GaN acted as electron trapping centers [Fig. 10(c)].

IV. SUMMARY

We used monoenergetic positron beams to probe

vacancy-type defects in the Al2O3/GaN structure. Al2O3

films were deposited on GaN templates by using the ALD

technique. Doppler broadening spectra were measured as a

function of incident positron energy for samples before and

after annealing (300–900 �C). After annealing at 800 �C,

vacancy-type defects were introduced into the GaN template

because of the outdiffusion of atoms from the template into

the Al2O3 film. The width of the defect-rich region was

40–50 nm from the Al2O3/GaN interface. From positron life-

time measurements of the as-deposited Al2O3 film, open

spaces with three different sizes were found to coexist in the

film. After annealing at 800 �C, the density of the medium-

sized open spaces decreases, which correlates with the inter-

action between the GaN template and the Al2O3 film.

The density of positive charges at the Al2O3/GaN inter-

face decreased as the annealing temperature increases up to

900 �C. The positive charge densities at the interface

increases under illumination due to the excitation of neutral

traps at the interface. For the samples before and after

annealing below 700 �C, the electrons excited from the inter-

face traps localize around defects in the GaN template, and

as a result, hole accumulation occurs at the interface. The

present research suggests that the interaction between amor-

phous Al2O3 and GaN not only introduces vacancy-type

defects in GaN but also changes the matrix structure of the

Al2O3 film. We also revealed that the electron trapping/

detrapping processes of interface charge states are influenced

by the defects introduced in GaN.
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