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Vacancy-type defects in Al0.1Ga0.9N were probed using a monoenergetic positron beam.

Al0.1Ga0.9N layers with different carbon doping concentrations ([C]¼ 5� 1017�8� 1019 cm�3)

were grown on Si substrates by metalorganic vapor phase epitaxy. The major defect species in

Al0.1Ga0.9N was determined to be a cation vacancy (or cation vacancies) coupled with nitrogen

vacancies and/or with carbon atoms at nitrogen sites (CNs). The charge state of the vacancies was

positive because of the electron transfer from the defects to CN-related acceptors. The defect

charge state was changed from positive to neutral when the sample was illuminated with photon

energy above 1.8 eV, and this energy range agreed with the yellow and blue luminescence. For the

sample with high [C], the charge transition of the vacancies under illumination was found to be

suppressed, which was attributed to the trapping of emitted electrons by CN-related acceptors. With

increasing [C], the breakdown voltage under the reverse bias condition increased. This was

explained by the trapping of the injected electrons by the positively charged vacancies and

CN-related acceptors. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4970984]

I. INTRODUCTION

Gallium nitride (GaN) heterojunction transistors have

been of great interest for high-voltage and high-frequency

electronics.1,2 The potential of GaN-based devices is mainly

attributed to the superior physical properties of GaN, such as

its wide bandgap, large breakdown electric field, and high

saturation electron velocity. Most GaN-based devices have

been fabricated using GaN layers grown on foreign sub-

strates, such as sapphire and SiC, using metalorganic vapor

phase epitaxy (MOVPE). Recent developments in the growth

techniques used to obtain GaN layers on Si substrates have

triggered a substantial upsurge in research activity and sig-

nificant progress has therefore been made in this field.3–6

The primary motivation for the development of the GaN-on-

Si technology is its low production cost and the availability

of large diameter substrates. In addition, further cost benefits

are expected if the devices can be processed using tools in

standard fabrication plants for Si-based devices.

During the fabrication of GaN-on-Si structures, the

large difference between the thermal expansion coefficients

of Si and GaN introduces tensile stress in the GaN layers,

which might lead to layer cracking. To avoid crack forma-

tion, AlGaN buffer layers and/or AlN interlayers can be

introduced between GaN and Si. There have been increas-

ing requirements for a buffer layer with enhanced leakage

current blocking capabilities. Thus, it is highly demanding

to control the electrical resistance of the buffer layers to

meet such requirements. An increase in the buffer thickness

is a straightforward solution; however, wafer bowing

becomes very severe when the buffer thickness exceeds a

certain value, causing problems in the device fabrication

process.

It is known that incorporating carbon (C) to the AlGaN

and GaN layers effectively increases the resistance of these

layers.7–12 According to the density functional theory,13,14 C

in GaN is an amphoteric dopant, and C substituting N (CN)

acts as a deep acceptor. A high concentration of C (�
1019 cm�3) is commonly required to obtain highly resistive

GaN and AlGaN layers. This suggests that a high concentra-

tion of deep traps is generated in the C-doped GaN and

AlGaN layers, which play an important role in the suppres-

sion of the leakage current. However, high C-doping is

expected to simultaneously introduce point and structural

defects in these layers and could be related to the formation

of leakage paths in GaN and AlGaN layers. Because point

defects in GaN and AlGaN also act as electron/hole trap cen-

ters, the study of their charge/discharge processes is of high

importance in understanding the buffer related dispersion

and current collapse issues in power transistors.15 Despite

tremendous research efforts, C-doping related point defect

generation, buffer leakage mechanism, and buffer dispersion

have by far not been well understood. Positron annihilation

is a powerful technique to evaluate vacancy-type defects in

semiconductors,16,17 and defects in group-III nitrides have

been successfully investigated using this method.18–24 In this

study, we used a monoenergetic positron beam to probe

native vacancies in Al0.1Ga0.9N layers grown on Si sub-

strates. We showed that the obtained results provided addi-

tional insights to explain the change in the leakage blocking

capability of these layers.

II. EXPERIMENTAL PROCEDURE

The stack investigated in this study consists of

AlxGa1–xN (1.8 lm)/Al0.44Ga0.56N (500 nm)/Al0.75Ga0.25N

0021-8979/2016/120(21)/215702/7/$30.00 Published by AIP Publishing.120, 215702-1
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(500 nm)/AlN (200 nm) (as depicted in the inset of Fig. 3).

The growth was carried out on 200 mm Si (111) substrates,

using a Veeco TurboDisc MaxBright MOVPE system.6,25

Trimethylgallium, trimethylaluminum, and ammonia (NH3)

were used as precursors for Ga, Al, and N, respectively. The

samples were characterized in-line using X-ray diffraction

(XRD) with a QC3 system from Bruker (CuKa1 radiation).

The mole fractions of Al, x, in the AlxGa1�xN layers were

determined as 0.1 from the XRD omega-2theta spectra. The

carbon concentration [C] in the Al0.1Ga0.9N layers was var-

ied from 5� 1017 cm�3 to 8� 1019 cm�3 by changing the

growth temperature from 1040 �C to 950 �C, where [C] was

measured by secondary ion mass spectrometry from reference

samples with the same growth conditions. For buffer leakage

measurements, square (100 lm � 100lm) metal dots were

deposited on the samples by Ti/Au metallization and lift-off.

The leakage current was measured by sweeping the voltage bias

supplied to the metal dots, with the silicon substrate grounded.

Photoluminescence (PL) spectra were measured using a 325 nm

He-Cd laser as an excitation source and a Perkin-Elmer Lambda

950 UV–visible–near infrared spectrophotometer. All measure-

ments were carried out at room temperature.

Details of the positron annihilation technique are

described elsewhere.16,17 In the present experiment, the

Doppler broadening spectra of the annihilation radiation as a

function of the incident positron energy E were measured

using Ge detectors. The spectra were characterized by the S
parameter, defined as the fraction of annihilation events over

the energy range of 510.2–511.8 keV, and by the W parame-

ter, defined as the fraction of annihilation events in the

ranges of 504.2–507.6 keV and 514.4–517.8 keV. Doppler

broadening spectra were also measured using a coincidence

system. Measurements of the Doppler broadening spectrum

were done in the dark and under illumination of a 325 nm

He-Cd laser. The laser beam was defocused at the sample

position, and the total area of the sample (size: 1 cm � 1 cm)

was illuminated with an irradiance of 10 mW/cm2. The rela-

tionship between the S value and the photon energy was

measured using a spectrometer with a Xe lamp. The irradi-

ance of the spectrometer depends on the photon energy

(0.02–0.2 mW/cm2), but no relationship between S and the

irradiance was observed in the present experiment. The rela-

tionship between S and E was analyzed using VEPFIT

(Variable Energy Positron FIT), a computer program devel-

oped by van Veen et al.26 The application of the VEPFIT

code to GaN is described elsewhere.27

Doppler broadening spectra corresponding to the annihi-

lation of positrons from the delocalized state in

Al0.125Ga0.875N and CN in GaN were theoretically calculated

using a computational code QMAS (Quantum MAterials

Simulator),28 which adopts the projector augmented-wave

method29 and the plane-wave basis. The exchange and corre-

lation energy of electrons were described by the generalized

gradient approximation.30 We used the Boro�nski-Nieminen

enhancement factor and positron-electron correlation energy31

with a small modification to deal with semiconductors.32

Further details are described in Ref. 33. Those calculations

were performed on an orthorhombic supercell. The supercell

dimension was 2
ffiffiffi

3
p

a0� 4 a0� 2 c0, where a0¼ 0.3189 nm

and c0¼ 0.5186 nm are the lattice parameters of the wurtzite

cell. Atomic positions in the fixed cell (with the experimental

lattice parameters) were computationally optimized through a

series of first-principles electronic-structure calculations. The

bulk structure of Al0.125Ga0.875N was generated by means of

the special-quasirandom-structure approach.34 Atomic posi-

tions were then optimized by first-principles quenched molec-

ular dynamics. The simulated Doppler broadening spectrum

was characterized by S and W. The values of S and W for

Al0.1Ga0.9N were obtained by an interpolation between the

values for GaN and Al0.125Ga0.875N.

III. RESULTS AND DISCUSSION

Figure 1 shows the relationship between leakage current

density J and reverse bias voltage VR for Al0.1Ga0.9N with dif-

ferent carbon concentrations ([C]¼ 5� 1017�8� 1019 cm�3).

For the Al0.1Ga0.9N with [C]¼ 5� 1017cm�3, a sudden

increase in the leakage occurred at �35 V with a very steep

slope and the leakage current density was then suppressed

until �190 V. Above 200 V, the leakage started to increase

again. A similar behavior of the J�VR relationship was

observed for Al0.1Ga0.9N with [C]¼ 3� 1018cm�3, but the

initial leakage started at �130 V with a J more than one order

of magnitude smaller than that from the Al0.1Ga0.9N with

[C]¼ 5� 1017 cm�3. The further increase of the leakage took

place only from �270 V. With increasing [C] (�2

� 1019 cm�3), the initial leakage current at the bias voltage

below 200 V was effectively suppressed and the slope of J is

much lower for the sample with the highest [C]. An initial

leakage increase followed by a suppression at a low reverse

bias has been reported previously, and it was attributed to the

space-charge-limited current (SCLC) conduction process.35,36

However, the initial leakage increase slope in our case was

too high to be possibly explained by the SCLC model37,38 or

other conduction mechanisms alone. An in-depth investigation

on this observation is on-going and the results will be

FIG. 1. Current density J and reverse bias voltage VR characteristics for

Al0.1Ga0.9N with different carbon concentrations

([C]¼ 5� 1017�8� 1019 cm�3).
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published elsewhere. Nevertheless, it is very clear that this ini-

tial leakage at low bias voltage is [C] dependent, and a high

[C] of �2� 1019cm�3 can completely suppress the initial

leakage. In the region of a high reverse bias of >200 V, the

leakage seemed to follow the Poole-Frenkel conduction

model, evidenced by a linear relation between ln(J/Evf) and

E
1=2
vf (where Evf is the vertical electric field applied to the sam-

ple), as shown in Fig. 2. In this figure, lines are results of lin-

ear fittings, where fitting regions for the samples with

[C]¼ 5� 1017, 3� 1018, 2� 1019, and 8� 1019 cm�3 are

850�1100, 1050�1200, 1150�1350, and 1300�1400 (V/

cm)1/2, respectively. A similar observation for the leakage cur-

rent at a high electric field has been also made by other

groups.39,40 As [C] increases, ln(J/Evf)�E
1=2
vf curves gradually

became super-linear, suggesting a gradual deviation from a

pure Poole-Frenkel conduction mechanism as increasing [C].

Figure 3 shows the S values of the Al0.1Ga0.9N layer with

[C]¼ 5� 1017 cm�3 as a function of incident positron energy

E. The mean implantation depth of positrons is shown on the

upper horizontal axis. The S value increased with decreasing

E (<3 keV), which corresponds to the diffusion of positrons

towards the surface. The increase in the S value at E> 20 keV

is mainly due to the annihilation of positrons in Si. The solid

curves shown in Fig. 3 are fitting curves of the experimental

data; here, a reasonable agreement between the experimental

data and the fitting curves was obtained using the sample

structure described in Section II. The diffusion length of posi-

trons, Ld, was obtained to be 5 6 1 nm for Al0.1Ga0.9N without

illumination. The typical value of Ld for defect-free (DF)

undoped GaN is reported to be 60�90 nm.27,41,42 The diffu-

sion length of positrons decreases due to several factors, such

as the trapping of positrons by vacancy-type defects and scat-

tering from charged impurities. As discussed later, the S value

for Al0.1Ga0.9N measured in the dark was close to that of the

positron annihilation from the delocalized state of GaN, sug-

gesting that the trapping fraction of positrons by vacancies is

small. The observed short diffusion length is likely to be

caused by the scattering/trapping of positrons by charged

defects such as positively charged vacancies and C-related

defects. We will elaborate this observation in the later part of

this section.

As shown in Fig. 3, the S values corresponding to the

annihilation of positrons in Al0.1Ga0.9N were increased by

illumination of He-Cd laser light. The transition of the

charge state of vacancy-type defects (V) from positive to

neutral (or neutral to negative), V þ ! V0 (or V 0 ! V�),

increases the trapping probability of positrons.16 Thus, the

observed increase in the S value can be attributed to the cap-

ture of electrons by vacancy-type defects and a resultant

charge transition of the defects.

For Al0.1Ga0.9N with different [C], Doppler broadening

spectra were measured using the coincidence system. In

these measurements, the value of E was fixed at 10 keV

(mean implantation depth of positrons is 200 nm). Figure 4

shows the S�W plot for Al0.1Ga0.9N with and without illumi-

nation. The (S,W) value for GaN grown by hydride vapor

phase epitaxy (HVPE) is also shown, where the value was

measured at E¼ 30 keV. The (S,W) value for HVPE-GaN

represents the value for the positron annihilation from the

delocalized state in GaN.27 The (S,W) values for defect free

(DF)-GaN, DF-Al0.1Ga0.9N, and typical defects in GaN sim-

ulated using the QMAS code are also shown.27,33,43,44 In this

figure, a Ga vacancy VGa (or (VGa)2) coupled with nitrogen

vacancies VNs, carbon, and oxygen at nitrogen sites is shown as

VGa(VN)m, (VGaVN)2, VGa(ON)n, and VGa(CN)l, (n, m, l ¼ 1–4),

respectively.

When a sample contains vacancy-type defects, positrons

may annihilate from the delocalized state and the trapped

state of the defects. In this case, the (S,W) value is obtained

as a weighted average of the characteristic (S,W) values for

those states and should lie on a line connecting them. If the

FIG. 2. Relationship between ln(J/Evf ) and E
1=2
vf for Al0.1Ga0.9N with

[C]¼ 5� 1017�8� 1019 cm�3.
FIG. 3. S parameters as a function of incident positron energy E for

Al0.1Ga0.9N with [C]¼ 5� 1017 cm�3. The measurement was done in the

dark and under illumination of He-Cd laser light. The inset shows the layer

structure of the sample.
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sample contains more than one defect species, the (S,W)

value corresponding to the trapped states of vacancies

becomes a weighted average of characteristic values of those

defects. As shown in Fig. 4, the difference between the (S,W)

values for DF-GaN and DF-Al0.1Ga0.9N is small. Thus, the

(S,W) values for cation vacancy (VIII) related defects in

Al0.1Ga0.9N, such as VIII(VN)m, VIII(ON)n, and VIII(CN)l, are

expected to be close to the (S,W) values for such defects in

GaN. The relationship between the (S,W) values for HVPE-

GaN and Al0.1Ga0.9N with [C]¼ 3� 1018 cm�3 (measured in

the dark) was close to that of the simulated values for DF-

GaN and DF-Al0.1Ga0.9N, suggesting that almost all posi-

trons annihilate from the delocalized state. For Al0.1Ga0.9N

with different [C], the S values measured under illumination

are located on a straight line. This means that the probed

defect species in those samples are the same. These (S,W)

values are located on the right-hand side of the line that con-

nects the values for DF-GaN and VGa. Thus, the defect spe-

cies in Al0.1Ga0.9N is unlikely to be pure VIII or VIII coupled

with ONs, but to be vacancy agglomerates such as VIII(VN)n

and (VIIIVN)2, or complexes between VIII-type defects and

CNs. The dislocation density of the samples was estimated to

be around or less than 1� 1010 cm�2 according to the planar

view transmission electron microscope inspection. The mean

distance between dislocations, therefore, can be estimated to

be an order of 100 nm. For the present samples, the diffusion

length of positrons was obtained to be 5 nm. This short diffu-

sion length suggests that the positrons mainly annihilate in

the region where they reached the thermalized condition.

Thus, the dislocation is not the major trapping site of posi-

trons in the present samples.

The defect concentration in Al0.1Ga0.9N with

[C]¼ 5� 1017 cm�3 was estimated as follows. According to

the trapping model of positrons,16 the observed S value, Sobs,

is given by Sobs¼ Sf (1 � Fd)þ SdFd, where Sf, Sd, and Fd

are the S values corresponding to the annihilation of posi-

trons from the free state, which trapped by the defect, and

the trapping fraction of positrons by the defect, respectively.

The relationship between Fd and the defect concentration Cd

is given by Fd¼ldCd / (kfþldCd), where ld and kf are the

trapping rate of positrons and the annihilation rate of posi-

trons from the free-state, respectively. Assuming that the

major defect species is VGa(VN)2, we use the calculated S
value of VGa(VN)2 as Sd. This Sd value was normalized by the

calculated S value for DF-GaN (Sd/Sf¼ 1.108). The observed

S value was normalized by using S for HVPE-GaN (1.031).

The typical value of ld for a neutral monovacancy is

5� 1014 s�1.16 Using kf calculated by the PAW method

(6.27� 109 s�1), Cd was estimated to be 4� 1017 cm�3.

When we use S for VGa(CN)4 as Sd, its concentration was

estimated to be 7� 1017 cm�3, which is at the same order of

magnitude as the [C] for this sample.

Using the averaged value of those estimated [C]

(6� 1017 cm�3) above and ld for a positively charged mono-

vacancy (3� 1013 s�1, Ref. 16), Sobs for the positively

charged defect can be estimated to be 0.447, which reason-

ably agrees with the S value obtained without illumination

(0.4487). Thus, we can conclude that the behavior of S for

the samples with and without illumination can be explained

by assuming the presence of positively charged VIII-type

defects in Al0.1Ga0.9N. The introduction of the positively

charged vacancies can be associated with CN, which acts as

an acceptor (V 0þCN
0 ! VþþCN

�). In this case, because

CN does not take an electron from the valence band, it does

not contribute an increase in the carrier concentration in

Al0.1Ga0.9N.

Figure 5 shows the S value for Al0.1Ga0.9N with

[C]¼ 5� 1017 cm�3 as a function of the photon energy.

During the measurements, E was fixed at 10 keV. The PL

spectrum for this sample is also shown. The oscillation in the

spectrum is caused by the reflection of the laser light at the

front- and backside of the sample. The band gap energy of

Al0.1Ga0.9N was calculated to be 3.6 eV using the bowing

FIG. 4. Relationship between S and W corresponding to the positron annihi-

lation in Al0.1Ga0.9N measured with and without He-Cd laser illumination.

The values of [C] in Al0.1Ga0.9N are shown in the figure. The result for

HVPE-GaN is also shown. The simulated (S,W) values corresponding to the

annihilation of positrons in the delocalized state (DF) and those of positrons

trapped by vacancy-type defects in GaN are shown in the same figure.

FIG. 5. Relationship between the S value and the photon energy for

Al0.1Ga0.9N with [C]¼ 5� 1017 cm�3. During the measurement, the value of

E was set to 10 keV. The PL spectrum obtained at room temperature is also

shown.
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parameter obtained for AlxGa1�xN (0� x< 0.45).45 Thus,

the luminescence peak near 3.55 eV can be attributed to near

band edge (NBE) emission. This luminescence band seems

to be broadened on the low energy side (2.7–3.5 eV), which

is anticipated to be caused by the blue luminescence (BL)

band. It was reported that a broad BL band was observed in

semi-insulating C-doped GaN, which was attributed to the

C-related defects.46–48 A broad yellow luminescence (YL)

band with a maximum at 2.3 eV was also observed. The ori-

gin of the YL band has been a subject of debate for a long

time. However, it was often attributed to defects such as CN

or VGaON.13,46

In Fig. 5, the S value increases at a photon energy of

1.8 eV. Above 2.7 eV, a further increase in S was observed,

and it saturated at 3.2 eV. The maximum of the S value agreed

with NBE. The observed behaviors of S correlated well with

the YL and BL bands, suggesting that these emission pro-

cesses involve the interaction between the vacancy-type

defects and electrons excited by illumination. A similar

increase of S above a photon energy of 2.7 eV has been

reported for unintentionally C-doped GaN.43,44 Because the

bandgap of Al0.1Ga0.9N is larger than that of GaN, the separa-

tion between the increases in S at BL band and NBE was

clearly observed in the present experiment. The electron cap-

turing by vacancy-type defects can be divided into direct and

indirect processes. For example, the electron emitted from the

valence band is trapped by the vacancy-type defects (direct

process). For the indirect process, the electron is first excited

to the energy levels that cause NBE, and then it was captured

by the vacancies that have the energy levels lower than those

of NBE.

Figure 6(a) shows the full width at half maxima (FWHM)

values of Al0.1Ga0.9N (002) and (102) peaks obtained from

XRD x-rocking curves as a function of [C]. It can be seen

that the FWHM of both Al0.1Ga0.9N (002) and (102) peaks

monotonically increases as increasing [C], indicating a worse

crystal quality at a higher [C]. This trend agrees very well

with the widely observed behavior in III-N MOVPE and is

mainly due to a larger number of structural defects, such as

dislocations, impurity clusters, etc., introduced at a lower

growth temperature. Figure 6(b) summarizes the leakage

blocking capability of the samples. It is represented by the

breakdown voltage, VBD(R), which is defined as the voltage at

a leakage current of 10 lA/mm2 under the reverse bias condi-

tion. It can be observed that VBD(R) first increases significantly

when [C] increases from 5� 1017 cm�3 to 2� 1019 cm�3 and

then VBD(R) tends to saturate with further increasing [C] to

8� 1019 cm�3. Figure 6(c) shows the S values at E¼ 10 keV

for Al0.1Ga0.9N with and without illumination. In the region of

[C]¼ 3� 1018�8� 1019cm�3, the S values measured in the

dark increased with increasing [C]; this trend is consistent

with that of XRD measurement results. However, the S value

for Al0.1Ga0.9N with [C]¼ 5� 1017cm�3 was higher than that

for Al0.1Ga0.9N with [C]¼ 3� 1018cm�3, which can be attrib-

uted to the suppression of the trapping of positrons by defects

due to their charge transfers from neutral to positive and/or by

the trapping of positrons by carbon atoms.

The localization of positrons near CN was investigated

by theoretical calculations. Figure 7 shows the projection of

the positron densities near (a) CN and (b) (CN)4 on the super-

cell ab-plane (2
ffiffiffi

3
p

a0� 4 a0), where the horizontal (x) and

vertical (y) axes are parallel to the [10�10] and [�12�10] axes of

the wurtzite cell, respectively. The positron densities and the

supercell were cut by the x-y plane at z/c¼ 0.4. In Fig. 7(b),

the fourth carbon atom (not shown) locates above the center

of three other carbon atoms. The colors on the cross section

of the positron density represent the variations of the posi-

tron density, where the density increases following the

sequence of “green ! yellow ! red.” The charge state of

the system was assumed to be neutral. The positron density

distribution for (CN)4 is not a complete threefold symmetric,

which is due to an artifact caused by the orthorhombic super-

cell used in the simulation and does not influence the

FIG. 6. (a) FWHM values of Al0.1Ga0.9N (002) and (102) peaks obtained

from XRD x-rocking curves, (b) the breakdown voltage under reverse bias,

VBD(R), and (c) the S values at E¼ 10 keV as a function of [C].

FIG. 7. Distributions of the positron density around (a) CN and (b) (CN)4.

Green, gray, and brown circles correspond to Ga, N, and C, respectively.

The positron density increases following the color scale as “green! yellow

! red.”
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conclusion. It can be seen that a positron tends to accumulate

near CN, suggesting that CN is the shallow trapping center of

positrons. The bond distance between C and Ga was almost

identical to that between N and Ga (0.195 nm). Thus, the

major reason of the positron density modulation is the charge

re-distribution of atoms near CN. A further localization of

positrons near CN occurred for (CN)4. The (S,W) values for

CN and (CN)4 were calculated, but they were almost identical

to (S,W) for DF.

Figure 8 shows the distributions of the positron density

averaged in the ab-plane, and the difference, between the

positron densities for CN-related defects and DF-GaN, Dqþ.

Here, Dqþ equals the positron density for a particular defect

minus that for the DF-GaN. The result for VGa is also shown.

The modulation of the positron density by C-related defects

is an order of magnitude smaller than that by VGa. However,

when [C] is one or two orders higher than the concentration

of vacancy-type defects, the C-related defects could play a

dominant role over the vacancy-type defects in positron

trapping.

Using hybrid functional calculation, Lyons et al.13 sug-

gested that the absorption corresponding to transition of CN
�

to CN
0 occurs at 2.95 eV with an onset energy at 2.60 eV. This

agrees with the energy range corresponding to the increase in S
(2.7�3.2 eV in Fig. 5). For Al0.1Ga0.9N with [C]¼ 5

� 1017 cm�3, therefore, if the small S value observed in dark is

due to the localization of positrons near CN and the resultant

suppression of the trapping of positrons by vacancies, this reac-

tion (CN
� ! CN

0þ e�) would partially be an origin of the

observed optical response of S. As discussed above, however,

when [CN] is close to the concentration of neutral vacancies,

positrons are preferentially trapped by the vacancy-type

defects. Thus, taking into account of CN in the charge transfer

of the vacancy-type defects, a possible reaction that could

explain the behavior of S is CN
�þVþ ! CN

0þV0.

As shown in Fig. 6(c), the effect of illumination on S was

suppressed with increasing [C], suggesting the suppression of

the electron capture by the vacancy-type defects. Thus, the C-

related defects are considered to act as a scavenger of elec-

trons emitted under illumination, and prevent the electron cap-

ture by the vacancies. Threading dislocations have been

suggested to play a dominant role in the breakdown process

of C-doped GaN.8,11,49 The dislocations provide leakage cur-

rent paths and electron transfer can occur via a trap-assisted

tunneling processes.50 According to Fig. 6(a), there should be

a higher number of dislocations in the samples with increasing

[C], while simultaneously the buffer leakage mechanism grad-

ually deviated from a pure Poole-Frankel model. This sug-

gested that other leakage mechanisms, which we speculate to

be associated with dislocations, play a more dominant role

over the Poole-Frankel mechanism. According to the concept

of a Cottrell atmosphere,51 the concentrations of the positively

charged vacancies and/or C-related acceptors tend to increase

around dislocation cores. Those defects can act as traps for

those electrically injected electrons in the similar way as for

those photoelectrons and could suppress the hopping probabil-

ity of electrons along dislocations. This, thereby, increases the

leakage blocking capability of the carbon-doped buffer as

observed in this study.

IV. CONCLUSION

We used the positron annihilation spectroscopy to study

vacancy-type defects in Al0.1Ga0.9N layers grown on Si. The

major vacancy species was determined to be a complex

between VIII (or VIIIs) coupled with VNs and/or with CNs.

The charge state of the vacancies was determined to be posi-

tive in dark, and the trapping of emitted electrons by the

defects changed their charge state from positive to neutral.

The introduction of the positively charged vacancies was due

to the electron transfer from the defects to CN-related accept-

ors. The energy range of illumination which causes the

charge transition of the defects agreed with yellow and blue

luminescence bands, suggesting that those emission pro-

cesses involved the interaction between emitted electrons

and the vacancy-type defects.

With increasing [C] in Al0.1Ga0.9N, the breakdown volt-

age under reverse bias increased. For the samples with high

[C], the illumination effect on the defect charge was dimin-

ished, which was attributed to the electron capture by CN-

related defects. Those results suggest that the positively

charged defects and CN-related acceptors play an important

role in the suppression of leakage currents of Al0.1Ga0.9N.

We have shown that positron annihilation parameters are

sensitive to native vacancy-type defects in AlGaN grown on

Si, and that positron annihilation spectroscopy is a useful

tool for understanding the electric characteristics of buffer

layers used for GaN-based power devices.
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