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Tsukuba City is about 50 km northeast of
Tokyo and 40 km northwest of Narita.

From Akihabara Station (Tokyo)
Train: Tsukuba Express

Time: 45 min
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Tsukuba Science City
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Facilities

* National research facilities: 32 (1/3 in Japan)
» Private research facilities: 120

» National University: 1 (University of Tsukuba)

Researchers

» 20,000 researchers (10% of city population)
e 8,000 doctoral researchers

5,000 oversea researchers
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Material characterization using positron annihilation

A positron annihilates with an electron and emits two y-rays.

(_\/\/\/L_\/\/\/\_) E, = myc? = 511 keV.

From measurements of the energy distribution of y-rays and
the positron lifetime, we can detect vacancy-type defects.

v Detectable defect: monovacancy -open pore (<100 nm?3)
v' High-sensitivity (>10'° cm3 ) + non-destructive

v No restriction of sample temperature or conductivity

v' Detection of defects in subsurface region (0~1 um)

Application: semiconductor, metal, insulator, polymer, etc.

iversity of Tinkuba

Doppler broadening of the annihilation y-rays

108

Red shift <—— Blue shift
105 GaN

104

10°

Normalized counts

10?

£y =mipC?=511 keV
AF,: Doppler shift

10k iz

10°

Because of the energy and momentum conservations, the energy of y rays
is broadened due to the electron momentum, p, (parallel to the direction of

the y rays). § Doppler shift
E,=mqc? + AE, =mc?+cp, /2
I t____ Electron momentum

(1 a.u.=7.297 mrad = 1.86 keV)
Energy of y-rays
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Trapping of positrons by vacancy-type defects

A freely diffusing e* may be localized in an open space because of the
Coulomb repulsion from ion cores.

(a) Defect free | (b) Monovacancy ! (c) Vacancy-cluster

000000000000 0000000
© 00O OOOOOOOOOO s 900

ooo ooooo oooo 00
000000 0000000000000
— df : mv : cluster
Wdf i Wmv i Wcluster
Energy of y-ray : Energy of y-ray : Energy of y-ray
S parameter = Total counts W parameter = Total counts
Sdf < Sy < Scluster Wat> Wy > Weluster

Trapping of positrons by vacancy-type defects

Atom

Electron density in vacancies is
\O 00000 lower than that in interstitial site.
00 O O ‘
egas O O (ON®)
000000 Increase in the e* lifetime
0 e lz(l/r)mjp+(r)p_(r)dr

Sir ()= 14 exp(-4t)

Lifetime
Typical lifetime of e* in Si

Normalized count
=
o
w

Defect free: 216 ps
104 £ Monovacancy: 260 ps
Divacancy: 310 ps

Time (ns)




Detection of vacancy-type defects using PAS
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Monoenergetic positron beam in University of Tsukuba
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S-E curve for unimplanted GaN (MOVPE)

Mean implantation depth of positrons (nm)
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A. Uedono et al., J. Appl. Phys. 102, 084505 (2007). 7L #rey SHPRM{RAMR

Be-implanted GaN (18 keV, 8.5x10%* /cm?) (Nakano/ ex. Toyota Central Lab.)
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A. Uedono et al., J. Appl. Phys. 102, 084505 (2007). 7L #rey SHPRM{RAMR




S parameter

0.5

0.4

Be-implanted GaN (18 keV, 8.5x10* /cm?)

Mean implantation depth of positrons (nm)
01040 100 200 500 1000 )
T T T T T T

Be-implanted GaN
(E=18 keV, 8.5x10%* /cm?)

IS T TV T T T T T T TV T N I 0 S A
0 5 10 15 20 25 30
Positron energy (keV)

L Fitting of the S-E curve using the J

diffusion model of positrons

A. Uedono et al., J. Appl. Phys. 102, 084505 (2007).
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Identification of defects using S-W plot

SITIV
WTHV
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S-W plot for defects in GaN (Projector Augmented-Wave method)

0.012~ “
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S parameter

The blue symbols were obtained
by the first principle calculations.
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The blue symbols were obtained Localized positrons in Vg,
by the first principle calculations.
S-W values for vacancy clusters in GaN
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W parameter

S-W plot for Be-implanted GaN
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0.012~ “
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S parameter

The blue symbols were obtained
by the first principle calculations.

The brown symbols were
obtained by the experiments.

A. Uedono et al., J. Appl. Phys. 102, 084505 (2007).
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Positron lifetime:

* HVPE-GaN : 141+ 1 ps

e Si-imp. GaN: 248 +5 ps
(Calculation: Vg, = 235 ps [1])

[1] Phys. Rev. B 64, 233201

Be-implanted GaN
Major defect species: Vg,V

Experiment (Wang/Peking University)

Ga-polar GaN(4.5 um)/sapphire
templates were prepared using
MOVPE.

During the growth of In,Ga, N, the
substrate temperature was
controlled to modulate the In
composition (500 ~ 650°C) [1]

Characterization
XRD reciprocal space mapping

[1]S. T. Liu et al. J. Appl. Phys. 110, 113514 (2011)

Hall effect measurement
PL measurements

Uedono et al., JAP 112, 014507 (2012)

In,Ga, N (200-600 nm)

GaN (4.5 um, Ga-polar)

| x=0.05: n, =5x10'7 cm=3
X >0.44: n, = 1x10'8 cm-3

®  As-measured bandgap

35 @ Calibrated bandgap
9 30 - = -Fitting of as-measured bandgap |
Q0 [} —— Fitting of calibrated bandgap

N

25+
=
2
& 201
& 15}
g
§ 1.0}

05¢

0.0
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FWHM of XRD & PL, and, S for In,Ga;_,N
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[y

No relationship between dislocation density and the S value was
observed, suggesting that the observed increase in the S value is not due
to the trapping of positrons by dislocations.

el T~

Uedono et al., JAP 112, 014507 (2012)

University of Tsukuba

FWHM of XRD & PL, and, S for In,Ga;_,N

0'50: R 120 T T T T
. InGa, N i g Kangawa et al., J. Crystal
0.49¢ o 1 £ 1005 Growth 220, 401 (2000)
0.48F ° % 80 O
g 3 ¢ 1 E C(Dﬂh t\:&ﬂ
D L )
§ o047} | B 60 f ¥
g : y ¢ Ij \
P C A I L) e S IR e . W .
0.46F® P }[
- HVPE-GaN g 20
0.45F s - 1 & jj t\
L al.
/ % 02 04 06 08 1

0.44...|..|.|..|...' (a)

0 02 04 06 08 1 In composition

In composition System energy: E = %ZV”

Excess energy: AE = E(x)—(XE(D) - (1- X)E(0))

The introduction of vacancy-type defects can be associated with the
bond-length and bond-angle distortions caused by the strain in the alloy.

Y g Sk

Uedono et al., JAP 112, 014507 (2012)

University of Tsukuba
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Identification of defects by S—W plot for In,Ga,_,N

0.03 T T T T T
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£
o
[
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S parameter

Special Quasirandom Structure
A. Zunger et al., Phys. Rev. Lett. 65, 353 (1990).

Uedono et al., JAP 112, 014507 (2012)

S-W plot for In,Ga,_,N (calculated by PAW)

0.03 T T T T T
o mEaLN 4 v (e05)
0.025- Y V. (x=0.5)
9] L ]
& 0.020
S
(U N
i0015
z A W
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V&V, in In; Ga, N
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S parameter

If positrons are trapped by cation vacancies,
the (S,W) value locates inside the triangle.

Special Quasirandom Structure
A. Zunger et al., Phys. Rev. Lett. 65, 353 (1990).

Uedono et al., JAP 112, 014507 (2012)




W parameter

S—-W plot for GaN and InN (experiments)

0.03 T T T T T
InGa, N V, (x=0.5)

0.025L & HVPE-GaN Y Vg, (x=0.5) ]

MBE-InN
0.020r b
0.015- —_— B
Tav Aa
0.010r b
V&V, in In; Ga, N
0.005 L

0.44 045 046 047 048 049 05
S parameter

Uedono et al., JAP 112, 014507 (2012)

W parameter

S—-W plot for GaN and InN (experiments)

003 T T T T T
InxGal-xN AV, (x=0.5)
0.025. & HVPE-GaN vV, (x=0.5) ]
O-Oi MBE-INN
L AN 0.90.8 0.36
0.020 VP aRYY
N 0.56
T
0.015F NN ]
Y Aga
0.010r B
V&V, in In; Ga, N
0.005 L

044 045 046 047 048 049 05
S parameter

E-=1.56 eV | |E=0.55eV
L'}‘--.:?}“"MC = ,C}___‘;,?_‘_A_,‘.w.ra
4 0-In 5 2-In

Uedono et al., JAP 112, 014507 (2012)

The (S,W) values at x = 0.44 and
0.56 lie to the right of the lines.

Because the formation of vacancy
complexes with V causes a
rightward shift in the S—W plot,

the major defect species can be
identified as Vy(Vy),-

WHY?

The formation energy of V
decreased with increasing
number of In atoms coupled
with V, due to strong In-In
interaction [1].

[1] Obata et al., J. Crystal Growth 311, 2772 (2009).

LR
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Introduction mechanism of defects into alloys

Conclusion

(i) The bond-length/angle distortions

(if) the decrease in E of V (due to strong In-In interaction)
introduce vacancy clusters at mid In content.

"

For fabrication of high-quality InGaN, it seems that we cannot
escape from the intrinsic defect introduction mechanism.

If In Is the matter, how about AIGaN?

Experiments (Hiramatsu Miyake / Mie university)

Growth condition
Sample structure

Substrate temp. (°C)  1100-1200

Si:AlGaN (1~2 pm) TMG flow rate (sccm) 15~25
B """"""" TMAflow rate (sccm) 15
AlGaN 0.1 um
AIN ~1 um NH; flow rate (sIm) 1.4
(0001) Sapphire CH;SiH; (sccm) 1~5
V/II ratio 970~1480

Characterization

» Stress measurements, XRD, STM, PL, CL, SIMS, Hall measurements
« Monoenergetic positron beam line & PPMA

« First-principles calculation

Sample fabrication: Shimahara et al., JJAP 50, 095502 (2011).
Optical properties: Chichibu et al. PR6-2 (next talk!!)

Uedono et al., J. Appl. Phys. 111, 013512 (2012). Boskw
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Impact of CH;SiH; (methylsilane) flow rate on defects in Al ;Gag 4N

0488 1000 —
) ® (002)
o ¢ | §800F ALGa N L 07
. o
® = 600
] S : A A
2 0.46 1 I ° *
£ ¢ 1 2 °
g 1" e® o
S 0.460 ¢ . P A L L
é AlpsGag,N | —~ T T T T
S
1 (] ]
0.458 1 = X :
2 "T CcL ]
0456ttt bt v e e L 9 A ]
0 1 2 3 4 5 £ 1
CH,SiH; (sccm) é ]
[aN P T B NSNS BT RS A

| 1 2 3 4 5
CH,SiH, (sccm)

An origin of the degradation in optical properties was point defects, and the
cation vacancies act as nonradiative centers in AlGaN.

Uedono et al., J. Appl. Phys. 111, 013512 (2012). Boskw

Si-doped AlGaN (1 sccm, n=4x1017 cm-3)

0.475————T T ] Y. Shimahara et al., JJAP 50, 095502 (2011).
. — 1600
0.470 AlLGa N 1000 &
(CH,SiH,=1 sccm) ] ® (0002)FWHM | 1400
0.465 - : e (10-12)FWHM
: 3 800 F T taon
. E o —
] : 4
T 0.460 - = 600 8 Nl
8 z [ 1800
] .z p
B 0.455 ® "S> Defect free C400F .:: Ceo o Lo 00
HVPE-GaN cal 8 . 9
0.450 S 200t o 1%
* *® oo o
0.44 0 : :
Do 2D mode 00 02 4 06 08 10
0.440—+—— | T TN TN N T T TN N TN TN TN N T 1 AIN mole fraction
) 02 04 06 08 1

AIN molar fraction

With decreasing lattice mismatch, the Frank-van der Merwe (FM)
mechanism (layer-by-layer: 2D) replaces the Stranski-Krastanov (SK)
mechanism (layer-plus-island: =) [1].

[1] Fujita et al., J. Cryst. Growth 99, 315 (1990).

Uedono et al., J. Appl. Phys. 111, 013512 (2012). Boskw

(10~12) FWHM [arcsec]
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Si-doped AlGaN (1 sccm, n=4x1017 cm-3)

0475 ——T T T T ] £ 50 [ Undoped (LEO) AlLGa, N 1
£ Si-doped
AliGal'xN © Undoped . l.
(CH,SiH,=1 sccm) I . P
- 0
9
2 cz0.47
=
o Wo.46
& 0.45
] @ Si-doped
PO TN AN TN SN TN N T WO TN Y ST Y SN AN ST SO
0.440 02 04 06 08 1 0.44Q Yndoped (LEO), | : =
AIN molar fraction 0.0 0.2 0.4 0.6 0.8 1.0
AIN MOLAR FRACTION x
,[ Onuma et al., J. Appl. Phys. 95, 2495 (2004).

This is not the nature of AlGaN. The S-x relationship depends on the
growth conditions (growth temperatures, buffers, V/III ratio, impurities, etc).

 BLIEA T

Uedono et al., J. Appl. Phys. 111, 013512 (2012). Boskw
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Introduction mechanism of defects into alloys

Conclusion

(i) The bond-length/angle distortions

(i) the decrease in E; of V) (due to strong In-In interaction)
introduce vacancy clusters at mid In content.

"%

InGaN: It seems that we earret escape from the intrinsic
defect introduction mechanism. can

AlGaN: SK (3D) growth mode can suppress the introduction of
point defects into AlGaN.
<

To decrease the concentration of point defects, introduce their
sinks during the growth.

— Sink: interfaces (ML), surfaces (hanocolumn) +(dislocations, stacking faults)
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Summary

Positron annihilation spectroscopy (PAS) can be used to
study vacancies in nitride-based semiconductors.

* |/I-GaN: the defect spices was Vg,V\, where their depth
distributions were well predicted by the SRIM code.

* InGaN: the vacancy concentration reached the maximum at
mid In content. The major defect species was identified as
cation vacancies coupled with multiple nitrogen vacancies.

» AlGaN: the vacancy clusters started to be introduced above
mid Al content. This could be attributed to the growth mode
transition to FM(2D) from SK(3D), suggesting that SK(3D)
growth mode suppress the introduction of point defects.
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