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Electronic properties of the Ec-0.5 eV defect level in GaN

Student: Yi-Fan Chen Advisor: Dr. Jenn-Fang Chen

Department of Electrophysics

National Chiao Tung University

Abstract

We have investigated the GaN films grown on sapphire substrates by metal-organic
chemical vapor deposition (MOCVD) such as unintentionally GaN and intentionally
Si-doped GaN above the nucleation layer. Deep level transient spectroscopy (DLTS)
measurements on both samples reveal a same defect level. At~0.5 eV whose electron
emission and capture mechanism in DLTS are investigated.

For unintentionally doped sample, we modulated the growth pressure condition in the
nucleation layer. The unintentional-doped low pressure nucleation layer exhibits highly
resistive with 10° Q, probably preventing the DLTS spectra from revealing trapping
signals. On the other hand the DLTS measurement on the high pressure nucleation layer

sample exhibits the defect level.

For intentionally Si-doped sample grown between the nucleation layer and undoped
GaN, the resistivity is reduced to 100 Q, allowing us to study defect characteristics by

DLTS measurement.

The DLTS spectra exhibits a majority carrier trap with apparent energy close to 0.5
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eV below conduction band, capture cross section of about 10'° cm” and the trap
concentration of 10" cm”. A comparison with previous literature suggests that this level is
probably related to nitrogen antisite. By modulating filling pulse duration (tp), the DLTS
peak temperature remains unchanged. Therefore, the electron emission barrier is not
affected by trap concentration and is remained at 0.5 eV.

The capture behaviors of the defect were investigated. We find that the defect has a
capture barrier which is similar as the emission barrier for a similar time constant. The
DLTS peak shifts toward a lower temperature with increasing tp. This result shows that the
capture barrier is affected by the electron concentration. From extrapolation, the defect in
an empty state has an intrinsic barrier height of 0.52 eV , suggesting that the defect
behaves like a dot and the defect is clustered, which pins the Fermi level at a value that
corresponds to the emission barrier height.

From the result of our experiments, we have demonstrated that the intentionally Si
doped sample exhibits good electrical characteristics. The 0.5 eV level exhibits a dot-liked

defect and behaves like clusters, rather than an isolated point defect.
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Bz ¢ ot Rlehd ] 5 0.005024  cm”)

(7) % » #4%45 thermal coater system (ULK-06+D-330K) z4mrzp - & * 4§15
(mechanical pump)% $#4cH i (diffusion pump) > & E 3 3 2~3x10° torr 1
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Ultra- Short- AC.
Gamma X rays violet Infrared Radar FM TV wave AM  electricity

10 ? /19% \1\(\1\“ 1 10* 10

Wavelength in meters (m)

8

- Visible light S

400 nm 500 nm 600 nm 700 nm
Wavelength in nanometers (nm)

WM2-1 &~1996&pApLi-F2P2 ¢ 13- (S, Nakamura)£ 2 # B 11 % 57
InGaN/GaN % 2 enIl[*5 § (- F= 13k » @ 158 L - %48 %%@E‘ A £ 850

nm 2 fz bR PR R 380 nm2 GRSk s R E AR T R LB o

Evolution of Light-Emitting Diode Efficiency

100 L Beut
o Shaped AlGalnP | GaP Device
o RED - ORANCE -
.
" AlGaluP/GaP |
- REED -ORANGE -
B G N
AlGaIP/GaAs CREE
10 RED - ORANGE -
AlGaA:/AlGaAs

GaAsP (1962) RED

AlGaAy'GaAs
CadP N RED
B RED -ORANCGE -
GaP:N GREEN
GaAsP
RED GaP:Zn,0

~10x o
Increase / Decade BLUE

i RED l
v

0.1 ||”.l|||llll| IIIIIIlllllllllllllllllllll
1960 1970 1975 1980 1985 1990 1995 2000 2005
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PERFORMANCE (LUMENS/WATT)

[
T T TTTHr

B 2-2 FRBPFEE od =~ 1962 £8P % - % LED 37 =~ 2000 # 2+ » LED
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Requirement for 150

Im/W EEB white
60 | \ = 4

Power Conversion Efficiency (%)
=
|

==
.. 5=
@ fluorescent 5,
20 @
® 4
= ®e incandesce

0 Issbe———' .
400 500 600 700 800 900

Peak Wavelength (nm)

W 2-3 Lumileds Lighting 3 if|% &2 2 5/f]* LED &= mmps - # AR
23150 Im/w chig iRred » P owlog k2 ok e SApE BT P BE
o H AR ES RN Rk F P v ER KRB o

(F#% %k :Lumileds Lighting Company)



@ direct bandgap
6.0 Tﬁ"”“ @ indirect bandgap
\

50 \ MeS
%ii ].H f \DUI 5
., 4 ﬂ - Z.I'l ! gh e
S GaN % o
=10
g
=
=

@ <

Lo | (5P
#‘phﬂ‘e aiwsr Hakamues RN Ciecabis
| | | am Devices (1996 .

3.0 4.0 3.0 6.0
Lattice Constant (A)

Bl 2-4 LEMHELGHELBE T BGCaN Hits & L i M AIN &) i B

InN "2 & &2 5508 8 0 7 B @ % b XTI k2 5 AT -

Zincblende

Wurtzite

W25 § 48 % (wurtize)ﬁ%ﬁ& WL 4 (hexagonal)f%"f]&t‘ & - BHL
Hd 3 §F RFEGRF o f REHEE T4 (zincblende) % H4p % 57  »

A g AF 2% (Brillouin Zones)ir —E‘”A(lll);}“’rﬁ'iﬁqﬁ > 5
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S_uhsl::atc material

Lattice paramelers

‘Thermal conductivity

Coefficients of

thermal expansion

GaN

AlIN

6H SiC

Sapphire

Zn0

Si
GaAs
3C-8iC

MgO

€=3.185 A

a=3112 A
c=4982 A

c=15.1

a=4.758

c=12.99 A

a=1252 A
c=5213 A

a=54301 A
a=56533 A
a=436 A
a=4216 A

1.3 Wem K

2.0 W/em K

4.9 Wem K

0.5 W/em K

1.5 W/em
0.5 W/em K
4.9 W/em K

5.59x 10" %K
3.17x107YK

4.2%10°YK
5.3x107YK

4.2%107YK
4,68 107K

7.5%107%K
85%X10°YK

29%10°YK
4.75%107%K

3.59% 107 5K
6X107%K

10.5% 107 YK

W26 FHbtile i A adphd Sco

W 2-7

fes 5§ 44 SiC 2 sappire A4 ik & %8 [3] - ¢ »> SiC A

BRI AR F NER BRI EF T (sapphire) 5 4 o

Jm ¥ 5 sapphire & ¥ > E & A GaN fafe - 2285 N3 »

11
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> 15 Ga R



B 2-8 % 4 A4 (sapphire)d *tfH #6737 feid & 5 R ¥

B 2-9 ‘A sapphire * & & § M4 H BB HERRES ~F A
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Heater & Rotator

l—— - - v le
Water Chiller O i ] Controller

Purifier
Control
Piping e e
nE re Reactor
* Ch r
Bubbler < = - iy

. ssmnEsEE =

Hydride H -
Cylin . =
Winder Control : EPIFOLD : -
Plp”_‘g ................... ~ Pur\-!olng & COHUO :

A T
S Systemn .
e R R e ’

B 2-10 MOCVD % %7t & Bl
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Schollky Ohmic Schottky Ohmic

Hi ] In Hi | In
an?J | 808 |
um il GaN
i ! Jum
Lp: Eﬂﬂmb:’u Lp:200mbar
T:10%0 "¢ . . >
T:1050 °C
i ML-GaH  T:500 °C Bn:4 it HL-GaM T:500 ¢
Sapphire Sapphire
Schottky Ohmic Schoftky Ohimie
Hi I In Hi | In
810 ¥ 811 ¥
2um GaN Jum GaN
1:1050 °C > T:1050 "C >
00mbar NLGaN __ T:500 °C | MLGaN  T:500 °C
Sapphire Sapphire
Schottky Ohmic
Hi |
Normal ¥
Jum u-GaN

~200nbar — n-GaN (Si:4E+18)
 uGaN  T-500°C

Sapphire

W 2-11 A&7 2 tk5%H 8 (807~ 808 ~ 810 ~ 811 %2 normal)
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3-1 &i-2 BRER (I-V)

ERBRSOT G RFEL AT HERT R % - o JIF BoEsE g
A AT i8> v oraq* KEITHLEY-236 15 [-V &3] o & I-Veng |+ A v
RS A RS EE IR A fI BARG PR AP, AP
A EREFSIEEFF e eIt B BT BT B A
it 2% B (Schottky barrier height) -

BEBELER R > DB EL &) ST A o B85 n

R R LY A A LR ARG AR S REET R
3+ 2412 %4 (thermonic emission theory) % 4e iy if[15] »

AT RS EME I R RERREAEKT BEXRIEED X > BT AR

%k 1712 (Maxwell-Boltsman approximation) fe#: & fifk & ™ 7144 * o B 3-1
&Efr L P B ek 4o g m I,E{,f& Va - &Pﬁ§” 3

ARLEMAREG ETABRAE AT ARBA T x> vt &I IR B

J:‘]sam_‘]mas <31)

Jo .= eJ?den (3.2)

Hd B A st s £ ¥ AR SR MR R VxR BE e L S
HR e AT FITIRFE -HERTFERAE

dn=g.(E)f.(E)dE (3.3)
He g ()R @iy 2 7 kit i fr(E)f Fermi-Dirac # & &n#c > B3k i * »°

Maxwell-Boltsman approximation ® BJ(3.3)¥ =% 2
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_(E_ EF )}
T dE (3.4)
VI=E-E (3.5)

S 0 P Em P A RWT IR T A

£t
J :Js{exp[%j—l} (3.6)
Jo = ot fcd in g R Jor —ATzexp[ k¢an (3.7
n = ideal factor -1
¢» = Schottky barrier height
A" = effective Richardson constant) EM:M for GaN
TR ARPE LR ! LR~ FERT LR o adk g,
& A V4T 3 M A4 y o 4 st A= Schottky contact[16] o »tH_f & F %
72 o i 7 Schot tky

HeBeagPAmgEEe (Ni)y (Fmetal contacte4ri@ 3-1°

barrier height %
eV (3.8)

e(g, —x)=5.15-4.26=0.89

<8 GaN B (B3 deV)en 1o p i

. ,
TR

H ¢ » Schottky barrier height &

e¢Bo =

LERY F AR E[1T18] 0 A& 31 ¥ F 4

22 Si ~ GaAs v GaP 2 #

AL E B EERAG LG - BEERRE DL G N LA AR Y T
ﬁﬁﬁﬁﬁ?ﬁ&%?%é%iﬁ%ﬁmﬁ@io%#(m@)
B 2 F

MG E 11D

/,__\:

F_k

o PR o R E IR - A0 R R

R
[
o
fum
R}
3
>
o

16



%
N
3
¥

eRER (C-V)

o
AEmAEG TV U;ﬁd ARE L% o EAR SR F P (Fermi level)2 £ 7
HEATE R RN IR BT RPERERE DT FEEFEG M o A
C-VERIEZAN* oo BT L LZEMP pd 5 0 fo b T F A %
MEFRHEER > 2k DC HEBTHTFEVEFNERB ORI LA LI
CElA T ERESLE B AT RSB A BRI LA ER

F oo A BAIF PN G T ERET R \~\(3,9),§3§4;‘};§)§“ﬁ§ B & w2 39(3.10) ¢

ggA
C= W (3.9)
N(W) = 2 ; (3.10)
qee,A’ [d(F)/dV]

HY WEZZRHR e 5 LHMWA T e (permittivity, 9.5 for GaN) > A 52 ~ it &

# (0.005024 cm’) > N(W)5 %< % 5 Wprenft 3 kR -

3-3 -y Eir (C-F)

ek - A E - i TRMEVE™ o Bl A g4 - e TR

~
~

A4 ERTLY ===G+iwC (3.11)

<

Bt A PRH LIS T AT EZRF -

3-3-1 # Kot ? F4E 5 T H¥Ep (admittance) £ B g 58

PRI R RN PTG 26 0 B BRC-VHRREE ~ ERAEHL
REEPL S E LA R AHEF NIRRT § RRITIF T F O o BT MR
Hwanjp v L4 2 )§Je[20~22] °

T AR Y- nAHAC B R L RE TS e S B
BRSO G- F e BB B he- ke ] TR d e
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T L H N BT

iL)‘i‘J’ﬁ,?r “"’/’?;){J?m

W
A = Af [dx-aN, f
0
q> nniw
= AN, dx 5p(x)
KTJ; (n+n) ;W
W’(
_c, w
1+i—
Wt
) }
W
=|C,~— iwC ~ |V
1+ w l+(wj
ST TRV ITE SRR N E R R R
C
Ci(w) = —
W
1+[j
WI
2
(Wj WG,
G (W) =~——-
1+ —
Wt
PN TAPER R T B Co R A W

i

@ % 4! Arrhenius plot °

3-3-2 B B T rE ¥ 4 (admittance) £ ip| 8 5
d A ABRT LM A D L B R F R

BRI AEPEER IR AERT A R

e

TE
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Z(w)=R,_ + (3.14)
iwC,
pLHE D
1
Y(W)=——
(W) Zw)
_ 1
R, + !
iwC,
_i w?z? Ci
R, 1+w?z? 1+wr
[ j "o
+iw "
2
WRC RC
=Gg (W) +IwC; (W)
2 r=wy =(RC)" (3.15)

BF W B A PT R g BT ) e PRI LR FETEL NG

Cr(w) = S 5 (3.16)
W
h{]
WRC
[ e
Gy (W) =2 (3.17)

2
1+(W]
WRC
S g BT SR DR o v 0(3.12) ~ (3.13) ~ (8.16) % (B 1T)F At B 3 fR
A58 % 2 - R Tt AR SRR 0 L F | E R R A R T R A

Foes BB BT fem s = o TP

—

4}5; £ %’F"%/F’ 4%m:rﬂlﬁ_’/§»4 °

-l*WV

3-4 FR e ¥ £ B (DLTS)
DLTS # /it 1974 & 5 £d L # 5% 20 D. V.Lang & J.A. P4% 11[24]> 2 & §%
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ﬁ:ljﬁ“fll)}" FHp ]J}fgé %@%&4‘1—5"*%‘_—11# , Ex%ﬁr\-’%‘ 5 e thk o] o fi.@‘?_% L@ﬁfrm%tr
BTFERY CBNERERR B AT FRCETIER > KEEFER D
F[25] - # Bamsiat: DLTS A & A2 to/ t1(=1.5) » s e 12 L kK 27 b i#

FER25E19) THIFHEF ¥ FRERP AT PG ek]d]

oK}

BATRZEFT Y o R ETEE AR 33 L R EARRME ACRT
Rl (AC0) > FEARBE  ACRILFAX 2 (AC0) > 75 §EAHE
TR ACHE A Eh S 1" Rt bR enwmc £ 9 DLTSUELS 1148 &
AR TE R To /Tjiﬁb 1 5] Arrhenius plot - ‘edcdy » X T b £ 1 ke %
AREFETOTEEL T F enn Tl ¥ %“ﬁfd 259(3.20)%F 1 % & Arrhenius
plot > £ ¢ B¥ il 50 T7 fl a1 1 i 2R A o

THFHEF EF AR RAR A T® > NG § b3 TRLEFT

oo BBl A A T HGIR)MA KT B2 NB19)F g F e

CoN; (o er ey,
AC:C(tl)—c(t2)=ﬁ(e h—eh) (3.18)
ln(tZt)
e, =—2 12 (3.19)
t2_t1

R e AR (DLTS) sk jis » d 20t P pF R R 5 '+ (majority
carrier)£ > #cf*+ (minority carrier) » | sengack® 13 10" cm” 2 jk
B RIS £ 2 A dg 4 B G gLt (S/Nratio) o BLRID| ek Fait FE > R o

HE R R cnak I FE S fe S af B eng Pl 3] o Flot DLTS AR i * S

N L R LR

3-4-1 Rl R Kaff 5 & B

d Shockley-Read-Hall sdd K=sah o> 58 22k i % B o> 54 ¢

E.-E
T e e,=au.enp] - E7E ) | (3.20)
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o, RwEHHFEEFH
Capture cross section

3KT
7S RED S Vi =1/m— 3 (3.21)
" 2m KT )2
ETH ook ERA Ne =2 2 (3.22)
el e k*m
] 3
& = 2fs)4(ar) h;}an expl- (Ec — E,)/KT]
Vin N 21| M, 1

= —==325x10"| 4+ | —

#e n T Th g (mo](cm-s-sz (3.24)
E. - E,) (3.25)

SR 2 RS
# ln(e—gj = ln(ynan)—(

T KT

e, 1
DERN ln(T_z) # T W 45 Arrheniusplot « o B¥ 2 5 &A% 77 4 15
2 i i BeBro @ BET R AP B flo, c FRF I Ba HT 5 RS

5 o
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Electron affinity y (V)

g, (eV)

L q%é
g

Si 4.05 0. 30 0.27

GaAs 4. 07 0.53 0.38

GaP 4.0 0. 66 0.294

% 3-1 Si-Gaks frGaP 2 =& & F4[18]

31 £¥#E5
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RC effect.
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$rd P REHE

4-1 ARERBRIIPEEFELELTEFY
4-11 = &SP hfd

m2-2807 APEEE o d g MEEHEARAAR R TRLT B X
IR B2 g B A E € X FIERR A (tensile stree) g @ tf
foiBAZY W 4r 2 # A (crack)sd 5 o 8.7 < 1991 & Nakamura et al. & * & F§
Bk 3 5% (two step growth) » & MG e 58 & £ - & GaN nucleation
layer % > F LT EL A1 BE L GaN B8] #v g »ffh I B
Freofes o Tt > g F A S & - & nucleation layer e & (2 H R8P J &
Rh e 3F 5 pAT R S 4 11[29-32] 0 3 % nucleation layer i&f f & B e & iE
- ZaF AT HERY > X NETHRNELA DR ) 2R
Wy HE LR (B 4-1) [13] e 30t > AP B3 % nucleation layer &2 & & &
S ETRB R > e R 4 B 4 H grain size THERTEER Y T M T

T o B 12 0

412 5 HHEW

RS AcR 4-20 = 2 S5 807 H & & 0% 2 44 ¥ Fnucleation
layer 3|2 } eng & b % 5 R 200 mbar <ERER A S & o 2T 3 5 & 810
SR E 80T 2 AR M A Hh kR4 A 55 & 400 mbar - + F 2 5 58080 2
nucleation layer /& 4 2 31 3 & 400 mbar » # & & ™ 4% 200 mbar - & fs + 7 -
&8Il HAERiEEE 80T =248 » 245 3 R 400 mbar (e R 4 & f 2 &

#oow B4k Ry u i Nakanura #77 fLe0s B8 X £ iE > L iU 500°C ek

APk BREFLAEREAET 1050 ChHb -
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4-1.3 XRD # # SEM 2 % %

EEACEM? ERESFHAFTBEET 0 k&S0l 2 2 Xoray
Diffraction Analysis (XRD) fe#ds ;* & + B icéi (Scanning Electron
Microscope ~SEM) & ] o XRD 2 & Z # 2] f T B & - @ ikdy > 1% X-ray 47 &=
Dtk b FHEMAAFS AR - B2 AR PEF BAELEF R AR
T f e b BFX T strain £2x4 > § FRVEINHEH&EF o B 4-3 L
P RSEA O 102 6 P XSGR TR B ER 0 8§ 4-1 ¥ Frnucleation
layer ™ & Beavpfliz 2 & (% 808 ~811)H L 3 B M/BRIEE = £ ahfk &

(807 ~810):B ke » F FECRAEXP K enF R ORI FRIRG F A

BREEEERR - B 4-45 SEM &t FAL T % o

4-1.4 HE - BT IALHT

d A etk 8 4 (N1 S & %2 T &% s Schottky contact » »t & st
ERE A W FE S G iRRE [VER I 2N QOB RIS R NEE R

& & T rideal factor (n)% # Schottky barrier height (¢w) o f £ 5w
mROgE IV v opte PG A*EET I (Leakage current) » B 4-5

AT e BBRT R INES LR R A R B 46 5 2B 6) e S i
5o AMBEREAPEIRE @utp g ¢ ideal factor (hiE < tgiE AR ] B K BT
AEGERFE R end H48 42 £ 02 thermionic emission & 2 0 i&{&?iiﬁif&
RS A ERFYT DT EHFL c A3 B He PR EDOnF R
BATHEEGE 0.89eV 2 n B4 BAKIT L S A RS LI EFEFFEAS B

TEREIATROPTS T EHEREFRE(E4-2) -

4-15 ¢ PR IEE R
PO ki B A M RIS s Tt o ¥ T A iR A
PR A LT o Sl fRARE LA RTIES SR o Jid 2583602
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e FUAEHR 4D R RS DR BT Aok 4-2 47T o bt R & 807 2
808 » ¥ % J nucleation layer ™ % B8R 4 k& £ AR € AP TR s
£ l'}-‘l gpsa 2 j\m]”;' IE' ﬁ“% - f[ﬂ;ﬁi;‘g‘_"&. (Order) °

BV Rl & A F v di e ¥ ABeeng L0 4 A AR

w

M A AR A O o 3% F P (admittance spectroscopy )P o ~%ﬁr_¥ & 3-

E“&*

SR EFH o AT e FAFH T NI FERC effect (B Bm i@ (85
FHI0pFedfd 230@ 15 R B A-TERIZE (T=300K) 0 V™ C-F ®
He b ay kg B EAFE AL 437 > HE25E [-VERIaH - o RE
PP EMERAOIEFEETRT LG RAEE o - BRE > TA- BAER

BaBga~it BEd AR ERB S (ZHEBRTHI-VE AT HC-F)o

R R R SRR S N R RV Ty SRS

=5

4-16 i iEk £ R (DLTS)

d gt L E G B R A AT R RPN E R P S
e R ERERREN NS E o 9T E AR SR - THRIRA T
(DLTS) g iplpF » Vi S A pm 2 PP S ¢ R P BT IR F 4R BLarmn iy o 4
LSﬁ’%ﬁ%ﬁﬁﬁiﬂﬂﬁmﬁ’%E%EE&@EﬂRﬂWQHJ%’&ﬁﬁ
S DLTS BpMHE S F=1 Mz © 52 38 MR e Fa R F L F EH I G 05 3
FERAGE A S R R AP F A T BRI R R L
[33] » 12 22020 w2 4444 5 807 2 810 & (777K sc FE T 8B ©

¥4 5 808 (Hp/Lp)% 811 (Hp/Hp) i¥ emission DLTS » ¥ WM B 3 54

B R A AT G - BRE R F AR AR 480 {1 230 (3.25)iEm F

\\\?{r

d1 Arrhenius plot o ¥ Fwif ot & PR &Kk p 30 AP e endk i FE 0 2 égkﬁﬂ‘ﬂé;’&fﬁ
&3 ¥ v Z_Nitrogen Antisite (Ne) #7375 = edk Kae F¢ [14~31~34~40] - B 4-8 (b)

BT B R A I B B RS T A YR A ABIEEA IR EL

~
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Feims o i&n @ @i% @908 R AMETH - F & & Arrhenius plot H A %
T & B M[4]] -
* e

T AR X é] T YA Fendr ] (7 5 AT

—=\
il
kg
o
A
-
=t
p

e AR P TR~ iR 0 R d S ABSRE M GH 5 B IR
B AP p PfR gt B AR s ﬁ‘b%*%‘ﬂ FEEESCE G Il A

NPT ER - P S BRSO AF PSR o P F T MY

<

LI b

4-2 Nitrogen Antisite defect level 7% {2453

v

517 G gt native defect level 8477 » AP R fEA- ¢ i F %l

f2d o X PR R IR E it a @ S L REES % o g tR& 808 2 811 7 &Rl
7] defect level » fed B peEing $32 10 Q » ¥ H F 5 #4452t

thermionic emission % 1 % o & » AP ¥ ¢ B 85— P R normal » H = £ iE i

B 807 AR 02 > JE AR FIEE T 1R & e TR R 4 % 5 1R 200 mbar 0 4p R 2

=

it Snormal B APk S RS- A SiBeonAF Y451 unm BRFL
FLEEES0TR 5 2 amnABied 40 R 807 ¢ BcFI 4-9 0 F £ 4 n
AR P hlEF T ARSI E o @ (TR R M e dn 3R A Y
WLPBMTIEHERAREE - E* 2@ 0Ome e [V e BT ez @
dod 4-1 9 0 KA AP T et n A F R R AT 6 KA M ggen

FRiE ) 2~3 B#cE & o

4-21 1-V & C-V &R
B Aotk Snormal L EES e R [-V E R 32 4R & 807 1Et e ] 4-100
Farte s normal K F S BES- B ndly Y42 T ont ME R EE S BT

(% 4-2) > B4R & 807 e L on it LR G PR R el o 3 et > P RS

28



tid PN S 4] 207 thermionic emission 3 A %> M I HATIAHIER G &
T o BILRPE o A STFIRNEAR Y ] R B 0 PUR R o ot O RE g A
T o
AR E B F=100KHz T2 e C-V 8B o d 3t 4k 563 Bulk en%
W e H SRR LA T2 ¢ s L AR 411 AR A E A Pt
Fehid A ERTF R - RERFEL LE o fFd 258 108 PGV ATE L
BLIRHROT FELIERRIFR DL B 4-12 977 7 e AR ipleh £
#E:0.4-1.1 um= ifu{;k PR BB EREG P2 un AP

Mo HF gk R 2 ERERIFAA R0 % 5 N-10en” = 4 o

4-2.2 DLTS Measurement by emission pulse

d CF cha 4528 o A $Bsecng V45 (6140 807) » o v H e g 1075,
igm & ¥ DLTS e pHE 5 F=1 MHz % 3| RCsx B 2 502 2 » A £ B 72 I8 I gt »
A BEN A e T S RAEEET 100 Q =+ 0 A ERN 'F“ﬁ*tf‘—"sﬁ » 'E
M EsE 100 Q =+ 2 REELETE X ¢ X DY A AP EE quality
factor e 47 % 4e 0 4EF[41] » 2 aoiE § 1 4% o substrate, ~ %*‘u”n—\sapphire F
- B3 EF A > 2t contact B IF AP ERH G TS g A F oo A dE
TETRE - BEBNETEL > KA i DLTS Bplpr > B8 5kt 3 8 5
FEE e RC EE TR > T FERRESDTILE ¢ LB T F T3 BLPE o M pEE R
T FEAG LR ESTF BRI o Ry B 0 Bl 4-13 -

R AP0 - B quality factor kK& 77 B B R BB T BT R GOM B3 1 o R
P 807 500 B RS 10°5% 3 s quality factor 2 19 i&a & 3 £B T %

B R e B 1075

%

» 4 ;jfu{& ts B BB P T R e g 107
B gtk odicE A AP P HEEADLIS BBl gL A SR B I E g

F A normal »#:En A &b & et » > Hpe g 5 100 Q, quality factor % 0.06 >
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ERIFINT R EEARE BRIT RS E o A A PR E SR E 0 29 ¥ normal
e A AP R AR - BIEEL ] s I P RSO RIMEL L) H
FRRARB N A 44

s normal WA FEE 2 S T B E 7 ¢4 DLTS i & £ R o »0 4
A g AL %EA 5~ B emission plus (-0.5~ 0~ -0.5 V) » 4-@] 4-14 - & ip|p*
FAZLP-0.5VAFZL BRI HPER > R FRIEN B BRFLT - B OV
o R A FniE - BIEP S b (Fo H P 2 LR r‘jf‘u{‘iéf—? FPERF S tp=100 ms
(filling pulse width) > #&F £z <L %% 4% (quasi-voltage)-0.5 V p= >
BN R B AR 4 o R Ay - BRERF R (tine
delay) » 2 TF“J’]-%{?'J?* PR F R KAt B o B A-145EF 2 AP

EBERFETE A - BARRRRE o A I 258 (3.25)% 4 Arrhenius plot v €A

e

FPUEE NG FE S 0.5 eV x #hEET 1 F I H ES o /& (capture cross
section) .=5.41%10"" cm“(® 4-15) -
AL [35] 554 (] 4-16) » 4 4 1t $2.5- 808 ~ 811 % f 20 4p e chi 1
ﬁ*ﬂ—& it g A Frak F-Nitrogen Antisite - #5333 % filling 2 quasi-
voltage » #4 PP ¥ ridvsf gtk hedh 6 3 RS B - Jfd 258 QU 1P E e F

FRT trap k& 5 ~10"cem” = + (B 4-17)

4-2.3 DLTS Measurement by capture pulse

PR B S RAELEAT AR Y T Y — B F e £ P DLTSe» )I*n\x% filling
voltage 7 Z 3]-0.5 V- @ (Fdkpap chif' + B E 3 L PP o R 2 £ 5 F )
ko BEFRRTIAEL OV T E T F (B 4-18) -

= 7 ¥ emission pulse sHE R Fvt g s Hr A P E L H R FFILE tp o B
A-19 81 & fa% b 7 Z 84 pulse T HBEAFE R d WHEF YRR 0 &

BEREL LA 5 éﬂ;t"ﬁf@% e g P> E 5 — dh ko fE o
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d 244 capture pulse s DLTS £ R34 P o 8 7| F & A 5 Pzt ang B

711\“\

W EE £ > X AP A piztkhpulse i A /?'J?"* JEGB Ao FE B W 3 K
FEeic i 29 2 R e N AR R PP W B M F & i RARE N R
Ra A & AR LR F R BRI 0 st A R T e

PIATPE T 0 NPT LT e

4-2.4 DLTS & RI#+14F

£ 727 4 capture pulse T &l &1 ehir i i & o A g L& w F 3] emission
pulse 7 DLTS & iB| ™ chife 2 44 o

NP A B 4-20 0 § %5 - T emission pulse FF » £ 3 £ F]-0.5 Vie 5 L
FAAFTOE (B4-20(0)  BHFZZLw R0 VR EFLFErRimly? (B
4-20(b)) > d ®»HEZ LA PAR Y PIELE-0.5 V (B 4-20(c)) » SRR+ Bt

ik Fef TR AR a0 M R B3 Rt i A band-diagram ¥ BEERET F T 2 e
0.5 eVieryd o & 7% filling pulse width =2 i# » 44 157 £+ ik
B TFFIRET AT IR > EEFF {7 £ BEAR DI (R
4-21) > = %&{éﬁaé‘é 7 SE4x Feap f'ﬂ*i}éﬁirﬁ L o A TAR I tppF > HE
B R E - B E[12] > 42 2 54(8.20) fit Arrhenius plot @ » ¥ E H it
B P kR A ey 5 0.5 eV FERG A5 10%n’ - 2E (F4-22) -

ek e o F AP A capture pulse BF o d T SR H AR R T oA 80
VB4 »EA PR L7050 VAL IO 2 FLFIZL® TP Benlpla
ﬂ?:-i“:* HEz L0k (B4-23@)  BFFEJ» AR LITFREZ LFEFY I
fe 0 VT o gtk R B A FE B M FEPE (B 4-23(b)) » B F SkBicdp s P
FBRPFCARBE- BB X PR R ? N EAAPEEAR BT o
B Eag R €EF tp ﬁ A AMESE (Bl 4-24) TP §F 7 F v

RE

cglr
=
E“;Jd
\t\'.

AT A

SRR SN SR AE O R st i
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Fr PR M€ X P i 43 ik R @ e [23] (R 4-25) 0 i HEd o5
(3.25)fit Arrhenius plot> ¥ #RH =iz FEE 5 f €€ F filling pulse
width g~ HE g ] » 27 wreancg P i0.48-0.67 eV < tgr it (R
4-26) -

Bl4-24 2 tp it 5 1~100 ms > 2Rm & B » AP AggRsy tp 5 100 ms &
SERFHA RN P W AR 23 40k e 538 Tadeusz Wosinski [1]#74% 4 ss2
WA 0 RS B S v Ak R PR RE L R ESAR - B i B (potential
barrier) » 2 Bzl g X Pl 1ap fPHER AT - N A RN AARIF DT

LR RS T EE

= —qe(t,)
—TL =0, V,nN;n, (t,)exp| ——= 4.1
) n'n T T(p) p|: KT ( )
HP VAR THETTINIHEPETF o A 20 F R 2 (0)=0 &2 s > 42
f, i St n t,+7

(t )_KT Tnp :KT T0 1P

D, i q 9, T

SEE QTR R TR AN BT SR f 5 R AR R o ] 4-27 3

(4.2)

(4 2DFE g o A ST s @I =i 0.37eV e Fd B 4-28 chd &
B> AP v iy s 0.37TeVEEH tp &5 470 ms > 7"«}\/ P W A
B fop N F 2z Lk Hp 2w >R ¥ B 5 470 ms e

Heod 42487 upBEFERT T 2 B peak> P W LB E sh7i -
® peak &+ #_ i & 7 7 e Nitrogen Antisite » ¥ 1.9 € 145 7 S #cdp o | B -
B3] (model) f# 8 2t 4% P P en ] B HR R o 3 30 IR 78— 1B peak > d 3t &
emission pulse ® & & BB J gt Ak Faag FE 0 & 1R peak &% 1148 5 chl (%4 )
2 ch2 (4 )amgzm NI 4 > J& B3 454 capture chE RIS FI L SR 15

P15 44 MU uhpeak HARHAFE T IEFEFE LY o
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4-2.5 Nitrogen antisite defect model

L e g o PR AR A B RS TR o S v
VoAt ak ok poat § i A ehh ek Ke—Nitrogen Antisite e %ﬁ“r} DLTS eng B 7 v
gt ak Fr feic I & conduction band 14T ¥ 0. 5eV e i 4k g A Ui 4 T A
P e 2R i H - Bhak f(isolated point defect) 0 @ F_2#EHE N (cluster) sk
Faft & 43R 0 #1 8 capture barrier § X PI3xFap 43 kR A (2% o 4 ﬁ} s iy
nitrogen clusters ¢ 2= - B #% L i it (Schottky barrier) [11] > & # Faf £ 7
+ % empty P> € 3 — B p2izs (built-in potential » V,;) 0.37 eV > i&m

Schottky barrier %

b0 =Vyi + 4, —037+k—T1 5—3—037+015 0.52 eV (4.3)

B A ka) R+ R R P 0 B Schottky barrier 45 5 # 4r > 4B 4-29 -
d AP EpAERERARS 0V 28 I H intrinsic barrier height 5 0. 37
eVegetitindata @ % o A MR RE B A Rk 7 dot-like e 4% @3} dot-like ?
A3l - B InAs  Quantum Dots (QDs)#model (B 4-30) > - B ¥ InAs QDs
U R F a7 @ quantum level o X @ %53 nitrogen i3 o € ¢ 7 H
band % | QDs f 07 F kR :t% ™ 3 &— B intrinsic barrier height =% & -
Miptken B B AP AT PP ahdata - BEE > AP Ese B 0. bev (k[
Fe? ws €73 &3 - B intrinsicbarrier height @ & # E#-¢ ¢ ¥ femi level
pin %% emission barrier £ F tpf it fen® & ¥ fwell ®» ¥ 5 - B
g FF 0 I dot-like defect s #1417 5 o 2 T » LAt PP 5 — 3 (% 3R edd
e ¥ 3% 5 defect clusters ® # potential § < Fl#xkap 45 kR @ %1t

234 - i dot-1like defect th{7 & 558 (B 4-31) o
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FWHM Peak Intensity
808(Hp/Lp) 297.2 6.293%10"
811(Hp/Hp) 320.9 5.773*10*
807(Lp/Lp) 406.4 4.017*10*
810(Lp/Hp) 395.5 4.399*10*

4 4-1 ¥ srnucleation layer ' 3 Bevpglif it & £ (4 5 808 ~ 811)H &
B R RCRGE S K i & (807 ~ 810):B k] o 4 fj‘u{ﬂ ERuck S A
R T AT E IRy S AU S S T
FREEZZRE HEERE -

3
A
F

I-V (T=300K) n Ry () I (A) P50 (V)
807 (Lp/Lp) 1.311 1.02%10° 5.96*%10” 0.77
808 (Hp/Lp) 1.453 1.09*10* 1.2%10™" 0.95
810 (Lp/Hp) 1.302 1.5%10" 3.84%107" 0.98
811(Hp/Hp) 1.773 3.5%10° 4.65%10™" 0.85

normal 1.036 3.15*107 6.64*107" 0.91

% 4-2 EBEF O B PREDOn TP RITINEHE0.89eV 2 niEs &
ARETl AABRSAS ;E%iﬁ BEHRA- BHOTERY AT ROY
Ty R § HERIE ST - ¥ #F R nucleation layer M 3 &
VERER A R R AR §AREOT I MR L iE R AR D kg g E L
- B¥#E % (order)
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Ry (€©Q) From I-V Ry (QQ) From C-F
807 (Lp/Lp) 1.02%10° 5.6%10°
808 (Hp/Lp) 1.09*10* 5.5%10*
810 (Lp/Hp) 1.5*10* 2.9%10°
811(Hp/Hp) 3.5%10° 2.8*10*

4-3 C-Fa%&[-V&p

|
TR ooxtE MH e

k- 0 MARE S PR R R £ E R T

o

Ry (Q) Quality Factor X, 1-Q?
Q=RC.0) W
807 (Lp/Lp) 5.6%10° 19 2.7%107
808 (Hp/Lp) 5.5%10" 1.63 -0.12
810 (Lp/Hp) 2.9%10° 67 -2.23%10™
811(Hp/Hp) 2.8%10" 1.52 -0.12
Normal(Lp/n+/Lp) 1.1%10° 0.06 0.93
4-4 Quality Factor
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4'-)::' L L] ¥ 1 1 T L] L r L] L] Ll LI ¥ L] T L]
.. 1 — 1.0
TFoap [~ e Approximate
e .I -
& 151
& s
K] E' =
E"‘ 101 — 0.4
Z
Sl = 0.2
1 L 1 1 1 LIl | L L 1 1 1 L1 L
0 T3 4 56780 P R -
1 10 10
Crystallite Size L (nm)
MA—1 &t L TRl MG e § AR L 435 100 oo pF o #7
Vi JF et H R 4 E’;’q%ﬁ,f‘g_fi o
Schottky Ohmic Schottky Ohmic
Mi | e Hi | | B
80 72 8 808 ¥
mm GaMN GalM
Zum
Lp:200mbar
‘f’r o s Lp:200mbar
. il T:1050 °C =
Lp:200mbar NL-GaMN T:500 °C Hp: 400mbar NL-GaN T:-500 °C
Sapphire Sapphire
Schottky Ohmic Schottky Ohmic
Ni | o Ni ] =
810 \ 811 ¥
2um GaN 2um GaMN
Hp : 400mbar Hp:400mbar
T:1050 °C > T:1050 °C
2 ar MNL-Gall T:500 "C Hp:400mbar HNL-GalN T:500 °C
Sapphire Sapphire

W 4-2 H&EZHEB - =+ Pl T &AL #5807 (Lp/Lp) ~ 808 (Hp/Lp) -
810 (Lp/Hp)# 811 (Hp/Hp
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7x10*

oo F —— 808(Hp/Lp)

b 02 Facet ¥ 810(Hp/Hp)

D N (e 807(Lp/Lp)

1 SRR [ — 811(Lp/Hp)
> 4x10°

2

£ a0t
2x10* |
1x10* |
0

1 1 : I I

-2000 -1000 0 1000 2000

B 4-3 = P HESF1% XRD 2102 6 F chBRIES o Pt kg B0k
LR HEERRKRE Y 2 LR HRS

Opm WD 17 5 1,000 10pm WD 17.7mm

10pm W

3+ T ERAE S 807~808 8102 811 f1* it F4 %4 SEM
gk o BV F a0 5 HsP0i: HS0=3: 1
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log(1) (A)

log(l) (A)

GAN 807 (Lp/Lp) _GAN 808 (Hp/Lp)

T T T T T
o1k 3
—— T=100K r
0.01 | ——T=150K| ] 1E6 F
—— T=200K E R
1E-3 | — T=250K . 2L TSy |
——— T=300K IETE \ I
1E4 L ——T=350K| ] z E |
~ 1E8E \ |
1E5 | 4 E g T Y
19k —— 150K | |
1E-6 | ] E ‘
: —— 200K I
L —— 250K
BT 3 1E-10 | — 300K
1E-8 | 4 :
1E-11
1E-9 1 1 1 1 1 1 1 E 1 " 1 " 1 " 1 " " 1
7 6 5 4 3 2 1 0 1 10 -8 6 -4 2 0
V(v) V(v)
T T T T T T T T T
0.1
3 3 01 E
001 3 0.01 4
Sl ¥ 1 1E-3 4
1E-4 | 1 1E-4
. E E
1E5 | s/’ ‘% z 1E-5 4
1E-6 | : | E . 1E6 1
I 4 =
1E7 k - 1 D 1E7 1
s | =100k g T Es
——— T=150K| 7§ : 1
1By ——T=200K| ¥ 1E-9 1
1E-10 ——T=250K| 1 1E-10 4
1611 | —— T=300K| 1E-11 E
1E-12 | ! T=350K E 1E-12 4
gE13b— oo M. ey | 1613
12 10 -8 6 -4 2 0 2 4 6 B

W45 v HEFETEeRBRTHTEITERM R B TG EWH
4] 2812 thermionic emission & i
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ideal factor

807 (Lp/Lp)

,.808 (Hp/Lp)

6 = 0.9 T
chatty barie] *
* )
*7 \ * @ \
:7?: 3.04
5 m */ Los 2 \
2 N S
5 o l>< Los & & 254
g P : 3 *
5 */* \l\ o4 f:{ 2 20 */ |
- " 2
* \ 03 = \
1 */ e Loz T */ e
100 150 200 250 300 350 1.0 T T T T T T
00 100 150 200 250 300 350
T(K)
810 (Lp/Hp) . . __ .. 811 (Hp/Hp) , ,
4.5 * . *x [0
/ R & 64 .-0.8
> * o8 § u -
3.0 / E 5 ° .-0'7
= * Vi 2 g ol / o6
251 Los & r
- 3 S s \ 05
2.0+ * 0.5 % 7 / -_04
15 / \'\ | o4 2 2 / \ .
| ’ m_ Lo3
104 X TR Los * "
. 1 0.2
100 150 200 250 300 350 100 150 200 250 200 250
T T
W46 5 2o:8@.0)EeNnESE > AMERFAPFFRE ouipd | ¢ ideal
factor ¢ + ﬂ’@iﬁ%ﬁl PR R A AR m.nm@ @4z
v thermionic emission & i # » ifu%’\:if R R I I L Ay

R LA

KAE L: /Hk rT’J
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80— AR B BELLMARAL B LA B BN BRI 70 T T e
20 _GaN 807(Lp/Lp) voltage=0v T:100K5 ] - GaN 808(Hp/Lp) Vvoltage=Ov T=100K
| C56PF F=50641Hz R=3510°0 - OlC=47pF F=613056Hz R=3.4*10%0 ]
A 50+ -
50} 1 !
40} 1 el |
3 I \% 30+ i
o X ] O
20+ . 20+ .
10} 1 10l ]
°L 1 0
100 10° 10° 10 10° 10° 10" 10° 100 100 100 10 10° 10
F (Hz) F(Hz)
500 MERALARLLL LR R LLL BN R LLL LR LLL LR R RLLL BN ALY IR R 120 MELELARLL | AELELLALLL BRI LLLL B LLLL B | T,
| GaN 810(Lp/Hp)  voltage=Ov T=100K 1GaN  811(Hp/Hp)  voltage=Ov T=100K
400} C=360pF F=14063Hz R=1.9"10°0 | 100 C=85pF F=656700Hz R=1.8+10%0 1
i 80} .
300+ . I
~—~~ + Th 60 I~ N
(@] O 40+ i
100 . 20 _ J
o: | ot i
F(Ho) F(Hz)
4-7 Epl 3R (T=300K)0VTenC-FB »d Fo vt a8 kg mig i
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AC (pF)

AC (pF)

GaN 808

emission:0~-0.5v tp:100ms

0.004 -
0.002 -

0.000

-0.002 -
-0.004

-0.006

-0.008

-0.010 |

-0.012

4-8(a) 808

GaN 811 emission:0~-0.5v tp:100ms

T T T T T
0.006 B
0.004
0.002 i
0.000 | Sttt o
-0.002 | | ——rw:21.5ms ]
fffff rw:8.6ms
-0.004 [ rw:4.3ms )
e w:2.15ms
-0.006 ' oo w:0.86ms 7
-0.008 | 1
" 1 " 1 " 1 " 1 " 1 " 1 " 1
50 100 150 200 5 300 350 400
T(K
4-8(b) 811

1000000

100000

10000

a
~
°

100

10

-0.5~0~-0.5V

1000000 r——r———T— T T T T
[ Ea=0.56eV
100000 L 0=4.57X10"°cm*
10000 &
l\IF‘ F
£
= i ]
1000 3 m
]
i u
100 | 1
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
25262728293031323334353637383940414243
1000/T
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1000 |

Ea=0.40eV
© 6=3.32X10*°cm”

26 27 28 29 30 31 32 33 34 35 36 3.7 3.8 39 40 41 42

1000/T

DLTS

GaN 811 emission:0~-0.5v tp:100ms




log() (A)

01k

1E-4 ;

167

1E9 L

Schottky

307

2um

Lp:200mbar
T:1050 °C >

T gnn
e T T —
L. SWWIOA I HL"GEN

T:500 °C
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Hi | In;‘
Normal ¥
2um u-GaN
lum T

Glmbar np-GaN (Si:4E+18)

u-GaN  T1=500"C

Sapphire

Sapphire

4-9 & normal > H & FE SR E 80T 4P 02 o S PR DR R AR S B e i

EHRA TG

4% 200mbar - 4p £ 2_ BB 3R & normal E Ak S

Fede— R SiBreanAlg b4 lum BFLELEKE80TRZ 2

um e ARFieF g

GAN 807 (Lp/Lp)
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140 T T T T T T T T T T T
130 [ |——400k ]
wo| [T 390k GaN normal ]
| |——360k ]
_uop|——330k Frequency:100kHz ]
tL% 100 -
O -
90 |- ]
80 — ]
70l .
60 -_ -
50 -— _
40 -— -
30 L 1 " 1 " 1 " 1 " 1 " 1
10 -8 -6 4 2 0
V(v)
Bl 4-11 + & normal :ZB~#f 3 F=100 KHz =% & o C-V &7
5x1016 T T T T T T T
100k
150K GaN normal
4x10"° F —— 180k Frequency=100kHz 1
— 200k
- — 230k
™ 3x10°F — 260k
e —— 300k
e —— 330k
< 2x10"°F —— 360k
Z ——— 390k
—— 400k
1x10*
0.4 0.6 0.8 1.0 1.2
depth (um)

W 4-12 & normal 2RHz Z#F 5 0.4~1.1 pum> 5 R Pr R 7 A dRiT
ERFd 2 pmABReag g o H§ kR LERIFR D

sl b v 6 -3
gt i Ne~10"cem” =+
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Cs Rs
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Cp Rp

4-13 ? contact ] 11 _ﬂw%%ﬂ@w&ujgﬁ,wuﬂ;;;m{—@
PR R TR A BRDLTS £ S Sk S SRRy
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GaN normal emission:0~-0.5v tp:100ms

00—
ov
005 L tp:100ms T
0.00 | ]
—~~
LL
o -0.05f ]
N—r
)
< -0.10 |+ rw:4.3ms |
L | ----- rw:2.15ms
~~~~~~~ rw:0.86ms
015 | rw:0.43ms ]
-0.20 |- ]
1 A 1 . 1 . L * ! ' : . .

50 100 150 200 250 300 350 400
T (K)

W 4-14 DLTS £ > filling voltage:0 V, quasi voltage:-0.5V
, filling pulse width:100 ms

GaN normal emission:0~-0.5v tp:100ms

6.5 I e e e e e S R e p e s S e
- Ea=0.5eV
17 2
6.0 L 0=5.41X10"cm |
55 —
=
_E 50 —
I [ ]
45 | Equation y=a+b*x .
Adj. R-Square 0.99326
I Value Standard Error | 7
40 L B1 Intercept | -10.46963 0.74323 | |
' B1 Slope 5.56466 0.26441
I NI R T R E P T R

260 265 270 275 280 285 290 295 300 3.05
1000/T

4-15 A FEE NakKai I 5 0.5 eV o
X B FEE DA ER 5 f 0.5, 41%¥10 " em”
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T (K)

GaN normal emission:0~-0.5v tp:100ms

10° 390 360 330 300 270 240 0000 : :
. ] Ea=0.5eV
101 . .’_,_é-;;:\g daﬁ; 100000 L. 0=5:41X10""em”®
] H-" mocvp ]
‘:Jf 104’3 Wang et al El
X ] MBE %
.9_3:: 1031E Pg 1000 |
Lol ] ° L
10+ . 3 100fF o
1 ~“Hackeetal o
101 T Mlocvn¥ T T T T T T 10 1 1 1 1 1 1 1 1 1
26 28 30 32 34 36 38 40 42 26 28 30 32 34 36 38 40 42
1000/T (1/K) 1000/T
T (K)
s 390 360 330 300 270 240
10 : 1 " 1 2 1 1 1 1
| Ea=0.48ev
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GaN normal capture:-0.5~0v tp:100ms
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Capture pulse
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GaN normal capture:-0.5~0v rw:0.86ms
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GaN normal capture:-0.5~0v
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