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Group-Ill Nitride Semiconductors
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Blue, green, white LEDs and 400nm LDs
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Group-Ill Nitride Semiconductors
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Issues on EQE vs wavelength (c-plane)

EQE of (Al, In, Ga)N QW LEDS1 6)

~ 63%4)/ D S T AllnGaP LEDs
101 3 ~
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PR 3 /z‘ @ Green _
§ 101 12 ~ éu Increase in InN g :
L 102 ,"g’ F U,g)s molar fraction S |
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106 106 % | | | | | (mcreased lattice 2 o
200 300 | 400 500 600 m'csr';‘:;gg SCSES) - 10%] o
WAVELENGTH (nm) Chichibu et al. Z (nm)

\ Substrate absorption APL 69, 4188 (1996).

v Increase in TDD and point defects ~ Takeuchi et al.
JJAP 36, L382 (1997).

4[0001]

1) Khan et al., Nat. Photon. 2, 77 (2008).

2) Shur et al., Proc. SPIE 6894, 689419 (2008).

3) Yasan et al., APL 83, 4701 (2003).

4) Narukawa et al., JJAP 45, L1084 (2006).

5) Hirayama et al., APEX 1, 051101 (2008). po|arizati0n fields
6) Taniyasu et al., Nature 441, 325 (2006).
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Polarization discontinuity at heterointerfaces

Waurtzite lattice Low crystal symmetry :
PR _ No inversion symmetry along the c-axis
Ce,*: Uniaxial anisotropy —»spontaneous polarization (Pg,)
no inversion symmetry Lattice mismatched STRAINED heterostructures
along the c-axis —piezoelectric polarization (Py)

Gallurn Face Polarization discontinuity produces immobile
charges (xo)at the interfaces

‘F‘ @ o (0001) Ga-polar case

Piezoelectric

& Gallium P
compressive -l--pSF-’--"p ----- 5 ™~ polarization
— |+ Pspt Py 5 \/T/
i = l PSP 0 Spon’_[ane_ous
é 8 relaxed C/m2 .......................................... Olarlzathn
Mitrogen Face l__l:_)gp ________________ /

E. Hellman, MRS Internet J. . L P P _
Nitride Semicond. Res. 3,11 (1998). tensile «— ----$P--i----P-Z---+-Q--- strain

relaxed

F. Bernardini, V. Fiorentini, and D. Vanderbilt,
Phys. Rev. B 56, R10024 (1997).
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Avoid polarization fields - off c-axis semipolar -
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Fig. 2. Calculated longitudinal piezoelectric field in strained Gag glng N
on GaN as a function of the polar angle from (0001).%

*T. Takeuchi et al., Jpn. J. Appl. Phys. 39, L413 (2000).
and U. Schwarz and M. Kneissl, PSS (PRL) 1, A44 (2007).
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m-plane GaN and AlGaN/GaN / y-LIAIO,

P. Waltereit et al., Nature 406, 865 (2000).
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Nonpolar m- and a-plane InGaN/GaN
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SFC et al., Nat. Mater. 5, 810 (2006)
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Nonpolar light-emitting diodes (LEDS)

a-plane ( c. Q. Chen, V. Adivarahan, J. W. Yang, M. Shatalov, E. Kuokstis and M. A. Khan:
Jpn. J. Appl. Phys. 42, L1039 (2003).

| MOCVD, GaN I Aly 1,Gag ggN (3%), on r-plane Al,O, University of South Carolina

(A Chitnis, C. Chen, V. Adivarahan, M. Shatalov, E. Kuokstis, V. Mandavilli, J. Yang and
M. A. Khan: Appl. Phys. Lett. 84, 3663 (2004).

_ MOCVD, Ing 15Gag gsN / GaN (3x), on r-plane Al,O4 University of South Carolina

AN

(A Chakraborty, B. Haskell, S. Keller, J. S. Speck, S. P. DenBaars, S. Nakamura and
U. K. Mishra: Appl. Phys. Lett. 85, 5143 (2004).
| MOCVD, In; 1;,Gag g3N / GaN (5x), on HVPE LEO a-plane GaN template UCSB

J\.

m-plane (A Chakraborty, B. Haskell, S. Keller, J. S. Speck, S. P. DenBaars, S. Nakamura and
U. K. Mishra: Jpn. J. Appl. Phys. 44, L173 (2004).

MOCVD, In, ;7,Ga, gsN / GaN (5x), on free-standing m-plane GaN template ~ UCSB

N. F. Gardner, J. C. Kim, J. J. Wierer, Y. C. Shen, and M. R. Krames:
Appl. Phys. Lett. 86, 111101 (2005).

L MOCVD, InGaN / GaN, on m-plane 4H-SiC  Lumileds Lighting

(A Chakraborty, B. Haskell, H. Masui, S. Keller, J. S. Speck, S. P. DenBaars, S. Nakamura
and U. K. Mishra: Jpn. J. Appl. Phys. 45, 739 (2006).

_ MOCVD, Ing 16Gag gN / GaN (5x), on free-standing m-plane GaN template  UCSB
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Issues in nonpolar GaN heteroepitaxy

4 2\ TDs X-TEM SFs PV-TEM
SF density

3.8x10°ecm:?

MOVPE TDD 2.6x101%cm-2

GaN 1100°C |a‘plane GaN
NL-GaN 600°C| _NL-GaN
\_ r-plane Al,O, Y

1) Craven et al., APL 81, 469 (2002).

4 2) _ . _
HVPE asymmetric LEO SiOmask  113(]

SiO.maskd ./ LEO-GaN

MBE —f _ Gan W Hmumm [0001] l
i _Sj | 7 1 -
\_ m-plane 6H-SIC _/ [ m-plane GaN template \ [1100]

2) Haskell et al., APL 86, 111917 (2005). / / \
m-plane GaN template Ga-polar Wing  Window N-polar Wing

TDD (cm-) 2%x10° >> 5x106 << 4x10° >> 5x106°

SFD (cmY) 1x105  >> 3x10% << 1x105 =  1X10°
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m-plane InGaN QWs grown on LEO GaN base

Plan-view SEM image WAVELENGTH (nm)
_ 400 400

10um
Ga-polar wing
N-polar wing
Window

0o <

o «

o <

INTENSITY (arb. units)

0001] .= 26 2.8 3.0 3.2 3.4
[0001] 11700) PHOTON ENERGY (eV)
Moo | BEHE INN molar fraction:

Onuma et al., JVST B 25, 1524 (2007). depends on the base structure
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Nonpolar a-plane AlGaN/GaN QWs

on (112_0) LEO-GaN > 3.60 L e
o IIIIIElIIIlIIlIlIlIIIIlI >£-)/ L A|016Ga084N/GaN 293K 4
W 293K (o 396 ¢ Al,,Ga, ;N/GaN 1
S i : é 352 | on (1120) GaN |
S _
5 W 348 | ° |
N—r ¥ L 1
i E 3.44 © _ \.\.\‘\. i
g) O 340 [ ON (1120) LEO-GaN |
B o 0 2 4 6 8 10
Z GaN WELL WIDTH (nm)
_ Schrodinger eq. — L_JaE,
o L1 ||;||||||||||||| me:O_18m0’ mh:1_52m02)
3.40 3.50 3.60 AE.AE=311 AE
| | V
PHOTON ENERGY (eV) Ey(ALGa, ,N)
strain-free =6.138x+3.412(1-x)-0.82%x(1-x)
) 2) M. Suzuki et al., PRB 52, 8132 (1995) .
(0001)LEO-GaN no QCSE ! 3 T. Onuma et al., JAP 95, 2495 (2004).

Koida et al., APL 84, 3768 (2004).
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Nonpolar a-plane AlGaN/GaN QWs

3 Tisapphire 242nm 2mwW  APL 84, 3768 (2004).

_ E
L_i'g_gwm] on LEO-GaN

8K

: _ TpL q no polarization fields
Independent of L

nonpolar %
AlGaN

PL INTENSITY
(arb. units)

o 1 2 AlGaN _  AlGaN AlGaN
TIME (ns) = \(’BAN\
N GaN a
£ 10% 8K (0001)Al, ,.Ga, 4N/GaN o
g QWb (og\k\‘ short T4
= [ onlEO-GaN _, ‘?/On SN comparable to (0001)AlGaN/GaN QW
= 100k / (L=1.3, 2.5nm)
| * S e ¥ o—= 0 S <)
o | .~ % (LT

o 2 4 6 8

GaN WELL WIDTH (nm) D Imetal., PRB 57, R9435 (1998).
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m-plane free-standing (FS)-GaN substrates

m-plane FS-GaN wafers Fuijito et al., pss(a) 205, 1056 (2008).

=g cut from 10-mm-thick c-plane
o GaN grown by HVPE
(Mitsubishi Chemical Co.)
c-plane FS-GaN boule
TDD<5x10° cm-2,
SFD<1x103 cm-1
nm
<0001> i
<1120>
Z 1um
<1010> i 0

ML Step 9.26nM - gpc o 41, APL 92, 091912 (2008).

RMS =0.072nm
o by S ) A1) ca ir E cironi ,;g/
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Progress of m-plane InGaN devices uSing Excience in Eectronics
low defect density FS-GaN substrates ROHM

‘ Wavelength (nm) 407.4 Driving 435

m-plane Output power (mW) 23.7 current 1.79
20mA

InGaN LEDs EQE (%) 38.9 3.1

‘ Schmidt et al., JJAP 46, L126 (2007). Okamoto et al., JJAP 45, L1197 (2006).

Photon energy (eV)
2.8 2.7 2.6 2.5

T
= 456.8nm  459.0nm
g N
< | uncoated
3 pulse PL ]
? L 430.7nn\1‘ 436.01‘1111 i
B rill B L lL MEFE ENEFST NS BN EET AT B A
- 430 440 450 460 470 480 490 500
m plane Wavelength (nm)
InGaN LDs Pulsed cw Pulsed CW  CW
Lasing wavelength (nm)405.5 404 451.8 459 : 481
Jin (KA/cm?) 7.5 4.0 22.3 5.0 6.1

JIAP 46, L187; L820 (2007).
Schmidt et al., JJAP 46, L190 (2007). = PEY 1 011502 (2)008'§\PEX 1, 072201 (2008).




Issues in (In,Ga)N growth on m-plane substrate

V Is the m-plane substrate ready for homoepitaxy ?

v Are the growth conditions similar to c-plane growth ?
vV Are InGaN alloys grown coherently ?

v Are the optical properties promising ?

v ... etc.

Labor the issues in (In,Ga)N growth
by MOVPE on the low DD m-plane
FS-GaN substrates
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Growth conditions

Horizontal MOVPE (Tohoku Univ.)

GaN 1.5um

325um

m-plane GaN cut from 10mm-thick c-plane
GaN substrate (Mitsubishi)
TDD < 5x10% cm=,
SFD < 103 cm,
Aw(10-10)=90 arcsec

c-plane FS-GaN (TDD < 107 cm™)
and c-plane GaN/(0001)Al,O5 for comparison

InGaN

GaN

Pyrowtn : 5.3% 10 Pa

H, carrier

TMGa+NH,

R,=1.5 pm/h

Tg=1090°C 5 92 091912 (2008)
VII=5000  grratum 93, 129901 (2008).
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MOVPE m-plane GaN homoepitaxy (1.5um)

<0001> T, °C)¢

l>—><11§o> 1100

ojmg

<1010>
nm
2
nm nm nm
2 3 3
1090F I H I
lum 0
ML step 0.26nm 0 lum 0 0
RMS =0.072nm
gm
substrate |
| VI
S LT
93, - 3000 5000 10000
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XRCs of GaN substrate and epilayer

INTENSITY (arb. units)

01

- substrate

azimuth
<0001>
36"

1 | L ] L 1 |

0
Ao (°)

005

T,=1050°C
<(1010)XRC> V/III=5000
T i T T T T l T T T T l T T T T l T T é
- epilayer (& 100)GaN -
azimuth - ~ =
<11-20> = azimuth 3
1227 ] S[ <11-20>
1 2 F 91" =
8 f -
E > E =
|: = -
wm C ]
< azimuth -
- <0001> E
= (( i, .
= 31" Vm
il s Wil
005 01 -01  -0.05 0 005 01
Aw (°)

SFC et al., APL 92, 091912 (2008);erratum 93, 129901 (2008).
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m-plane GaN : Polarized low temp. NBE PL

I,
ST,
He-Cd 325.0 nm 38W/cm?2 10K e, Ty(@
| T T \ | T T T : | T T T =T, r, r,
; |:XB
r,
on GaN/Al,O4
L (%, y) . (X ¥)
on c-plane FS-GaN UL L L L
kllc klc

Elc Paskov PR B 64, 115201(2001)

’ J a-polarization (k//c)

Ellc ¢ | 5-polarization (kLc, ELc)

on m-plane 'TS'GaN £X A,Bmi2,C n-polarization (kLc, E//c)

3.45 3.50
PHOTON ENERGY (eV)

PL INTENSITY (arb. units)
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m-plane GaN homoepitaxy (1.5um) - TRPL -

3w-Al,05:Ti (267nm, 120nJ/cm?) 293K

P -2 L L I L L LI I B LN
_ﬂ -
= ;
=N :
a f on m-plane FS-GaN,
St Tpl ef—302PS E
> :
EF 4
n E z
ﬁ = on GaN/Al, O, 92ps 3
Z [ NVM E
~ —’ on c-plane FS-GaN, 33ps w w,\—;
o f |system | | ]
0 1 2 3 4
TIME (ns)

SFC et al., APL 92, 091912 (2008);erratum 93, 129901 (2008).
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m-plane InGaN (200nm) / GaN : x-ray analyses

<XRD> <Reciprocal Space Mapping (x=0.08)>
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m-plane InGaN (200nm) / GaN : x-ray analyses

In,Ga, ,N/GaN//FS-(10-10)GaN
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SFC et al., APL 93, 151908 (2008).
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m-plane InGaN films -- room temperature PL
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SFC et al., APL 93, 151908 (2008).
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m-plane Iny osGag g4N film -- TRPL results vs T

m-plane Ing oGagy o4N film Low temperature

Radiative lifetime = 600 ps
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Outline

1. Introduction

2. Issues on heteroepitaxial nonpolar (Al,In,Ga)N [UCSB samples]
v Planar growth and lateral epitaxial overgrowth of GaN
\ Optical properties of InGaN/GaN and AlGaN/GaN quantum wells

3. Homoepitaxial nonpolar (In,Ga)N [Tohoku-films ROHM-devices]
V Low defect density freestanding (FS) m-plane GaN substrate
v GaN and InGaN growth by MOVPE
mmmd | Device performance Digest -- m-plane LEDs and LDs

4, Summary

papers available from http://www.tagen.tohoku.ac.jp/labo/chichibu/SHIGEFUSA/paper/GaN.html
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Summary of Device Characteristics
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Outline

1. Introduction

2. Issues on heteroepitaxial nonpolar (Al,In,Ga)N [UCSB samples]
v Planar growth and lateral epitaxial overgrowth of GaN
\ Optical properties of InGaN/GaN and AlGaN/GaN quantum wells

3. Homoepitaxial nonpolar (In,Ga)N [Tohoku-films ROHM-devices]
V Low defect density freestanding (FS) m-plane GaN substrate
v GaN and InGaN growth by MOVPE
v Device performance Digest -- m-plane LED and LD wafers

mmm) 4 Summary

papers available from http://www.tagen.tohoku.ac.jp/labo/chichibu/SHIGEFUSA/paper/GaN.html
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Summary

Planar heteroepitaxial nonpolar GaN / TD and SF problems unavoidable.
LEO does not work finely for nonpolar epitaxy

L 2

v Advantages of nonpolar orientations confirmed (no QCSE, short radiative
lifetime / polarized emission).

v m-plane growths on free-standing GaN substrates
TD and SF densities -- nearly equal to the underlayer value
Reasonable IQE as bulk InGaN films (11% for x=0.06) -- similar to c-plane
Improved radiative lifetime (at room temperature)

v m-plane LEDs and LDs on free-standing GaN substrates
Coming up to overtake c-plane devices.
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