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light emitting devices in visible
and near infrared region,
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High Efficiency Solar Cell

Radiation-hard material-very suitable for using in space

Perfect matching of band gap of In, ,Ga,N to solar spectrum

Energy (eV)
[

0.4 06 0.8
Ga content in
In,, Ga,N alloy

3 2
Solar Flux
(10" photons/sec/m?/um)

Theoretical Conversion Efficiency of InGaN Tandem
Cell as a Function of Number of Junctions under AM
1.5.
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€ High Quality InN epilayers

Low defect density, atomically flat surface, low residual
carrier concentration

€ Origin of high residual electron concentration
InN-degenerate semiconductor
€ P-type doping for InN
Necessary for fabricating light emitting device
€ InN based alloys
High In content InGaN, InAIN
€ InN based quantum structures, nanostructures

InN well based quantum wells, InN quantum dots,
nanowires

€ Parameters/Physics for InN

Several Parameters for InN are not clear yet.

Topics/Keypoints in InN research
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It is important to improve migration ability of surface atoms
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Difficulty in InN Epitaxy

4.2

! 5
6] AIN
S5 o
Dt —
> 4- o
s | i3 Ga
S 4 P O ° Zn0O
o = :
_§, . 6H-SIC
§ 24 INN (old) GaAs(111)
| o
- [
1 | : InNN (new)  Si(111)
0 v 1 v 1 v 1 v 1 1 v 1 v 1
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
Effective lattice constant a (A)
InN/sapphire 25%; InN/GaN~11%
X. Wang , A. Yoshikawa, Prog. Cryst. Growth and Charact. Mater., 48/49 (2004) 42-103.
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Difficulty in InN Epitaxy

%¢ high equilibrium N, vapor pressure over Low Epitaxy Temperature
InN film
Outline i Low maximum growth temperatures SR ZRYR - B s B AR R AN G Ve B
much smaller than GaN and AIN
Introduction Temperature T [°C]
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. 10 } } i ; f } .
: ™, y= 2186 K ] cccemeemsm- i
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. o<, 1.2- O N-polarity I I
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: i e = 0.6+ F J‘.J“.L—,;In| 1 -
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) § 1 O 0.4- ’) q Ib % : [
P-type eV|den.§§ 10 =7.940"" exp(-2.78 @V/KT) bar 0.2- J?J/ } ® 2, | : ]
InN Alloys (£ | | 0ol 9 ) ® n
Nanostructure: ™™ m T T T T
; = 1510 exp(-3.28 oVAT) bar 400 450 500 550 600  65¢
Summary . \ Growth temperature (°C)
Supplement § .
pp =8.3-10$-up{-5.41 eV/kT) bar In POlarIty -I_InNS52OOC
T U DU R S N Polarity T,,,<620°C
2 4 6 8 10 12 14 16
w'm K Very big growth Temperature

O. Ambacher, et al, J. Vac. Sci.

Technol. B 14 (1996) 3532 mismatch between InN/GaN,AlIN
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MBE vs MOVPE on InN epitaxy

Problem for MOCVD: Low epitaxial temperature of InN

AR FEAE KTV MOCVD
JEA R Iny& A HLYE(TMIN)
N5 A -ER
AHLEIR-BrT5 G
BRNAEKEE < 520°C/620°C
AKIERE {[i5
AR 1l HE /AR 2% THT A RS
i E i
RIA-FERE FH RS
HFIREN, (cm3) ~1018
T (RT) cm?/Vs >1000

MBE shows advantage than MOVPE
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In-polar InN grown on Ga-polar GaN

Temperature

N-polar InN grown on N-polar GaN
4 , 840°C

Temperature \
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Epitaxy Behaviors/Stoichiometry

In-situ monitoring by spectroscopic ellipsometry
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Effect of Growth Temperature
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N-polarity epitaxy was studied first due to higher maximum epi-
In-polarity

Outline id L" X SR
Introduction : i 3"‘ -
e L% b C NS | é
MBE =
. =
InN epitaxy é

Flat surface
Quality Up

INN Propertiesg -
P-type doping
Polarity Inversg
P-type eviden.g

Regioh-II

InN Alloys e i .
Nanostructure: 0 [m] ['m] 85220  [m]  57.67 0
=l Enhanced migration
Supplement

of In adatoms with
Increasing growth
temperature

X. Wang, et al, J. Appl. Phys. 99, 073512 (2006).
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Surface roughness is less than 1 nm in 10um X 10um area

X.Wang, et al, Jpn. J. Appl. Phys. Part.2 Letter 45, L730 (2006).
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In/N=0.97 In/N=1.05

Slight In-rich condition is preferred
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High growth temperature is preferred



How to get atomically flat surface
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Low screw-type threading dislocation density
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Crystalline Quality

Scew-type TD Edge-type TD
Outline g=[0002] 4
Introduction
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INN epitaxy

Flat surface
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InN Properties:

P-type doping
Polarity Inversg

P-type eviden.g XRD TEM
INN Alloys TDs (cm?) Screw- Edge-type Screw- Edge-
Nanostructure :

On GaN 1.3x108 2.1x1010 2.8x108 1.2x1010
Summary template
Supplement

Crystalline quality was not good, in particular ETD density was still high
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Sheet electron concentration (cm2)
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Surface Electron Accumulation

14

2.5x10" -
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1.Ox1014-.
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0

T T T T 1 021 - -
B on GaN (seml-lnsulated)3 . r% GS1542 2000
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) 3 ? X n=1.36x10"* cm™
A onGaN (ng=6.5E16 cm™) g ) LBNL
after correction 1 = \
2 10% ¥ , GS1470 1300nm ... |
c 6 ", K=750 cm’/Vsec ]
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13 —
5.76 X 10 T 1019 ........ n=1.71x10%%cm™ \\@ ‘
5.09 x 1012 o " “Wright State 5y \
13 g ]
_/y 3.06x10 . R
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1000 2000 3000 4000 5000
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InN Thickness (nm)

Sheet electron density at zero film thickness
attributed to surface charge accumulation

Surfacel/interface electron accumulation

GaN

All metals form Ohmic
contact on InN, also
indicates surface
accumulation, similar to InAs

Depth (nm)

High density surface electron was
observed from ECV measurement.

Hai Lu, W. J. Schaff, L. F. Eastman,
and C. E. Stutz, Appl. Phys. Lett. 82,

1736 (2003)

W. J. Schaff,

Hai Lu, L. F. Eastman,

W. Walukiewicz, K. M. Yu,
S. Keller, S. Kurtz, B. Keyes,
L. Gevilas, Oct 2004 ECS meeting
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Threading dislocation effect on n,

X Wang, S Che, Y Ishitani, A Yoshikawa, Appl. Phys. Lett. 90 (2007) 151901

FWHM of (102) InN (arcsec)

-~ 18
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Peak at 0.667 eV

o5

060 062 064 066 068 070 0.72
PL measurements show strong emission at 0.667 eV at 16 K and 0.637 eV at

room temperature, absorption spectra also shows narrow band gap at around
0.63 eV at RT.
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INN Parameters: Raman Scattering

Outline E, high mode

Introduction : 490.1 cm? A
MBE

InN epitaxy

Flat surface

Quality Up
INN Properties:

A,(LO) mode InN/E#1 Kl
P-type doping

_ 585.4 cm-
Polarity Invers: -\/W) W\\‘W =X g %F_‘ZEEEEZ
P-type eviden.g ﬂ]Al(LO) FEL ]

Raman intensity (a.u.)

InN Alloys - . - . . . . , '
Naroctiure) 400 450 500 550 600 650 RamaniUif g
summary | Wavenumber (cm?) AR
Supplement

X Wang, S Che, Y Ishitani, A Yoshikawa, Appl. Phys. Lett. 89 (2006) 261643.



INN Parameters: Raman Scattering

Outline
Introduction
MBE

INN epitaxy
Flat surface
Quality Up
INN Propertiesg
P%ypedongE
Polarity Inversg
P-type eviden.:
INN Alloys
Nanostructure

Summary
Supplement

" "'Wavenumber (cm)

""PL peak energy (eV)

O N N
O (e} (e} (e}
PR P S

489

E, high mode

489.8 cm!

-0.5

0.73

04  -03 02

O, (GPa)

-0.1

0.0

0.724

0.71+

© 491 492 493

Wavenumber (cm)

494

495

Wavenumber (cm)

590
589+ A,(LO) mode
588
587
586
_ 585.7 cm™t
585 e —————
05 -04 03 02 -01 0.0

o, (GPa)

RamanZz XN ) REL (E2 £52)
8.99+1.7 cm-1/Gpa

Ramanz XU, ) R
( AL(LO) #) 8.4+1.7 cm-Y/GPa

o E/ aw=7.3%x1.2 meV/cm-1
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INN E, F1A(LORINHITEZ A # (Deformation potentials)

Outline
; -1 -1 -1 -7
Introduction Ref  Cyy Cpp Cip Gy A (em™) bEz(Cm) apl(Lofcm) bﬁl(LO)(Cm)
MBE
INN epitaxy i [1] 190 104 121 182 -938+43  -407+101 —901+43 —587+101
Flat surface :
: [2] 223 115 92 224 -960+48  -489+82 —915+48 —642+82
Quality Up
INN Properties:
o+ [3] 271 124 94 200 —998+55  —635+56 —944+55 —750+56
P-type doping :
Polarity Invers:
: | [4 204 85 72 217 -893+46  —236+87 —850+46 —395+87

P-type eviden.g

INN Alloys

Nanostructure V. S. Harutyunyan, P. Specht, J. Ho, and E. B. Weber, Defect and Diffusion Forum 226-228, 79 (2004); A. U. Sheleg and V.
A. Savastenko, lzv. Akad. Nauk SSSR, Neorg. Mater. 15, 1598 (1979).

Summary ! 2A.F. Wright, J. Appl. Phys. 82, 2833 (1997).
: 3K, Kim, W.R.L. Lambrecht, and B. Segall, Phys. Rev. B 82, 2833 (1997).

Supplement 4S.Yu. Davydov, Semiconductors 36, 41 (2002).

C,;--Elastic stiffness constants; a and b --deformation potentials
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Growth Process of Mg-doped InN
Outline
Introducti |
,\:,;OE o 4 In-polarity: on MOCVD-grown GaN
InN epitaxy

Flat surface

Quality Up
InN Properties:

480-500°C
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Temperature(°C)

Summary
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Temperature(°C)
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= Mg concentration in InN:Mg

20 InN toplayer
10 Mg:InN (Mg 275°C)
FA InN interlayer
E o[ O\ "Mg:IIIN (Mg 250°C)
0 10 InN interlayer
N’
= F[ 0 TN\ PMg:InN (Mg 225°C)
o InN interlayer
Z10%H 0 ey e Mg:InN (Mg 200°C)
© Mg cell temperature (°C) g °
b T 22325300%75 250 225 200 175 15 InN buffer
SV A
s b S GaN-4.1 pm
O 10 _5 20r ¢-AL,O
c ,c_U.lO [ 2473
O 510°)
O 81018 :
(@) 1016 510"}
2 (&)
r L L L L L L L
1.7 1.8 %-805/_? 2.& l2.2 2.3
15 MoK
10 I | | I g | | I | | I n
0 1000 2000 3000
Depth (nm)

The Mg-doping level in each Mg:InN layer is almost constant and the boundary at the
different doping levels is sharp; The Mg concentration changes exponentially with Ty, .
The sticking coefficient of Mg on In-polarity InN is almost unit.
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A layer with domain structure is observed at 3rd Mg:InN layer with Mg concentration of
2.9x10%° cm-3. Are these domains inversion domains?
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Several points were chosen to check polarity by convergent beam electron diffraction
(CBED) in TEM measurement.
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Ga-polar GaN
: (t=205 nm)

CBED Results in TEM Measurement

In-polar InN
(t=90 nm)

In-polar InN
(t=68 nm)

Simulation

N-polar InN
(t=64 nm)

N-polar InN
(t=73 nm)

Polarity was determined by comparison between measured CBED patterns and simulated

patterns
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g=[0002] 4

cap [t /

;[Mgf] ;158 X102 cm-3.

Outline
Introduction

MBE

INN epitaxy Spacer ¢ Al

[Mg] 2. 9x,1ﬂf9m

Flat surface : R g
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Polarity was inverted from In-polarity to N-polarity, confirming domains are inversion
domains.

X Wang, S Che, Y Ishitani, A Yoshikawa, Appl. Phys. Lett. 91 (2007) 081902
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In-polarity

1.45 0
(Sample A: [Mg]=5.6x

1013 cm3)

-

N-polarity
| B 10M KOH
o Im 1740 O Ml 6592 for 2h at RT

(Sample B: [Mg]=2.9x10!° cm-3)

In-polarity InN was difficult to be etched, and step-flow feature was kept after etching.
N-polarity InN was easily etched, surface became rougher and small island-like structure
was observed on surface.
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Further investigation on several samples with different [Mg]s shows polarity inversion
happened at [Mg]~10%° cm-3,
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[Mg] shows almost the same value at the same supplied Mg beam flux, independent of
polarity, probably due to the low growth temperature.
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P-type Mg:InN-ECV measurement
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Supplement i c2-vbias spectra can be simply understood as follows: 1) under thermal equilibrium, i.e., under
zero Vbias, the surface Fermi levels for both p-type and n-type InN samples are pinned at about 0.9
: eV high above the conduction band bottom. 2) the surface Fermi level or surface potential can be
: modified by the applied voltage and the surface Fermi level position inside the forbidden band
corresponding to the C-2 peak is different in magnitude of 0.35 to 0.45 eV between p-type and n-

: type InN samples, and then 3) Vbias values when detect-ing C2 peaks are different for p-type and
: n-type conduction InN.
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Mobility of holes was estimated to be around 23 cm2/Vs.
X Wang, S Che, Y Ishitani, A Yoshikawa, Appl. Phys. Lett. 92 (2008) 132108.
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PL intensity was greatly reduced with Mg doping.
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A Mg-related acceptor level of about 61 meV above the valence band
This value was confirm by Jiang Group, APL 91(2007) 012101.

X Wang, S Che, Y Ishitani, A Yoshikawa, Appl. Phys. Lett. 90 (2007) 201903
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Surface morphologies of InGaN in both polarities
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Full In composition INAIN with N-polarity were grown. Single phase alloys
were observed in the whole composition. Basically, crystal quality of InAIN is
poor in comparison to InN.

InN-based Alloys-InAIN
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Surface morphology of InAIN, grain structure was observed .



Outline
Introduction
MBE

INN epitaxy
Flat surface
Quality Up
INN Properties
P-type doping
Polarity Invers

P-type eviden.
INN Alloys
Nanostructure

Summary
Supplement

InN-based Alloys-InAIN
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. InN NCs growth was initiated from InN QDs growth in S-K mode
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Introduction

€ Atomically flat InN in step-flow-growth mode was obtained. The

surface was quite smooth with rms roughness of less than 1 nm (the
best one 0.3 nm) in 10umx10um area .

MBE € InN films were dominated by edge-type TDs while the density of
INN epitaxy screw-type TDs NCs were about two orders lower. InN film with edge-
A type TDs density in low 10° cm was obtained.
Quality Up ¢ € Electron accumulation layer exist in the surface of InN or interface
InN Properties: between InNN/GaN with sheet electron concentration of about 3-5x1013
P-type doping cm-2. InN film with ne=2x1017 cm-2 and mobility of about 2150 cm?/Vs
P-type eviden.é € SIMS results showed that Mg concentration was linearly proportional
InN Alloys to Mg-beam flux, indicating Mg-sticking coefficient is almost unity.
N tructure L . :

i I Polarity inversion was found when [Mg] is over 101° cm-3.
Summary
Supplement € Buried p-type InN was confirmed by ECV measurment in Mg:InN

films at [Mg] of 1-30X 1018 cm-3. An acceptor activation energy of
about 61 meV for Mg acceptor was obtained. Mobility of holes in p-
type InN was estimated to be about 17 to 36 cm2/Vs for hole
concentration of 3.0x1018 to 1.4x1018 cm-3,
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