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Optoelectronic Devices

lasers IR imaging solar cells

GaAs AlAs

= [100] growth direction

grow single crystal films on single crystal substrates
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Semiconductor Heterostructures

GaAs/AlGaAs heterostructure:
i bandgap engineering
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Epitaxy (FME)
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Epitaxial Growth

Homoepitaxy Heteroepitaxy
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Methods
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Solid Phase Epitaxy (SPE)

7 amorphous Si -> crystalline Si

Liquid Phase Epitaxy (LPE)
0 2Ga (l) + 2AsCl, (I) = 2GaAs (s) + 3Cl, (9)

Chemical Vapor Deposition (CVD)
7 Ga(CH,); (9) + AsH; (g) = GaAs (s) + 3CH, (9)

Molecular Beam Epitaxy (MBE)
n 2Ga (g) + As, (g) = 2GaAs (s)
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Methods

= Solid Phase Epitaxy (SPE)

o amorphous Si -> crystalline Si

annealing at high temperature
10
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Methods

" Liquid Phase Epitaxy (LPE)
0 2Ga (l) + 2AsCl, (I) = 2GaAs (s) + 3Cl, (9)
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Methods

ion (CVD)

o Ga(CH,); (9) + AsHj; (g) = GaAs (s) + 3CH, (9)

= Chemical Vapor Depos
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Methods

" Molecular Beam Epitaxy (MBE)
n 2Ga (g) + As, (g) = 2GaAs (s)

l Load-lock

l_' Transfc
-ﬁ o o—
compound

- '{\As semiconductors

Effusion cells
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Deposition at Surfaces
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Deposition at Surfaces

terrace (¥ H)

Si (100) surface
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Deposition at Surfaces

- T=520°C

d) o=

Transitior_iom 2D i1sland nucleation to step flow gfowth (MOCVD).

5X5um? post-growth AFM scans, heigth scale 2-5nm 16
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Growth Mechanisms

competition between surface and interface energies

= I! =~1
p — =
Frank-van der Merwe mode Volmer-Weber mode Stranski-Krastanov mode
(2 dimensional growth mode) (Island growth mode) (Layer & island growth mode)
interface energy l interface energy T interface energy ¢ T
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Online Surface Monitoring

Substrate

i Reflection high-energy
sceen  €lectron diffraction
(RHEED)

RHEED gun

‘ Oxygen source r

Thermal Evaporation Gells

MBE system
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Online Surface Monitoring

RHEED SIGNAL

ELECTRON BEAM

MONOLAYER GROWTH




gap energy (eV)
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Lattice Constants vs. Bandgap
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gap energy (eV)
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Lattice Constants vs. Bandgap
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Lattice Constants vs. Bandgap

Vegard's law: assume linear mixing

28 I | | L) T N LS | | T T
2L F GaP |
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Lattice constant a (A°)

Q: In,Ga, ,As on InP?
Q: How to design a 1.55 um laser?
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Lattice Matched/Mismatched Growth

Lattice matched
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Strain in the Film

Relaxed crystal structure
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Growth Energy

strain energy

adjoming latticss.

misfit dislocation energy
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Growth Energy

critical thickness d._
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Wafer ‘Bowing’' by Stress

__ Pilm
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Anti-Phase Boundary (APB)

GaAs is lattice matched to Ge,

but ...
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Applications

Strained Si for CMOS

Quantum Wells

l11-V Quantum Dots

Colloidal Quantum Dots

Superlattice

Selective Area Growth

GaN Growth

Nanowires

2D Materials Growth

Multijunction Solar Cells

Epitaxial Liftoff

29
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Strained Silicon

tensile strain increases electron mobility
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compressive strain increases hole mobility 30
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Strained Silicon

PMOS: uniaxial compressive

NMOS: uniaxial tensile stress stress from sel. SiGe in S/D

from s_tressed SiN fllm _
High Stress
b

Fig. 3 TEM of NMOS transistor showing Fig. 4 TEM of PMOS showing S1Ge
high tensile stress mitride overlayer, heteroepitaxial S/D inducing umaxaal strain,
From K. Mistry et al., “Delaying Forever: Uniaxial Strained

Silicon Transistors in a 90nm CMOS Technology,” 2004 VLS| SEMATECH
Technology Symposium, pp. 50-51. 21 Accelerating the next technology revolution. 31
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l11-V Quantum Dots

InGaAs is not lattice matched to GaAs

Deposition in
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l11-V Quantum Dots

InGaN quantum dot LEDs

¥
Fig. 2. Luminescence photos of InGaN QDs LEDs.

L. Wang, et al.,. Front. Optoelectron. 7, 293 (2014)

Xing Sheng, EE@Tsinghua
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Colloidal Quantum Dots

Bulk Band Quantum
Structure Dots

Conduction
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Energy of electron E
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Quantum Wells

Quantum well

Quantum barrier Quantum barrier

ey
<!

1. electronic confinement
2. optical confinement

2000 Nobel Prize in Physics
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Superlattice &%

conventional quantum wells
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Selective Area Growth

At high T, Ge, Ill-Vs grow on Si, but not on SiO,

. Impinging Species

” NW Growth
® © .
* ¥
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Selective Area Growth
Grow Ge single crystals on amorphous substrate

SiO, overlay

\
a-Si seed This grain grew fastest

UHVCVD
GeH, (9) = Ge (s) + 2H, (g)

WWILEY-VCH

selective, only on Si, not SiO,
GeO is not stable K. McComber, et al., Adv. Func. Mater. 22, 1049 (2012) 39



GaN Growth
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Energy Gap {aV)

Lattice Constant (A)

InGaN blue LEDs

substrate price

GaN $$59
SiC $$$
sapphire $$

silicon $ 40
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Gallium Nitride (GaN) LED

= GaN LED on sapphire
o HZ, Nichia
1 2014 Nobel Prize in Physics

l. Akasakl H. Amano S. Nakamura

= GaN LED on silicon carbide (SiC) A
CREE=

= GaN LED on silicon
o FE, EEXE
0 2015FEPEFAREZF—FKL

B mrEecaN
. . HiEmaY T IhE
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GaN Growth on Sapphire

o omm mm m m mm mm o e em e owm wm m omm o mm e

dislocation

GaM semi-sound zone (150nm)
lateral growth

©1996-2000 Eurotechnology Japan K. K.
http:/iwww.eurotechnology.
after: Akasaki (APL, 1986)

H. Amano, et al.,. Appl. Phys. Lett. 48, 353 (1986)
H. Amano, et al., Jpn. J. Appl. Phys. 28, L2112 (1989)
S. Nakamura, et al., Appl. Phys. Lett. 64, 1687 (1994)

1. growth with AIN buffer

l. asaki H. Amano S. Nakamura 2. GaN p-type doping

2014 Nobel Prize in Physics

3. GaN blue LED!
42
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GaN Growth on Silicon

o

\
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GaN Growth on Silicon

CTE(x10/K):7.5(sapphire)>5.6(GaN)>2.6(Si)

Growth 7" | Sapphire _ Silicon Silicon
Al(Ga)N stregs mgt layers

GaN thin film

; GaN thin film
epitaxy growth epitaxy growth

Growth 7 e ¥ \ . __ .

e
— i

Cool down to RT

v v
Room 7T - ﬁ
GaN thin film GaN thin film under tension Crack-free flat GaN thin
under compression and often cracks generated film under compression

Q. Sun, et al.,. J. Semicon. 37, 044006 (2016)
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Si Nanowire Growth
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l11-V Nanowire Growth

GROWTH MECHANISM Layer by Layer
Growth model

Ga As

Vapor-Liquid-solid Epitaxy
Wagner and Ellis 1964

Saturation/
Eutectic formation nucleation

Catalyst
deposibon

Ga

S— i
GahAs nanowire
GaAs(111)B substrate

Tapering of nanowire

metal catalysts reduce growth temperature
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l11-V Nanowire Growth
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- Direct growth of III-V film on Si:

Si substrate s

Creation of massive threading dislocation
due to the large lattice mismatch strain
between III-V and Si

.......
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- Direct growth of III-V film on Si:
Defect-free IlI-V can be grown on Si
because lattice mismatch strain can

relieved via the nanowire sidewall
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2D Materials Growth

Quartz tube

(a) /

o 4

4

7N £

Ar ' b
—> Se  MoO;  Substrate —> D D SN AN D O, O O

grain boundaries exist

lattice match is not restrict for monolayers

48



Xing Sheng, EE@Tsinghua

Solar Cells

< > E -
P i o
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_ . " 2. Sub-bandgap pass
A single junction cell

cannOt get >3 7% effiCiencyW Shockley and H. A. Queisser, J. Appl. Phys. 32, 510 (1961)

C. H. Henry, J. Appl. Phys. 51, 4494 (1980) 49



Xing Sheng, EE@Tsinghua

Multijunction Solar Cells

Eg7 EQZ EgB °
solar spectrym 4 \. e
] M1.5G) ® _
= 1.5 —‘K_//_—_* " \. s
ELMN L L e
3 1| —Seo——bee— —i—.—ﬁ
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o
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" 500 1000 1500 2000 2J:m =50%
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ASTM G173-03 infinite J: n =72%

Use the entire solar spectrum

W. Shockley and H. A. Queisser, J. Appl. Phys. 32, 510 (1961)
C. H. Henry, J. Appl. Phys. 51, 4494 (1980) 50
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Multijunction Solar Cells

= Lattice matched epi-growth (MOCVD or MBE)
= Current matching
= Suitable bandgaps

Efficiency (%)
A

InGaP/GaAs/InGaNAs -+ 50

A lattice matched
L “ cell 1 InGaP/GaAs/InGaAs N

. " (e_g_ InGaP, 1.9 ev) bifacial metamorphic -+ 45

‘._a“.-;. InGaP/GaAs/Ge ?_y
L A\X] 2 lattice matched
DD cell 2 \\ , / -+ 40
\%IGaAsllnGaAs -1 35
inverted metamorphic

2 & a\b (e.g. GaAs, 1.4 eV)
cell 3 InGaP/GaAs/InGaAs

.. n‘l
(e-g- Ge! 0.7 eV) I ' metamorphic | -+ 30

2000 2005 2010 2015
Year 91




Multijunction Solar Cells
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most efficient solar cells
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Stacked MJ Solar Cells
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Stacked MJ Solar Cells

bonded AlGalnP/GaAs /| GalnAsP/GalnAs solar cells
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World record efficiency: 46%
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F. Dimroth, et al., IEEE J. Photovolt. 6, 343 (2016)
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Epitaxy Liftoff

Release; transfer
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'‘Remote’ Epitaxy

Remote epitaxy through graphene enables
two-dimensional material-based layer transfer

Yunjo Kim'*, Samuel S. Cruz'#, Kyusang Lee'*, Babatunde O. Alawode', Chanyeol Choi', Yi Song?, Jared M. Johnson?,
Christopher Heidelberger*, Wei Kong', Shinhyun Choi!, Kuan Qiao!, Ibraheem Almansouri®, Eugene A. Fitzgerald®,
Jing Kong?®, Alexie M. Kolpak!, Jinwoo Hwang?® & Jeehwan Kim!*®
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