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* Material properties of GaN

* Epitaxy of GaN
e GaN on Silicon

Acknowledgement: many thanks to Maarten Leys for course material contributions
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Luminous Efficacy (Lumens per Watt)

Isamu Akasaki, Hiroshi Amano and Shuji Nakamura,

Nobel Prize 2014
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GalV for opto-electronics
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Band gap at 300K [eV]

Lattice constant [nm]

* Direct bandgap
* InGaN alloys cover Green to UV photon emission
* Blue/UV/white LED’s use InGaN QW'’s
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But: Polarisation effects reduce recombination efficiency!
(Quantum Confined:Stark Effect) EpiGaN proprietary 2017
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Crystal structijre ‘of llI=nitrides

Diamond lattice Wurtzite lattice
Hexagonal GaN

c-axis

Note the
m/N
planes

Two interpenetrating FCC lattices displaced Named after Erench chemist Charles-
by a/4 along the main diagonal Adolphe Wurtz
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What causes polarization:?

* There are two types of polarization in GaN
— Piezoelectric (polarization with strain)
— Spontaneous (polarization with no strain)

* Piezoelectricity requires the crystal to be non-centrosymmetric.
In a centrosymmetric crystal, for every atom at location (x,y,z),
there is an indistinguishible atom at point (-x,-y,-z).

Crystals with centrosymmetry are not piezoelectric.
Wurtzite/GaN is non-centrosymmetric.

* Spontaneous polarization occurs if the crystal is “naturally” distorted from
the ideal shape. This happens due to the differently-sized constituent

atoms, ex. Ga and N.
6 EpiGaN proprietary 2017 @E”GAN
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Electronegativity./ aremic radivs
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Polarisation in AlIGalN: Summary.
Let’s put everything together:
* Non centrosymmetric crystal

e Large chemical differences between
elements from Ill (Ga, In, Al) and V (N)

—> Charge separation along c-axis direction

Moreover :

* Alloys have different spontaneous polarisation:
pPOln > POlgan

* E >E
g'AIN g’Gal\g EpiGaN proprietary 2017 @ EFIGAN
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CONSIDER THE FOLLOWING LAYER STACK
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The AlGaN barrier: .

- Thin layer is strained relative to thick GaN
- Has a higher bandgap than GaN

- Has a higher spontaneous polarisation than GaN

9 EpiGaN proprietary 2017 @E”GAN
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_Al@_aN/GaN ei‘érostructures

Band structure

(b)

positive when

empty —
 partially-filled
surface donors
EV
tens_ile
B No impurity scattering

=> high mobility

EpiGaN proprietary 2017 @E”GAN



Varying barrie} Ia)}er to.Increase 2DEG density
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2DEG density (x 103 cm)
Band gap at 300K [eV]

Barrier thickness (nm)

* Ns~2*10% cm 2 with only 4 nm thin AIN barrier layer ! ' L
* Ns~2.5*10% cm2 with only 12 nm InAIN barrier layer !

F. Medjdoub et al., DRC 2011
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GAN: EPILAYER AND! BASIC TIRANSISTOR DEVICE
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Epiwafer

~ 20 nm{ (Al,Ga)N barrier

b Active part
>1 pum. GaN channel

Buffer
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Transistor Device

Source Gate Drain

passivation

(Al,Ga)N barrier

GaN channel

S

Buffer

Creation of a 2DEG without any impurity doping! EpiGaN prolalrlliel}élllzzlallgh Electron Mobility Transistor
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HEVIT = Surfdé Effects

Charges in AIGaN/GaN HEMT (c-axis Ga-face)

REF: Ibbetson APL77-2 2000
Surface charge:

/ depends on surface configuration
+ + + + + + + + + e.g. Ga-Ox or Ga-dangling bond

Polarisation charge: fixed, ionic

2DEG charge: electrons in QW

Polarisation charge: fixed, ionic

AN

/ Charge neutrality across structure!

13 EpiGaN proprietarl/ﬁslgurfl ~ | o) 2DEG |
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Surfoce states

e Electrons in the 2DEG are supplied by the surface
(not by thermalised impurities)

—

A -

J. Appl. Phys. 101, 081704 (2007)

Electron sources at the

150

GaN — Surface unpassivated surface:

1 Bulk GaN
+c¢ plane
Z 100} : empty
g Gad
'g occupi
% Ga-3G
§ 50|
M
0 | | | | | | | |

(@) "4 37 A 1 0 1 2 31 4 5 6

REF: Van de Walle
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Dispersion/ current collapse
< = - T

 DC-to-RF dispersion! (REF: Vetury, IEEE TED48-3 2001)
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Fig. 3. Model of the device showing the location of the virtual gate and
schematic representation of the device including the virtual gate.



_HE,MTSU

rface Passivation with SilN.
AGEIN GEN  SIN AIGaN  GaN REF: Onojima APEX1 -071101 2008

4

| 20E6 () Unpassivated surface:

I
! '.\

!\ 2DEG (ny)

G CFplAlGaNGaM) o FpiAlGaNGan)
. B{SiNAIGaN
Ooipinaicahy Toisiniaican Mg
(a) (k)

Atomic configuration matters!
Cleaning procedures for GaN are
based on nitridation

(N, plasmas, NH; plasmas, (NH,),S,
o Thermal treatments in N, or NH,)

Fig. 1. Schematic diagrams of the conduction band and charge

distributions in the AlGaMN/GaMN heterostructure (a) without SiN ) ) EPIGAN
passivation and (b) with SiN passivation. (c} Gchematic model of the EpiGaN proprietary 2017 @

atomic arrangement at the SiN/AIGaN interface.
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* Properties of GaN
e Epitaxy of GaN
e GaN on Silicon

17 EpiGaN proprietary 2017 @EPIGAN



To “grow” a crystal

-> enlarge an existing crystal (substrate) with new (different) material
EpiGaN proprietary 2017 @E”GAN

Google says:
epitaxy

"eprtaksi/ <)
MOUR  CRYSTALLOGRAPHY
noun: epitaxy

the natural or artificial growth of crystals on a crystalline substrate that determines their orientation.
Origin
GREEK

epi
upoh FREMCH

epitaxis epitasy
GREEK 18303
taxis
arrangemeant

1930s: from French épifaxie, from Greek epi ‘upon’ + faxis ‘arrangement’.
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Or Metal-Organic Vapour Phase Epitaxy

* Heated > 1000°C (for GaN)
* Rotating susceptor contains substrates
) * Water cooled reactor vessel

* Reagent gases are introduced through ‘showerhead’

* Nitrogen: from NH,

* Ga: from trimethyl-Gallium
* Al from trimethyl-Aluminium
* In: from trimethyl-Indium

* Ina ‘carrier’ flow: N, or H,

* Controlled temperature, pressure, gas flows

19 EpiGaN proprietary 2017 @EPIGAN
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Othergrowth techn/ques jor GalN.
< T\ T

Halide Vapor Phase
Molecular Beam Epitaxy - MBE Wil Epitaxy HVPE

Ultra High Vacuum Carrier . . bubbler
NH;or N, plasma sources l l

High growth rate (100-200

Research tool or for laser diodes um/hr)

Not mass production technology
No pre-reactions; Carbon-

Llgdd nisostn  RHEED qua . 4 To vaiiably spesd motee Ga melt free;
cecled sheouss N Tand subsiate hester suppty T=850C
- /summe No possibility for abrupt
E:fl-la:ion ’7 E : e T=1000"C ‘ P y p
/Q\ \ interface, alloy => no
= heterostructures
a
e sen Intrinsicallly n-ty)/pe (no
semi-insulatin
Flurescent Rolatng  Beaw moritocing e Ga+HCl-> GaC|+1/2H2 ©
ween wibstrate lonisation gauge
/ e GaCl+NH;-> GaN+HCI+H,  sed for thick bulk layers
20/ 00 (pseudo-substrates,
20 Epi : @EPIGAN
piGaN proprietary 2017 templates...



e A
Advantages and adisaavantages ofi VIOCVD

+ Good growth rates ~ 1 to 5 um/hr

+ Good crystal quality achievable

+ Abrupt interfaces possible

+ Easy fabrication of alloys

+ Production-compatible reactors available
+ High uniformity

- Intrinsic contamination (Carbon, Hydrogen)
- Scaling to batch reactors is tough

- No qualitative reagent precursors for “specia
elements

III

21 EpiGaN proprietary 2017 @EPIGAN
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inings that matter for MOCVD: Eluid dynamics

e —
Rl TSN

-
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Gasflow patterns visualized by TiO, particles (smoke)

Vertical (pedestal) reactor, gasinlet at top

Forced convection due to a pressure difference
between inlet and exhaust

Free convection due to a temperature difference
between susceptor and surroundings

Here the two are in opposing directions.....

C.AWang, MIT, J.C.G. 77 (1986) 136
EpiGaN prop2ietary 2017 @ Eri1GAN
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ijf VIOCVD:

STREAMLINE
LOOP

"SUSCEPTOR

at 700°c

Note that immediately above the susceptor no particles are seen.
This is due to the thermoforetic effect: particles move away from a hot surface

Existence of a “boundary layer” with:
temperature gradient
velocity gradient

23

concentration gradient Ep1GAN
... . EpiGaN proprietary 2017 @ e
Composmon gradlent
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nings thot materA jor VIOCVD: Chemical reactions

e
\ m{ ‘c:Jn !";m{

atomic step  surface diffusion Incorporation
and reaction and growth

24

In the gas-phase:

gas phase Pyrolysis of TMGa/TMA/TMI
and NH,

boundary layer ﬂ

mass transport

to the surface

by diffusion At the surface:

precursor CH;-Ga + NH; == GaN + CH, + H,

decomposition

adsorption Temperature-, (vapour-)

wafer surface

pressure- dependent
equilibrium reaction

The equilibrium is dynamic!!!

EpiGaN proprietary 2017
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lnings that matter for VIOCVD: Kinetics
< T\ T

KOSSEL DIRCRAM
Yervoce - ledge - Lkinle wocel
steps

transport transport

s |

chemical reaction

l surf jrpt = 'ﬁ‘ g /
adsorption —— kine:::a m/_ a i
SUBSTRATE 2 éﬁ B e

. 4
- (g WA YNRYT

euopovekion -
e 1927 !
Another (dynamic) equilibrium between: . BN, s

» Adsorption / desorption of reaction species on the surface

|

* Incorporation: Lateral migration towards nucleated island or crystal step

Consequence: Growth on a foreign substrate requires a good nucleation technique

25 EpiGaN proprietary 2017 @EPIGAN
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Where doesiit gox ... Thermodynamics

Energy, heat and work

THE FIRST LAW: AU = q +w: dU = dq + dw

cy—(%} At constant volume . _[%]

aT oT ). At constant pressure

EnthalpyrH=U+pV

IFORTANT: Gibbs energy: G=H-TS
Sisentropy

fdeflnltlon' AtT 0 S=0. This applles for ‘pure, crystalllne substances

THE SECOND LAW___ dS C_‘?— For rever3|ble processes'

§ In general a’S> dq

Due to |rreverS|bIe processes the entropy of the unlverse
| ~continuously ‘increases: )
27 EplGaN proprletary 2017
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Descr/pt/on of a c/osed system with state functions

There are four state functlons. U(V,T), A(V, T)"H(p T, G(p,T) !

/

We prefer pressure and / .....

temperature as variables Enthalpy H, GIbbS Energy G
The standard state: at 298.15K, 1 bar : AH?, AG°

Definition of the chemical potential = (i(n;j Molar Gibbs energy
p,T

In general: #=u’+RT n->

p° T~ THIS ONE IS IMPORTANT!

At equilibrium: the chemical potential is equal everywhere
and constant

Change: du = p,dn, + pgdng + nydp, + ngdpg

Either the number of particles, n
28 Or the Gibbs energy, i.e. pressure’p afd/or temperature T (@E"GA"
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As always, It depends oni tne Gipbbs freeenerqgy.
<A T\ T

Surroundings, ambient, p,

transfer If ue=u, :equilibrium
If pne <p, :growth
if ue>p, :etching

A system tends to its low(est) Gibbs energy

Gibbs energy (u) is a function of p, T
Change:

P — Peq = AP, POsitive, supersaturation
T - Tq = AT, negative, undercooling

Definition of the chemical potential 1 = ('ZG) Molar Gibbs energy
nJ)pr

P
In general # — #0 + RT]II E EpiGaN proprietary 2017 iaN
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Crystal growth an example fromnature
N

Nakaya diagram, 1954
Supersaturation as density,
partial (over)pressure of H,O in air

Ukichiro Nakaya (?-1962)

PIates_L Columns | Plates _:h Columns and Plates Worked in Hokka|do/ Sapporo
0.3' : : 7 \ :

i I 1932-
- : | i nowflakes m ]
- Needes e snowrlakes may be ca ed"
™ 02- [y | Sectored letters sent from heaven
c  Dendrites | | Plates %@ : Water saturation
o . :
3 85 Hollow % | /
= e ' columns :
F=] | (W) }
g E U [T = : @ Columns
Q 0.l Plates | L) = :
il a

i E Plates

| Solid '

& @ pris:ms : @
c 1 | U 1 | \ 1 Co
0 -5 -0 -5 -20 -25 =30 =35
£7) 20 10 0o -lo 20 -3 F°

Temperature
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L=l lodice Rinding eneregy =2 6“

\03 ?: (no. of aYoms) kT
2.6 240l 12
2 R T 12

o b = 6
0.5 A dimens. L5

Things to look for

L

a5

e Y. -

’ c°“*\\\'n'.;., Gy oLty
e

loa =t
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31

Moviel: . From the late 70s
Nucleation island formation

Critical island size
Lateral coalescence of islands

Movie 2:
Effect of precursor partial pressure

Movie 3:
Contaminants

Movie 4.
Step bunching

EpiGaN proprietary 2017 @E”GAN
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[OMOo=epItaxy vesus hetero-epitaxy,
<~ T\ C

* Homo-epitaxy:
— E.g. doped Si on Si, GaN on GaN
— Requires native substrate

* Hetero-epitaxy

— When there is no native substrate

Nobel Prize Physics 2000
Alferov & Kroemer

— To form hetero-junctions
 Critical for QWs, lasers, HEMTs, ...

— Strain management

36 EpiGaN proprietary 2017 @EPIGAN
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Strainiin heteroepitaxy

a1>ay a,<a,
k=) N
[_l compressive tensile D

-+ |
0

a

(as—ar)
ar

Elastic strain: g, =

Stress: o0 =¢&y.E

with E, the elastic biaxial modulus

* Lattice mismatch between the lattice constant of the film (a;) and the lattice constant
of the substrate (a,) gives rise to stress in the film, o.

* The stress can be either tensile or compressive.

* In cubic system, strain relaxation occurs through dislocation formation. @ EPIGAN

14 September, 2015
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Latt/ce Mlsmatch critical thickness

1000

critical thickness (nm)

s

-
o
Il

—t

e,

—— Griffith's criterion: channel cracks
— Griffith's criterion: surface cracks
A »e = Matthews-Blakeslee condition
A Hearme &t al
O Parbrook et al.
Cracks o siaretal (TEM); Kim et al. (XRD)
¢ Bourret et al. (RHEED/2nd-stage)
Present experiment: upper bound
Prasent experiment: lbwer bound

",
.,
*s
-,
s

Misfit dislocations

0.0

0.2 04 0.6 0.8 1.0
AIN mole fraction

38

In a growing mismatched layer,
strain builds up (elastically
strained)

until it reaches a critical energy
and it plastically deforms

Put differently: these two

regimes are separated by a
“critical thickness”

EpiGaN proprietary 2017 @E"GAN



Lattice mismatch builds up strain, relaxation is by dislocation formation
A plane with weak interatomic bonding serves as slip (glide) plane

In cubic lattices this is mostly {111}

An array of misfit (edge) dislocations is formed at the interface

Matthews and Blakeslee (1975) :

H |f| .y . . g . . .
T critical layer thickness vs misfit dislocation formation
Layer 4 ————
Substrate g Interface ] | .
Glide plane of o |

the half loop Misfit disloc
h.~ 2nm at 2%

(=] Ly
=1 =1
T

._
<
T T

Glide plane of

MB critical thickness, h (nm)

the threading I
dislocation
Top layer 0 p
Layer Second Lattice misfit, %

interface
First interface

(a) (b)

Grown-in ' _
threading Misfit dislocations

dislocation si

Ge

dislocation

Si

39 EpiGaN proprietary 2017




D/fferent stress relaxat/on mechanisms
< T\ =T

(Nitrides (wurt2|te) does not have slip planes)

e Misfit dislocation formation

e Dislocation bending

e Surface roughening (from 2D to 3D growth mode)
* Grooves formation and/or surface cracking

(a) (b) (c)

2D 2D-3D 3D
14 September, 2015 40/ 00
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Mosaicity at AIN/Si mterface, the result of

nucleation via domains On AIN: 4 Al,GaN interlayers:

Lattlce mlsmatch dlslocatlons ,bending

Inverted
pyrarmds

50nm :

AIN has pyramidal holes

42
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A lattice mismatched system has to elastically strain or plastically deform
1000

)
\ —— Griffith's criterion: channel cracks
— Griffith's criterion: suface cracks
5 Cracks «- MatthewsBikeslee condiion
A Hearna at al.
O Parbrook et al.
C Sitar et al. {TEMY}; Kim et al. (XRD)
< Bourret el al. (RHEED/2nd-stage)
Present experiment: upper bound
Prasant experiment: lower bound

s

s
L=l
1

Misfit disloca

critical thickness (nm)

LT

0.0 0.2 0.4 0.6 0.8 1.0
AIN mole fraction

At a certain thickness
the surface becomes unstable, undulating

At convex regions inclined facets appear
leading to cracks

. : : . . EPIGAN
Below cracks, strain is relieved, 2DEG interrupte@riGaN proprietary 2017 (EZ) PisA



Crack depth in nm
Al,GaN, 22nm

1 um

y
v

0.00 um 2 0.40 0.60 .80

0
/ 13.3nm
& Q’
L‘_’w' A= ‘

The “cracks” do not seem to correspond o0 I

to threading dislocations in the GaN layer. 4..,‘”"
Also, they are less deep than the layer g -
thickness i.e. they do not propagate down

to the Al,GaN/GaN interface oo |8 }

Chemical analysis shows the areas near 050 e
the grooves are Ga-rich

3.0 nm

44 EpiGaN propriitzif Oill%']age @E”GAN



SiN deposited in the MOCVD tool
e clean interface
» crystalline interface

* Relaxation prevention
14 September, 2015

45 /00
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Protect your brfier With in-situ SilN

amm 020 040 050 080
Capping the barrier with oz
1 monolayer of SiN N
Ref. Cheng JCG 353 oto
(2012) pp88-94 "
cmu-

46 EpiGaN proprietary 2017 @EPIGAN
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* Properties of GaN
e Epitaxy of GaN
e GaN on Silicon

48 EpiGaN proprietary 2017 @EPIGAN



Choose a substrate for GalN

* GaN crystals do not exist in nature

.
_4‘

=> hetero-epitaxy required

 Choice of the substrate

Lattice Thermal Wafer Size
Material | mismatch 1 mismatch | oty Cost
GaN/substrate | GaN/substrate
(%) (%)
GaN - - 2" Prohibitive
SiC S.i. 2"- 4", 150mm | Very High
3.5 25
Cond. 2" - 4"; 150mm High
: 2"-4"; 150mm; :
Sapphire 16 -34 200mm Medium
Si -17 54 2" --> 300 mm Low

Although technically the most challenging,
GaN on Si is the only economical solution

49
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« Why chooese GalN on Siz

< S\ T

= -
GaN on Si is the only cost-efficient WB technology
* Cheap substrates (200mm Si: 30S vs. 4” SiC: 2000S)

. A ~—r Alvo < GaN
° La rge Wafer size Substrate Properties Si (111) ("‘]0; 6H-SiC (0001)

— Up to 200mm today Lattice mismatch (%) -17

Thermal mismatch (%) 54

® Sl—fab com patlble Thermal conductivity 15
) ) (Wem'!' K .

— Contamination aspects solved
Wafer size 27—12”

— Existing volume-production fabs:

very extremely

Price low medium

Fully depreciated fab or high high
Substrate choices

side-by-side with existing Si products

* Integration possible with Si CMOS

EP1GAN
50 EpiGaN proprietary 2017 @



Total stress: Otot = Ointrinsic (lattice) *tO0thermal

E E
Othermal™ ( ) Aa. AT = ( _];f)(alll—N - aSi) (Tgrowth — Troom)

Coefficient of thermal expansion Growth Temperature

Stress free Slightly tensile Tl tensile

_—*g—"

,p—ﬁm\ T

Stress free COMpressive

Stress balanced

In GaN on Si, the tensile thermal stress is around 1.4GPal!
Stress leads to wafer bow!
Wafer bow must be limited (typ. max 50 um) for manufacturing (litho alignment).

EpP1GAN
14 September, 2015 51/00
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In=sity curvature as moenitoring tool

d 5 =3

AlGaN
Heating AIN GaN

gn

GaN buffer 1.4 pm compressive

-

B o mm w mmw e on m e e sl o

AlGaN IL 400 nm | compressive

AIN NL 200 nm : tensile

Si(111)

. mmm w mmm w mm n o n mmm n mmm w e n e em— e — e —— L WL L N L

|
2 4 6 8 R ERT Y
Time (3e<) .
I
> . (@)
c o)
o, g 1 O
o - N~
Q| = I 8‘
- () N EPi1GAN
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