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Main industrial
semiconductors

1-Si
2-Ge
3-SiC
4-GaN
4-GaAs
5-1nP
6-InAs
7-GaSh
8-CdTe

9-HgCdTe

-V

11-VI




GaN | AIN InN GaAs Si Diamond
Bondlength | 1.95| 1.90 | 2.15 2.44 2.34 1.54
(A)
Bond energy | 8.9* | 11.5 {.7 6.5 4.1 1.4
(eV)
Cohesive 2241288 | 193 | 163 | 2.32 4.62
energy
(eV/atom)
Melting point | 2791 | 3487 | 2146 | 1513 | 1687 | 3770
(K)

* About 10 meV less for the cubic phase: less stable from thermodynamics

c@EA

Thermal stability

Chemical inertness
Radiation hardness




Melting temperature and cohesive energy




lonic/covalent bond

Bond character depends
on atom electronegativity

For instance for group V elements :
XN 22 Xp >> Xas >~ Xsb

Bonds in nitrides are more
lonic than in many other SC

How does the validity of
tight binding methods vary
along this table ?
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lonicity

Si 0

C (diamond) 0
AlAs 0.274
AlP 0.307
GaAs 0.310
GaP 0.327
INAS 0.357
InP 0.421
AIN 0.449
GaN 0.500
InN 0.558
NaCl 0.9

* J.C. Phillips, Bonds and Bands in Semiconductors, 1973




Polarization 1n heterostructures

What Is important is the differences in polarization between
two materials (the absolute value may even not be defined (C.

van de Waal)

E(2) = —i P(2)

energy 4 \
Enormous internal field

discontinuity at the interface ! /

c@EA




Polarization in wurzite nitrides

Conduction i\r;golil)\?d
band \a
GaN z
Fermi level :
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Can you get 2D gases without polarization field ?
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Polarization in wurzite nitrides
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Best of - GaN

===

2DEG

Why is p smaller in GaN than in GaAs ?
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Band structure

6 W AIN ®m  direct |]
s ® C diam m  indirect |
o OF T = 300K
> |
Small atoms, short bonds: s [
cé)_ al GaN -0
= large band gap energy é’ | .
3 i GaAs g = N -
1} Sim
_ INNm | |
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14 16 18 20 22 24 26 28 30
Bond length (A)

Material c-GaN w-GaN AIN INN
Band gap (300K) |3.3eV |3.43eV [|6.0eV |0.67eV

All direct gap materials ! Optoelectronics from IR to UV IR:
(InN:1.85 um) , visible (InGaN) , to UV (AIN:0.206 pum).
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Electron effective mass: follows the mecEg rule

electron effective mass (mO)
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Band structure

Band gap energy (eV)

Large effective masses in nitrides

Mobilities smaller than in other I11-vs




Effective mass versus band gap
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Impact 1onisation
energy e o

Z

On so on...avalanche breakdown
(requires a minimal thickness L so
that aL=1!1)
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Impact 1onisation

energy

E and k conservation*

* can be relaxed iIf
phonon assisted

K




Impact 1onisation

Not so easy to
obey E and k
conservation:
Ionization Is

(A9) AS10Ug

weaker in wider
band gap
materials
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Inverse
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Auger
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The Auger
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Extrinsic Auger

29 mediated by
10 [ T § phonons,
100 < etc...which
(Vp] =
© a1 3 relaxes the E-k
g 10 conservation rule
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irst-principles calculations of indirect Auger recombination in nitride
semiconductors, E.Kioupakis,..., Chris.Van de Walle, Phys. Rev. B 92, 035207 (2015)



lonisation coefficient

InSb Eg=0.17 eV
InSb IONISATION T=300
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CI@’:A Mikhailova, M. P., A. A. Rogachev, and I. N. Yassievich, C

Sov. Phys. Semicond. 10, 8 (1976) 866-871
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lonisation coefficient
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Mikhailova, M. P., A. A. Rogachev, and I. N. Yassievich,
Sov. Phys. Semicond. 10, 8 (1976) 866-871




lonisation coefficient

Ing 55Ga, 47AS

Eg=0.8 eV

. = . " =]
ionization coefficients {(cm ™)
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S. Ng et al, Field Dependence 10
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in In0:53Ga0:47AsJ. S. Ng inverse field (107emV ™)
IEEE TRANSACTIONS ON
ELECTRON DEVICES, VOL. Cr?rs
50, NO. 4, APRIL 2003 ;




lonisation coefficient

Si
Eg=1.11eV

. . .. -1
Impact Ionization Coefficient (cm )
EI-J Lad
III‘
F
)

Reciprocal of Electric Field (lﬂ_ﬁ cm/V)



lonisation coefficient

GaAs
Eg=1.41 eV
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lonisation coefficient

100000 4 at 2.5 cm/MV

At high field, all ’FET ] F=4e5 Vicm
material have S 10000+
similar ionisation g ?

. . = 1000 -
coefﬁu_ents e s A
(saturation) % 100- " hole
Only ZnSe is not .
saturated at B

4e5V/Cm 0.0 | 0j5 | 1i0 | 1i5 | 210 | 215 | 310

Gap energy (eV)
cnefA

What Is more interesting Is
the dependence on F




30y lonisation coefficient
a = aye b/F - e
X
20F
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What about nitrides ?




lonisation coefficient
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Calculated ionisation rates very weak in nitrides

Phonon assisted ionization not included (may be important in
the k conservation; also phonon interaction strong in nitrides)

A
;l-A

C E. Bellotti and F. Bertazzi, J. Appl. Phys. 111, 103711 (2012)



For electrons

10 -

b (MV/cm)

lonisation coefficient

AlGaN20%
cGaN .
" b = m
. AlGaN40%
GaN
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= [ |
[ |
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InGaAs
@ m
GaAs
[ |
Ge =
Si

m GaAsSh

05 10 15 20 25 3.0 35 40 45 50
band gap (eV)

All materials reach similar 1onization coefficients, but not for the same
fields ! Nitrides have larger breakdown fields than many other SCs
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Phonons

M,
M,

TO- Transverse optic LO- Longitudinal optic
160k — T T T T T T T T T T T T 1 .' L ]

I C (diam) g
140 - ]
> 120f m AN ]
Simple model: % 100 1 ]

S - " Gan

0)2 = & % 80 _ ZnOm _
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NS + @ GaAs '
M M, M, 20 ® [m l0@k0]| -

0L— .
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1/M=1/M1+1/M2

M is small in nitrides = o Is large

E, 5=91 meV, E;,=70 meV in GaN
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Saturation velocities

hdk = Fdt
1
GaAs Vg = = VicE GaN

o Non
infinite mass at .o
/ inflexion point parabolicity,
. band = K

K  curvature

valley

f P transfer

CF‘\)eIocity saturation is reached for higher fields in nitrides 9




Saturation velocities
hdk = Fdt

GaAs GaN

LO
phonon
emission

Crﬁ/elocity saturation is reached for higher fields in nitrides B



Semiconductors for electronics

High voltage /\
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High frequency switching




Static dielectric constant

Shorter bonds, less polarizable by a constant external field :
—> small dielectric contant

18

16 +
InN
14 +
_ m GaAs
12 +
10
m GaN

Static dielectric constant

ANg |

0 | 1 | 2 | 3 4 | 5 | 6
Band gap energy (eV)
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Hydrogenoid model

=
1/p=1/m, + 1/m; \H/ 2
V(r) =

c_ e _ M 1 R, Sj+ Arer
327°h°e®  my &’

/ with R =13.6 eV

Static relative dielectric constant
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NB: Hydrogenoid model accurate only for large Bohr
radii (r>2xcell) i.e. small energies ( E<50 meV)




i

1/p=1/m_ + 1/mg; = 1/m,

Donors

s Large donor energies are
—— expected in nitrides (37 meV)

O : shallow donor in GaN (26 meV) but deep level in AlGaN
Si: shallow donor in GaN (25 meV), deeper in AlGaN

GaAs

GaN

AlAs

AIN

Eg; measured (meV) | 5.8

25

70

250/60

B. Borisov, APL 87,132106 (2005)
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Donor energy
renormalized at
high concentration

E=E,-Bn'3
B=10% eV/cm

08 07 08 08

AlN mole fraction (x)

1.0

Taniyasu, APL 81, 1255 (2002)

100 —
[ n-type Al;Ga; ;N:8i

0.2 04 06 08 1

Al content, x




Acceptors

n+ Very large acceptor energies
- : are expected in nitrides (168

meV with m,=1): not
Vp=1/m, + Umy, ~ 1/m, hydrogenoidh! )

Eyg = 220 meV

=L ow ionization ratio

—Large Mg densities necessary: 5x101° cm for p=5 x10!" cm™3
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Doping in semiconductors

GaN SiC ZnO Diamond
n-type dopant Sion Ga site | N on C site B on Zn N

(~ 15 meV) (~ 85 meV) (~30-80 me (~ 1.7 eV)

\V

p-type dopant *ag on Ga Al on Si site— N on O site B N\ |

site (~200 meV) | (~170-200 (~ 370 meV)

(160 meV) meV)

Zn ~ 340

meV
n-conductivity*® ~ 0002 Zzem | ~ 0.01 Qcm ~ 0.02 Qcm > 1000 Qcm
p-conductivity® 0.2-2 Qcm 0.5-2 Qcm 0.5-40 Qcm 10-100 Qcm

GaAs Si

Si P
6meV 45meV

C (Be) B
~28 meV 40meV

~ 0.001 Qcm

* Experimental values
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Variation of donor and acceptor
energy among samples, with
doping.
Renormalization, screening...of
the binding energy ?
What are we talking about ?
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Activation energy of donors

— At r = D-D distance = [D] /3

62 B eZ[D]l/S

V(r) = =
D+ (r) 4mer 4rte
eZ
E, is decreased by B[D]¥? with f=—=16X 10~ 8eVem
4me

Rigorous calculation should include the shift of the 1s state but finally leads to the same result !

Experiments: B=1.6x10% eVcm on Ge [A Ajay et al 2016 J. Phys. D: Appl. Phys. 49 445301],
=2x10"% eVcm on Si [B. Meyer et al, Solid State Com, 95, 9, 597-600 (1995)]

Examples:
GaN: [Si]=3%10% cm3, Ep= 25-1.6x10°%x(3x1017)3 = 25-11=14 meV
Al,,Gag 3N, [Si]= 5%101° cm3, Ep= 60-1.6x10-°x(5x10%°)13=60-58=2 meV

When E;=0, Mott transition towards metallic behavior




i

1/p=1/m, + 1/m,

@'\Decreases

EOC(EGap)n with gap

with n>1
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Excitons

1
E = i—z R, =30meV expected
mO gr
T T 4 L
= Eexc 2O AN
GaNm '
3
— 0.01} -
P
2
) INN
o m ‘GaAs
S
= [
K INAS Gasb
1E-3} ]
3 |
0.1 | 1

Band gap energy (eV)



Excitons

E, (GaN) =26 meV = KT @ 300K

— EXciton stable at room temperature

€
8rery
_ e I, small = exciton stable at high density
— "Hydro gr X
L
Bohr radius Mott density
GaAs 11.6nm 3-12x10%% cm-3
GaN 2.8nm 2x1018 cm-3

Absorption and emission in nitrides are
dominated by excitons (A,B,C)




Phonons {Already shown ]

Ml
MZ
TO- Transverse optic LO- Longitudinal optic
160 [ — 1 r+ 1 1 T r T T 1 C l(dlam)l T ]
2C [ "
w’ === 140 1
M 2 120p E AN |
() L
1 1 N 1 & 100} -
c L |
MM, M, g e Zom -
S 60l m "N i
9 : u
0L gn ]
20| W GaAs (= lo@k0| A

0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
1/M=1/M1+1/M2

M is small in nitrides = o Is large

E, 5=91 meV, E;,=70 meV in GaN
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Phonons and dielectric constant

®; =91 meV 5
Oro=/0 MeV (“’T 0) Ho7 What is the
difference
e =g between gt qtic
static Estatic — 169 and £, ?
£ = N% = 2.32 Eoo

What a nice coincidence !11??

Lyddane—Sachs—Teller relation

W10 Estatic
(—)*=

WTto Exo
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0.124 E(cm-1)

E (meV)

Frequency (em™')
38 58 8 8 8

Phonons

8

o

DOSs
GaN

H-L
Dispersion but E; ;=91 meV
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[0001]

4

Frequency (em™')
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r K M T

Mixing LO-TO




o bY  Phonons L0

(-@=+=@=(

—
D(r,t)

Polar atomic bond = phonons are
assoclated with an electric polarization =
D(r,1) strong coupling with electrons

Pure TO do not couple with electrons *,
however mixt TO-LO in nitrides couple
(but coupling 10° smaller than for LO)

T, 0 GaN =1/10 ., 5, GaAs = a few 10 fs

@A Ve wd-digec e @B




Summary

Most nitride properties can be estimated by rules of thumb or an
educated guess, and compared with those of other SCs

- Wide band gap energy and large band offsets
- Chemical inertness and thermal stability

- Large effectives masses

- Low mobilities and large saturation velocities
- Excitonic effects and large oscillator strengths
- lonic bonds and large internal fields

- Deep donors and acceptors

- High energy optical phonons strongly coupled with charged
carriers
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