Semiconductor Physics

Devices and applications

Janos Volk

e BME TTK, Nov. 20th, 2018 : :-)
MFA volk@mfa.kfki.hu mtaklo
(" (" LU



Outlook

= Metal-semiconductor junction
- ldeal case: Schottky-Mott limit
- Realistic metal-semiconductor interfaces
- Current transport
- Ohmic contact
= Metal-oxide-semiconductor field effect transistor (MOSFET)
- MOS capacitance
- MOS transistor
= Heterojunction devices
- Band-gap engineering,

- Blue Light Emitting Diode (LED)



Metal — n-type semiconductor contact in ideal case
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Work function of semiconductor: W =q®; =qx + qd,
Built-in potential (contact potential): Wy = Py =P

Schottky barrier height in Schottky-Mott limit (ideal case): Ppno = Py —X

‘ @, o, i.e. rectifying properties can be tuned by metal selection (in ideal case)



Metal — p-type semiconductor contact in ideal case

Separated In contact
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Schottky barrier height: Pppo = &¢ — (Py —X)

for p- and n-type types of the same semiconductor and metal: Pppo + Peno = &



N-type semiconductor with large metal work function

Separated In contact
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2 Dimentional Electron Gas (2DEG) at the interface
Leads to Ohmic (non-rectifying) behavior automatically

Requires pair selection of semiconductor and metal which is not practical



P-type semiconductor contact in ideal case
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e 2 Dimentional Hole Gas (2DHG) at the interface

e |t would result in an automatic Ohmic contact formation
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e But, it’s nearly impossible, especially for wide bandgap semiconductors



Metal-semiconductor contact: ideal case

Table 1: Metal Workfunctions

Table 2: Electron affinity (x) of various semiconductors.

Material || @, (eV )
Mg 3.7
Al 1.3
Ti 1.3
Cr 1.5
W 1.6
Ag 1.64
Au 5.1
Pd 2.1
N1 515
Pt 5.7

Material Electron affinity
x (eV)

Si 4

Ge 4.03

GaAs 4.07

Illn_r,_—:,-GE{j_.ﬁAS 4.5

InAs 4.9

InP 4.38

GaSb 4.06

GalN 4.1




Realistic Schottky contacts

q?A ¢, = Work function of metal
} @s.0= Barrier height (without image-force lowering)
qTZ ¢, = Neutral level (above E}) of interface states
. l A = Potential across interfacial layer
i T ¥ = Electron affinity of semiconductor
oo ¥,; = Built-in potential
6 = Thickness of interfacial layer
£t | i Q.. = Space-charge density in semiconductor
%//////////%ﬁ R 0., j Interface-trap cha:rge.
ol i B O, = Surface-charge density on metal
d ¢ D, = Interface-trap density
Dy g = Permittivity of interfacial layer (vacuum)
-l 5| E, g = Permittivity of semiconductor
5 %
If D,,>e=: Fermi level pinning ®eno = &¢ — Py
If D,,—>0: Schottky-Mott limit ®eno = Pm —X

In practice: & — Pg < Pppo < Pm—X

c = % depends on the semiconductor family
m



Metal — n-type semiconductor with bias

Forward bias Reverse bias
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Metal — p-type semiconductor with bias

Forward bias Reverse bias
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Metal — n-type, conduction band only

B QNG A e Schottky barrier height is lowered
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Image-Force Lowering (Schottky-barrier lowering)

Metal-vacuum system
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Current transport on Schottky contact

el thermionic emission
- /\ o2 field emission (tunneling)

3 recombination
qPgn <—e4 diffusipn Qf electrons
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o—2 - diffusion of holes

(1) Thermionic Emission (TE). For lightly or moderately doped semiconductors, N, < = 1017 cm3, the depletion
region is relatively wide. It is, therefore, nearly im-possible for electrons to tunnel through the barrier unless
aided by defects, which are con-sidered not to exist in this ideal picture.

(2) Thermionic-Field Emission (TFE). For intermediately doped semiconductors, = 107 < N, < = 10 cm?3, the
depletion region is not sufficiently thin to allow direct tunneling of carriers that are more or less in equilibrium.
This process requires some energy gain from the bias sufficient to raise the electron energy to a value E,, where
the barrier is sufficiently thin for tunneling.

(3) Field Emission (FE). In heavily doped semiconductors, N, > = 1018 cm3, the depletion region is narrow
even for cold and cool electrons at the bottom of the conduction band or at the Fermi level, the latter is for
degenerate semiconductors, and direct electron tunneling from the semiconductor to the metal is allowed



Thermionic emission regime

Jte =.]teO(e_g'_1) with Jieo = A'Tze_ﬂeﬁm

Jieo : S@turation current

e A*: effective Richardson constant

Richardson constant for free space: Afree = 3
which equals to 120 (Acm2K)
| . ot [ me
Richardson for n-type constant is: A" = Atree m.
0
. .- *_ A Mah
Richardson for p-type constant is: A" = Afree[ m J
0
T
Experimental expression: J = J'_Il-gxp(_Ll - l—i
LT \pkTy )

Where 1 is the ideality factor: 1 for purely thermionic, >1 for thermionic field (TFE) emission



Ohmic contact

R (aV)
C=\|\—
aj V=0

Metal-semiconductor contact with negligible junction resistance

Low resistance contact is a must for all of the semiconductor devices

By minimizing the Schottky barrier height or/and applying a highly doped intermediate layer

Currant
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Ohmic Contact
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Transmission Line Method (TLM)

* To determine contact resistivity (Q2cm?) and sheet resistance (/L)
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Metal-Insulator-Semiconductor (MIS) capacitor

Idealization: Teta]
e Charges from the semiconductor and metal with equal but T / Insulator
L . . \d_ 7777777 L
opposite sign; no interface trap, oxide charge etc. [ ; J
* No current transport through the insulator Semiconductor

* For the sake of simplicity: ¢,,s=0 (flat band)

~ Ohmic contact

n-type p-type
¢ Vacuumlevel +  Vacuum level
b ar. } az,
'3
! qx
48,
E
y B2 499, E 2} ' ¢
E. 3 ) .&F _ETy v E
F oA ol Sl Sttty F O Eer 1 Lo Wap 49% _ g,
) “ i"f'ﬁﬂn PJ‘ A : r; ;__.r s s [
K, 7 o i

e d —

Metal Insulator n-semiconductor Metal Insulator p-semiconductor



Metal-Insulator-Semiconductor capacitor

Accumulation
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Metal-Insulator-Semiconductor capacitor

Insulator | Semiconductor E. B [ E I'(x) — E I(OO)]
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Metal-Insulator-Semiconductor capacitor

P-type case in strong inversion
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Metal-Oxide-Semiconductor field-effect transistor
(MOSFET)

Vs Gate

(typically OV) Vg sidewall
VD

Poly Si _/——

' Source metal | |gate Drain metal
Field \ /  Field
oxide [ n* A oDEG n* oxide

L Gate oxide

* Source terminal supplies charge carriers

A
Y

p-type Si substrate

* Drain terminal sinks charge carriers
e @Gate terminal controls the conduction between source and drain

e Bulk terminal on the substrate



Versions of MOSFET

n-channel

Enhancement-mode
(Normally-off)

n-channel

letion-mode
(Normally-on)

p-channel
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Idealized drain current characteristics for n-channel,
enhancement type transistor
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Idealized drain current characteristics for n-channel,
enhancement type transistor
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Semiconductor heterojunctions

Separated In contact

vacuum level
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Band offsets calculated by Anderson’s rule:

Ag. = (X2 — X1) Agy, = (X1 + &61) — (X2 + &62)

One example on heterojunction and band engineering: multi-quantum well LED
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GaN, as LED and LD material

= Stabile crystal structure: hexagonal wutzite (Cg,4-P65mc, hcp)
= Wide direct bandgap (3,4 eV; 365 nm; 300 K-n)

= Stabile n- and p-type doping are established (with Si and Mg)
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GaN

= Epitaxial layer on sapphire, SiC, GaN or

even Si substrate up to 8”

= contains high density of threading

dislocation

» Bandgap engineering: AlGaN, InGaN
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Light Emitting Diode

Simple LED: p-n homojunction

- low degree of spontanous

radiating recombination

Quantum well by heterojuntions

- High radiating recombination

rate: R=B'n-p
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ITI-N ,,multiqguantumwell” LED structure

GaM Barer 20 nm
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III-N LEDs

LED Architecture and Design Concepts
Edge-Emitting LED Surface-Emitting LED

Molded Emited

Epoxy Light

Anocde --MfPlastic Lens

Silicone
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Lens . _ Wire

(b)

Figure 1

Leat Si Sub-mount Chip |
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Lead Cup (Al or Cu)
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