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Inelastic Electron Tunneling Spectroscopy
An Inelastic Tunneling Event at E=eV = h CausesAn Inelastic Tunneling Event at E=eV = h Causes

(a) I-V to increase slope;
(b) a step in dI/dV;(b) a step in dI/dV;
(c) a peak in d2I/dV2
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Various Inelastic Modes in the Barrier (Left)
May Be Reflected in IETS (Bottom Right)May Be Reflected in IETS (Bottom Right) 

d2I
dV2

IETS probes phonons, bonding vibrations, impurities, and Traps



Interactions Detectable by IETSy

• Substrate Silicon Phonons• Substrate Silicon Phonons
• Gate Electrode Phonons
• Dielectric Vibrations (Phonons)

I it B di Vib ti• Impurity Bonding Vibrations
• Trap Statesp



IETS Spectrum of SiO2/Si  
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Si phonons and SiO2 vibration modes
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21 V Si TA d 63 V Si O LO1 d (R ki )21 mV: Si TA mode
44 mV: Si LA mode
53 mV: Si LO mode

63 mV:   Si-O LO1 mode (Rocking)
144 mV: Si-O AS1 mode (Asymmetric Stretch)
150 mV: Si-O AS2 mode (Asymmetric Stretch)

59 mV: Si TO mode 155 mV: Si-O LO3 mode (Symmetrric Stretch)
165 mV: P-O  mode
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With HF Vapor
Si-F mode

With HF Vapor
(b)

63

58

4333

27

Si F mode

(b)

20 40 60 80 100 120 140 160 180 200

53

37
21

Voltage (mV)
10 20 30 40 50 60 70

Voltage (mV)

Voltage (mV)

IETS can detect structure changes caused 
by different processing conditionsby different processing conditions.
(a) SiO2/Si without  HF vapor pre oxidation cleaning 
(b) SiO2/Si with the HF vapor pre oxidation cleaning



Electrical Stress Alters the Si-O Modes 
But Leaves the Si Phonons UnchangedBut Leaves the Si Phonons Unchanged

Increasing
St Si-O modes

Si phonons

Stress Si O modes



IETS of Thermal SiO2/Si and CVD Si3N4/Si
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IETS of Al/HfOIETS of Al/HfO22/Si/Si

M o n o c lin ic
M o n o c lin ic

A l/H fO 2 /S i 6 0 0 o C  a n n e a lin g  in  N 2

A l-O
H f-O -S iM o n o c l in ic

5 3 .3 m v
M o n o c lin ic

3 3 .7 m v
M o n o c lin ic 9 1 m v

M o n o c lin ic 1 0 2 m v

7 1 .0 m v
M o n o c lin ic

T e tr a g o n a l
6 7 .0 m v

g

0 .0 5 0 .1 0 0 .1 5P o s iv ite  B ia s (v o lt )



Remote Phonon Scattering



IETS Signals of HfO2/Si
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Lower energy peaks are Si and HfO phonons;Lower energy peaks are Si and HfO2 phonons; 
Higher energy peaks are Si-O and SiO-Hf phonons



IETS sensitive to process variations
for Al/HfO /Si structurefor Al/HfO2/Si structure
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Hf-O
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IETS sensitive to process variations
for Al/HfO /Si structure

• Hf-O peaks stronger with increasing PDA temperature

for Al/HfO2/Si structure

1.00E-007 Si

• More HfO2 crystallization at higher temperatures.   
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Bias Polarity Dependence

IETS preferentially 
probes sites near the 
positively biased p y
electrode



Bias Polarity Dependence of IETS
•Significantly different microstructures g y

near Al-HfO2 interface and Si-HfO2 interface.
• HfO2/Si interface is more SiO2-like. 
• HfO2/Al interface is more HfO2-like
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IETS of Gate Stacks on
G A d I G AGaAs and InGaAs



Al/Al2O3-TiO2/GaAs
VG > 0
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Traps: p-GaAs vs. n-GaAsp p

VG > 0

trap feature
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1. Pt is used to eliminate traps at metal/TiO2.
2. More trap features appear across the 

spectrum.
3. Attributable to GaAs interface trapsp

interface traps in upper half of GaAs
band gapband gap

n GaAsn-GaAs



XPS Study Indicates Crucial Effect of Ga2O32 3
XPS  Data vs C-V Data: Ga2O3 Degrades Interface Quality

With
Ga2O3Ga2O3

WithoutWithout
Ga2O3



I and G Improve with Ga O RemovedId and Gm Improve with Ga2O3 Removed 



In0.53Ga0.47As MOS
C-V characteristics
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IETS spectra of In Ga As MOSIETS spectra of In0.53Ga0.47As  MOS
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Huge trap features in In Ga As MOSHuge trap features in In0.53Ga0.47As  MOS

traps
negative
gate bias

mid-gap

traps
U

.) See Fig. 2

ET
S 

(A
. U See Fig. 2

region: phonons and
bonding viberations

IE

0.0 0.1 0.2 0.3 0.4 0.5 0.6

bonding viberations

Voltage (V)



Trap location/energy analysisTrap location/energy analysis

• Interface traps start to 
appear at ~0 2eV aboveappear at ~0.2eV above 
EF(VG=0)~Ev of p-type 
In0 53Ga0 47As

Ec EF,m
0.4eV

0.6eV
0.53 0.47

• Density of interface traps 
greatly increases above 

Ei

0.4eV

0.4eV

0 2 V mid-gap.
Ev

EF
0.4eV 0.2eV

In0 53Ga0 47As Al2O3-TiO2 metalIn0.53Ga0.47As Al2O3 TiO2 metal



Effect of H2 During Al2O3 Deposition

0 8

1.0

EOT(1kHz) = 4.4nm
 1k
 10k 1.5

1.8

EOT(1kHz) = 2.2nm  1k
 10k

0.6

0.8

/c
m

2 )

100k
 1M

(C) 0 9

1.2

F/
cm

2 )

 100k
 1M

0 2

0.4

C
A

P 
(u

F/ (C)

0.6

0.9

Au/Al2O3/ In0.53Ga0.47As

C
A

P 
(u

F

(D)

-2.0 -1.5 -1.0 -0.5 0.0 0.5
0.0

0.2 Au/Al2O3/ In0.53Ga0.47As
w/ F.G. plasma treatment

-2.0 -1.5 -1.0 -0.5 0.0 0.5
0.0

0.3 w/ F.G. plasma treatment
F.G. in Al2O3 deposition

VG (V) VG (V)

Without
H

With
H

62.8Å 30.5Å
H2 H2



Effect of H During Al O DepositionEffect of H2 During Al2O3 Deposition
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SummarySummary
• IETS reveals phonons bonding vibrations and defects• IETS reveals phonons, bonding vibrations, and defects 

in ultra-thin gate stacks.
IETS b f ti ll th iti l t d• IETS probes preferentially near the positive electrode.

• Traps in gate stack exhibit distinct IETS signatures.
• Trap energy and its physical location can be 

determined from forward and reverse-biased IETS 
spectrum.

• IETS can be a valuable tool for studying new gateIETS can be a valuable tool for studying new gate 
stacks such as those on InGaAs.


