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Outline

- Motivation behind analytical microscopy of SiC microelectronics
 Impacts of NO post-annealing
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Outline

- Motivation behind analytical microscopy of SiC microelectronics
 Impacts of NO post-annealing

« TEM-EELS from a collection of SiC/SiO, interfaces

- Previous findings related to the transition layer
- Hyperspectral imaging, machine learning techniques for signal deconvolution
- Significant changes in interface character after NO-anneal
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Outline

- Motivation behind analytical microscopy of SiC microelectronics
 Impacts of NO post-annealing

« TEM-EELS from a collection of SiC/SiO, interfaces

- Previous findings related to the transition layer
- Hyperspectral imaging, machine learning techniques for signal deconvolution
- Significant changes in interface character after NO-anneal

« Correlation with XPS results

- What differences are observed with an NO-anneal?
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Motivation and background

« SiC: Very promising for high temperature,

high power, and high radiation environments
« NO post oxidation anneal (POA) drastically improves performance
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Motivation and background

« SiC: Very promising for high temperature,

high power, and high radiation environments
« NO post oxidation anneal (POA) drastically improves performance

- Electrically active defects limit:

« Carrier mobility
- Reliability
- Device stability
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Motivation and background

« SiC: Very promising for high temperature,
high power, and high radiation environments

« NO post oxidation anneal (POA) drastically improves performance

- Electrically active defects limit:

« Carrier mobility
- Reliability
- Device stability

*What is the true nature of the interface, and how do our
processing techniques really affect it?

« Distinct transition region (EELS)% 2
« Abrupt transition (XPS, MEIS, etc.)? 4
- What is NO post oxidation annealing really changing about the interface structurally and

chemically?
1 ). Taillon, L. Salamanca-Riba, et al., J. Appl. Phys. 113, 044517 (2013). 2 Chang, K. C. etal. ). Appl. Phys. 97, 104920 (2005).
3 H. Watanabe, et al., Appl. Phys. Lett., 99(2), 021907 (2011). 4 X. Zhu, et al., Appl. Phys. Lett., 97(7), 071908 (2010).
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TEM-EELS EXPERIMENTS
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Electron Energy Loss Spectroscopy (EELS)

- E-beam has many interactions
with specimen:

Incident
high-kV beam
Backscattered Secondar
electrons (BSE) electmns{gE]
Characteristic
Auger X-rays
Electrons Visible
#__.__..r' Light
’:?émf_ - _',Elenprgi:;hnle
Elastically Inelastically
scattered Direct scattered
electrons transmitted electrons
beam

Adapted from Williams and Carter, Transmission Electron
Microscopy, (2009).
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Electron Energy Loss Spectroscopy (EELS)

e EELS is measurement of the

* E-beam has many interactions energy lost when an electron
with specimen: _ interacts with the sample:
Incident
high-kV beam
Backscattered Secondar Ee @
electrons (BSE) electrons {gEJ A Incoming
Continuum states clcclmn.
Characteristic Aomic ;. @ @ @ @@L
ElAuger X-rays Sheey il': ® o g Ly
ectrons 'Iu"i:sible “Ly @ ® i L, /
____,....---"""'v' Light Ex =) 6 K Characteristic
Null X-rays
. 5 : ucleus Znergy-loss
tmm‘: -f— _FEleﬂprgi:shnle [:kr&)r/oln):
1 — 3ge
2400 V J\
1 J | "
\
“ ML |
Elastically |“9|35tlfﬂi_l|'ﬁ" ; ‘ i‘ |
scattered Direct scattere £ 2000 ﬁ [ l ‘ 1"
electrons transmitted electrons "l i "M,
beam | ‘ | [”" |
Ll W
Adapted from Williams and Carter, Transmission Electron
Microscopy, (2009). W m rrr
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EELS Spectrum Imaging One spectrum per pixel

SiC Sio,

Simultaneous HAADF Signal

HAADF Survey Image
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NO-anneal effects (previous results)

* wq_correlates inverse-linearly p;

 Also correlates with decreased trap density:
John Rozen, et al. IEEE Trans. Elec. Dev. (2011).

- NO-anneal removes/passivates
mobility-limiting defects
- Compositionally and electronically

- Conclusions:
 wy decreases with increasing NO
anneal time

* New chemical shift of Si-L, ; edge
onset was most reliable method

* No excess C on either side of
interface

4:';3 A. JAMES CLARK

50 |
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Peak FE Mobility (cm/V s)
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NO anneal time
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+
+
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J. Taillon, L. Salamanca-Riba, et al., J. Appl. Phys. 113,

044517 (2013).
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Orientation effects

2 x 3 matrix aimed at comparing substrate
orientation (and miscut) with processing

conditions:

0001
*After Dhar, S. PhD Thesis, [ ]

Vanderbilt University (2005).
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(0001) Si-face
100% Si atoms as

/ v
NO POA is for 2hr, all SiC substrates are n-type, Si0, “60 nm ., j/
thick .
N )
. 3 1
Samples: Oxidation NO POA // e
50% Si
_ 50% C
[1120]
Si-face on-axis Si-0,-0 Si-N-0
[ L3 o . . . . : \ ,"?‘
Si-face miscut (4°) Si-O,-4 Si-N-4
(0001) C-face /
a-face on-axis a-0,-0 a-N-0 LS [0007]
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Wy, measurements

B Original NO Data B O; oxidation
B 2hr NO POA

8
7
6
Why so
dlfferent?
4
3 I I
0 15 30

wr (nm)

120 240 SiC (4°) SiC (0°) SiC a-face (001) Si
NO anneal time (mm.) Substrate
* Little to no effect of NO annealing * Contradicts expectations

from previous result
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NEW ANALYSIS TECHNIQUE

Hyperspectral signal decomposition — machine learning
Si-L, 5
C-K
O-K
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Decomposition analysis

« EELS spectrum imaging as “big data”

« Machine learning improves sensitivity; highlights most important features

- Non-negative matrix factorization and Blind source separation:
1) ldentify number of important sources
2) Maximize independence between components

3) Describe data with as few components as necessary

({3.% A. JAMES CLARK
',-,“ b SCHOOL OF ENGINBERING
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Decomposition analysis —audio signal example

() /\/\ ’\ Total convoluted signal

8 ~
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Decomposition analysis —audio signal example

/\/\ ’\ Total convoluted signal
i\

AR q
' \\j/ \\JI \j

+ Noise

,/\/ -~

-

14)| [2%0)] [3%)

Measurements
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Decomposition analysis —audio signal example

[ /\/\ ’\ Total convoluted signal

A q

+ Noise

,/\/ -~

-

14| [20)] [350)

\
A.J\
LA B

'

i
AL AN
U

Measurements

NV ¥

PCA + BSS
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Decomposition analysis —audio signal example

Q",» A. JAMES CLARK
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e

- /\/\ ’\
U’A\f\\f I

+ Noise

,/\/ -~

-

14)| (2)| |3¢)

Measurements

Total convoluted signal

x 0.2 x 0.3
NS i
x0.3 x 0.2

Retrieve components
and weights
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Decomposition analysis in spectrum imaging

EELS Spectrum Image

e Each pixel of the spectrum
image becomes a discrete
observation

* More pixels = more
HAADF Survey Image sensitivity
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Interface components at NO-annealed interfaces

Linear
combinationﬁ
or something
more?
I
1 nm
- 8IC
* Simple sum improves S/N, but — et
cannot detect faint or overlapping : 1 ; :
80 100 120 140 160 180
Signa Is Energy loss (eV)
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Decomposition of Si-L, ; EELS
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Decomposed Si-L,; edges QP & JAMES CLARC

O, oxidation +

Face / Treatment NO POA

Si-face 4° miscut
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Decomposed Si-L, ; edges Q‘» A. JAMES CLARK

O, oxidation +
NO POA

Face / Treatment

Bacqround o
Si-face 4° miscut
(Si-X-4)
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Decomposed Si-L, ; edges Q‘» A. JAMES CLARK

O, oxidation +
NO POA

Face / Treatment

Bacqround o
Si-face 4° miscut
(Si-X-4)
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Decomposed Si-L, ; edges (NO-annealed) A. JAMES CLARK

Face / Si-face 4° miscut
LGCEH ] (Si-NO-4)

A .
v \L-&LM

—— Background

Background “ Background "

SiC — SIC
Interface - |nterface
SiO, — S0,

100 105 110 115 120 100 105 110 15 100 105 110 115 120
Energy loss (eV) Energy loss (eV) Energy loss (eV)

Decomposition components

HERR

|
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What could it be?

* Si;N, theory and experiment
(Skiff et al.)

* Doublet peak at same energy as
our peak

» Effect of N-bonding
* Si-C-N-O bonding configurations?
* Evidence of N-bonding at interface
* DFT modeling will reveal further

—— SiaNs Exp. (Skiff)
details —— SisN4 Theory (Skiff)
—— Qur Si-N-4 doublet

100 120 140 160 180
Energy loss (eV)

Skiff, W. M., et al., J. Appl. Phys. 62, 2439-2449 (1987).
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Decomposition of C-K EELS
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Decomposed C-K edges

Face /
Treatment

Si-face 4° miscut
(Si-X-4)

Q‘» A. JAMES CLARK
D] SCHOOL OF ENGININRING

O, oxidation +



Decomposed C-K (NO-annealed) ((;':» A ) .JA.M.l \2( : L.}.\;l.ﬁk ;

Face / Si-face 4° miscut
Treatment

(7]
)
c
()
{ o=
(@)
Q.
(S
o
O
{ o=
Ig
=
(7]
O
Q.
(S
O
&)
Q
(]

e Csignal Interface components at slightly lower primary peak energies
attributable to possible sp? hybridization from N-bonding*
*). Hu, et al., Phys. Rev. B 57, R3185 (1998).
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Decomposition of O-K EELS

THE DEPARTMENT of MATERIALS SCIENCE AND ENGINEERING



Deco TR A JAMES CLARK
mposed O-KEdges ,&w\ 8¢ Il.l]lill OF ENGINANRING

O, oxidation +
NO POA

Face / Treatment

Si-face 4° miscut
(Si-X-4)
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Decomposed O-K edges Q‘» A. JAMES CLARK
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O, oxidation +
NO POA

Face / Treatment

Si-face 4° miscut
(Si-X-4)
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Face / Si-face 4° miscut
Treatment (Si-NO-4)

Decompasition factors
LW

Decomposition factors

| i SI0;
A

Decomposition components

— Si0; — Si0;
— Prepeak —— Prapaak
635 540 545 550 535 540 545 550 C’-GS 530 535 540 545 850
Energy loss (V) Energy loss (V) Energy loss (eV)

e All samples have an O-K pre-peak feature, but only a-face is localized
near the interface
* Indicates defect states near edge of band gap, improving conductivity
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XPS DEPTH PROFILING
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XPS Interfacial analysis — Si-2p

- Can we correlate the
EELS?

2hr NO
anneal

« XPS is surface-sensitive
binding energy
measurement

« Measured oxidized and
NO-POA samples etched
near to the interface

108 106 104 102 100 98 96
Binding energy (eV)

“Raw” Si-2p
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XPS Interfacial analysis — Si-2p

- Can we correlate the
EELS?

2hr NO
anneal

« XPS is surface-sensitive
binding energy
measurement

« Measured oxidized and
NO-POA samples etched
near to the interface

108 106 104 102 100 98 96
Binding energy (eV)

Peak-fitted Si-2p
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XPS Interfacial analysis — Si-2p

- Can we correlate the
EELS?

2hr NO
anneal

« XPS is surface-sensitive
binding energy
measurement

« Measured oxidized and
NO-POA samples etched
near to the interface

108 106 104 102 100 98 96
Binding energy (eV)

SiC signal
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XPS Interfacial analysis — Si-2p

- Can we correlate the
EELS?

2hr NO
anneal

« XPS is surface-sensitive
binding energy
measurement

« Measured oxidized and
NO-POA samples etched
near to the interface

108 106 104 102 100 98 96
Binding energy (eV)

SiO, signal
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XPS Interfacial analysis — Si-2p

- Can we correlate the
EELS?

2hr NO
anneal

« XPS is surface-sensitive
binding energy
measurement

« Measured oxidized and
NO-POA samples etched
near to the interface

108 106 104 102 100 o8 96
Binding energy (eV)

Interface signal

THE DEPARTMENT of MATERIALS SCIENCE AND ENGINEERING 19



December 2, 2015 - Joshua Taillon/jtaillon@umd.edu Qw \/.\uil‘/}'M.l.\m(.l.}.\:}'.(

Angle resolved XPS - interface width

AR-XPS Si-2p data (NO annealed)
4
i)
IE dinterface = 1.69 nm 7
4.>.." w= Oxide/Interface
o w— Oxide/SiC
§ 2 Interface/SiC
=
1@ —
0 | | ! |
0 20 40 60
Emission angle (°)
I int Cint dint
= exp —1
Tywik  Couik Acos 0/

*L. I. Johansson, et al. Surface Science, 529, 515 (2003).
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Angle resolved XPS - interface width

AR-XPS Si-2p data (NO annealed)
4
i)
[SE dinterface = 1.69 nm 7
4.>.." w= Oxide/Interface
o w— Oxide/SiC
§ 2 Interface/SiC
=
1@ —
0 | | ! |
0 20 40 60
Emission angle (°)
I int Cint dint
= exp —1
Towik | Couik Acos 0/

*L. I. Johansson, et al. Surface Science, 529, 515 (2003).
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Angle resolved XPS - interface width

AR-XPS Si-2p data (NO annealed)
4
O
I dinterface = 1.69 nm p 4
4.>.." w= Oxide/Interface
T — Oxide/SiC
§ 2 Interface/SiC
L=
18 —
0 | | ! |
0 20 40 60
Emission angle (°)
I int Cint dint
= exp —1
Tywik  Couik Acogt

*L. I. Johansson, et al. Surface Science, 529, 515 (2003).
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Angle resolved XPS - interface width

AR-XPS Si-2p data (NO annealed)
4
9O
IE dinterface = 1.69 nm 7
4.>.." w= Oxide/Interface
o v Oxide/SiC
§ 2 Interface/SiC
=
1@ —
0 | | ! |
0 20 40 60
Emission angle (°)
I int Cint
— exp [ =21 ) — 1
Tywik  Couik Acos 0/

*L. I. Johansson, et al. Surface Science, 529, 515 (2003).
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Angle resolved XPS - interface width

Face / Treatment d

interface

2.97 nm

O, oxidation +
NO Post-anneal 1.69 nm
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Angle resolved XPS - interface width

Face / Treatment d

interface

e Similar values to
EELS measurements

2.97 nm

* Definitely not

O, oxidation +
NO Post-anneal 1.69 nm “abrupt”
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Summary

* The shift of the Si-L, ; edge is a good indicator of the width of the transition region in
4H SiC/SiO,.
- Newer devices do not follow previously observed trend
- Measuring interface width does not reveal what is happening inside
- Decomposition of EELS signals reveal a chemically/electrically distinct interface state
in all NO-annealed samples
« Likely significant impacts on mobility and performance
« Spatial distribution matches measurements of wy,
« XPS corroborates EELS findings of Si;N,-like N bonding at the interface, with similar
spatial extent
- Transition region with approximately 1.5-2.0 nm

Future work

« Theoretical modeling of DOS for explanation
- Exploration of lattice strain in different substrate orientations (CBED, Geo. Phase Analysis)
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