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Motivation and background

- SiC: Very promising for high temperature, high power, and high radiation

environments
- MOSFET devices limited by poor channel carrier moblllty and reliability

e
- Best device UFE- SiC~ 125 —S a- facePpasswatlon)<> Si~ 600 %(umaX|al<1oo> stram)e

- Electrically active defects at the SiC/SiO, interface inhibit devices during channel
inversion
- Other defects significantly affect the reliability and stability of devices over time

- What is the true nature of the interface, and how do our processing
techniques really affect it?
« EELS experiments suggest distinct transition region?®
« Other results (XPS, MEIS, etc.) suggest more abrupt transition23:45
« What is NO post oxidation annealing really changing about the interface structurally and

chemically?
1J. Taillon, L. Salamanca-Riba, et al., J. Appl. Phys. 113, 044517 (2013). 4 P.Jamet, et al.,, J. Appl. Phys., 9o(10), 5058 (2001).
2H. Watanabe, et al., Appl. Phys. Lett., 99(2), 021907 (2011). 5 X.Zhu, etal., Appl. Phys. Lett., 97(7), 0721908 (2010).

3P. Tanner, et al., J. Electron. Mater., 28(2), 109 (1999).
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Central questions

How do the structure and chemistry of the
4H-SiC/SiO, interface change under NO
anneal?

What do these changes tell us about the
effects of the passivation process?
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Outline

- Depth profiles and XPS

- Development and refinement of SiO, spin-etch technique
- Initial results from XPS depth profiles

« TEM-EELS on miscut samples

- Analysis of oxidized and NO annealed samples with various
crystallographic orientations

- Future areas of inquiry
- TEM investigation of interfacial roughness
» Further XPS depth profiles, valence band modeling, etc.

THE DEPARTMENT of MATERIALS SCIENCE AND ENGINEERING

JA



7% A JAMES CLARK
)\ o SCHOOL OF ENUINLERING

08/14/2014 - J. Taillon/L. Salamanca-Riba

SPIN-ETCH DEVELOPMENT
FOR DEPTH PROFILES
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Motivation for XPS “spin-etch” depth profiles

- By etching very close to the interface and performing angle-resolved
XPS (ARXPS), we can learn about the differences caused by an NO
post-oxidation anneal in a depth-sensitive manner

- Most etching/profiling techniques however, cause extreme
modifications of the surface being investigated

- Sputtering — not an option due to induced damage and preferential oxygen
removal

- Dip etching — difficult to control, and leaves significant residue

- How to faithfully profile the interfacial region?

- Need a technique that will not significantly modify interface or cause
damage to underlying structure
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Spin-etch Profiling

- Developed by Grunthaner, Sample c 0 F
and ¢ ML ML ML
Grunthaner, and Vasquez for sk Lo T o A o,
i i 1 1 Spin etched with HPLC grade
use on SI/SIOZ |nterface5 In : etch native oxide 0.025 4 0.005 0.005 4- ¢.002 0.010 + 0.002
the 197051,2 etch thermal oxide ~ 0.037 + 0,013 0.005 + 0.001 0.008 4 0.002
R : Spin etched with USP-grade
Further rEfInEd by Fenner et eich native oxide 0.052 0.011 0.042
al In the 198053 Dip-etched native oxide
with HPLC grade 0.19 0.16 <0.002
with technical grade  0.25 0.13 0.10

’ DrOpWISe etChIng Of S|02 Si(111) cleaved in UHY
proven to be 3 h|gh|y 10 min afterwards 0007 0.0008
controllable technique, with Ar" 4o swenring
. . . while at 600 °C 0.16 0.11
very little contamination of
surface compared to other m— . .
Order of magnitude improvement in surface residue, as
methods measured by XPS3(reported in monolayers)

1F. J. Grunthaner, P. J. Grunthaner, R. P. Vasquez, B. F. Lewis, J. Maserjian and A. Madhukar, J. Vac. Sci. Technol., 16(5), 1443 (1979)
2R. P.Vasquez and F. J. Grunthaner, J. Appl. Phys., 52(5), 3509 (1981).
3D. B. Fenner, D. K. Biegelsen and R. D. Bringans, J. Appl. Phys., 66(1), 419 (1989).
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Etching experimental setup

O
O
O
O
—
&

Small samples (2 x 0.5 cm) spinning at
3000 rpm on vacuum chuck

Etchant solution is 10:1:1 ratio of
EtOH:H,0:49.5% HF

Rinse sample with alcohol and H,O
before etching

Manually pipette 25 pL drops in groups
of 5 drops (each group is 1 “step”)

Dry sample using N, blow gun after
each step

Controls explored:
* Number of steps
* Oxide type (wet or dry SiO, on Si)
* Time etchant is left before drying
* Time between etch steps
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UMD process refinement

- Refine techniques on similarly-sized SiO_/Si samples

1) Measure SiO, thickness profile using ellipsometry
2) Etch, changing some parameter to control

3) Remeasure SiO, thickness profile, taking etched amount as
data point
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Results — control via number of etch steps

Etch 2 amount (nm)

' | 3 I
=  2014-02-19 Etching
Direct weighting (0.77 + 0.04)

“*Long” exposure
(~15 seconds between
etch steps)

Wet thermal oxide

0.8 nm removed
per step
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Results — control via number of etch steps

6 T T T T 6 ; v T T T
= 2014-02-26 Wet ox. etching = 2014-02-25 Etching
Direct weighting (0.50 + 0.05) Direct weighting (0.41 + 0.04)
£ 4l ; £ 4}
£ 2 £ .
3 3 i 1
™ - e
5 2t g 2f =2k -
w w
. "
0 - = 0
0 i 2 4 6 é 0 2 4 6 8
# of Etch Steps # of Etch Steps
"Short” exposure “Short” exposure
(~2 seconds between steps) (~2 seconds between steps)
Wet thermal oxide Dry thermal oxide
0.5 nm removed per step 0.4 nm removed per step
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Results — control via etching time

Controlled amount of
o) N L N A L time“left Ol: spinner after
g |~ Direct weighting (0.23 nm/s £ 0.03 + 3.8 nm) & 9 “short” etch steps
. .
T 16F - Dry thermal oxide
Z 14l / :
3 "y . i 0.2 nm removed
E / - per second remaining on
% Ly 1 spinner
o 8 i
6 L . = J Indicates additional
al i etching, without
= 4 introduction of more
4 i S S S T i etchant; vapor phase
0 15 30 45 60 etching means process
Etch Time (s) timing is important
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Results — control via etching time

7 T ” T T | Controlled duration of
= Etch amount (9 steps with varied drying time ) )
each step by varying time

on thermal dry oxide) 1
gl Direct weighting (0.21 nm/s + 0.05 + 2.5 nm) | between each step from 2

/ to 15 seconds; g steps
5 i Dry thermal oxide
0.2 hm removed
per second of step time

Etch 5 amt (nm)

timing of process is

5 . . . . . , critical, likely due to

0 5 10 15 vapor effects
Dry time (s)

3L |’/ i Again, indicates that
|
|
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Uniformity of etch

- Spin etch process retains original oxide profile, indicating uniform
etching

- Plots below show ellipsometry measurements of oxide thickness
across SiC samples after 2 etch steps, retaining oxide profile

SiC-N2 (Sample N2) SiC-02 (Sample 02)
58 - T v 58 - T T T
57 h = As received
57 1 i | < After 2 etch steps
g e i
N 7Y N =
@ - \ ® 551 .
e = 2 L .. P
£ s ) 55.4 £ ] ™ i -
L 551 553 e 47552 553 V77 4 o 54 < L] 3
F 850N % 5490 z - 639 ¢ "
@ 548 @ 536 <4 < .
© 546 546 T 53 ~ 533 4 534 534 <
x 54 x L 53.0 53.2 631 ¢
(«} o " 528
I —=— As received 52 I-
53 < After 2 etch steps r
51
52 A L " | BTN (IS, Ty CENSS Ve S T Wk UAR RN e 50 " L " A S WY VHNSS WY SENN VT G WA VAN WENTWass |
0 1 2 3 - 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Measurement (1 mm spacing) Measurement (1 mm spacing)
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Process limitations

- Spin-etch is extremely effective at removing material from 1
monolayer up to about 120 nm

- Beyond this, unintended edge effects, accelerated etching, and
cumulative error make the method unreliable

- Itis expected that a dip etch (for large-scale removal) followed by spin-
etch would retain the desirous characteristics while being more efficient

» Trying to remove too much SiO, at once caused unintended
over-etching of SiC samples for XPS analysis
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INITIAL XPS RESULTS
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Samples investigated

» 4 SiC/SiO, samples were provided by Rutgers
- All are n-type with 10*®cm3 doping
» Two samples were just oxidized (labeled O1 and O2)
- Two samples received 2hr NO post-oxidation anneal (labeled N1 and N2)
- Starting oxide thicknesses were ~ggnm

- First test was to see if there was any perceptible effect of our
spin-etch process in the XPS
- Two of the samples were etched very slightly (about 2nm removed)
-« Two were cleaned (EtOH rinse) and analyzed as received
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Etch effects — XPS Survey Spectra

SiC—N2a
As-received

SiC-012
As-received

§7SiCNetr_70.vms - Survey/10

s8_70SICN2etch vms : Survey/3

z10° 70 210
60] P o=
1 © ©
] 601
507
] 507
40
] 40]
s ] @
T30 =
] 30]
20] g 2 =
] » w 20 2z
] - = o 2 L& 2 o " a&
b Y. v, © 7@ o = = o B®
L I o, - e | w] 3 . 1
] A i , e L 5 | ’
| o [ N S |
T T T T T T T | T T T T T T T =
200 900 600 300 1200 900 600 300
Binding Energy (V) Binding Energy (eV)
s3_70_oxctrvms : Survey/2 s6_70_ox2etch.vmns : Survey/2
x 10° x 10
50 z g0 -
E o o]
50] 7o
] 60
40]
] 504
0 20 2
S s0__ E 401
20] 3 - 30] 4
] < 79 =z »
= | ~ 3 n o -
4 1 c — — el 201 o 3 e o o
¥ v — &) oo o - - - L o~ ey
4 3 7z — - g R
10] 3} Al = i % 2 A 2 2 L BAH
] 5 s R II ' | ‘ 103 & A A S ]
o> I s — B
T | T T T T L LI T T T s
1200 900 600 300 1200 200 600 300
Binding Energy (V) Binding Energy (eV)

SiC—N2
After 2 etches

SiC-02
After 2 etches

* No immediately observable effect of spin-etch on XPS survey scans
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Etch effects—Si 2p signal

S1_Si0zetch.vms : S1 2p/5 ST_70_Si0zetchl.vms : ST 2p/5

Name Pos. FWHM L.Sh. Area Y%Area Name Pos. FWHM L.Sh. rea \rea
Si2p 10350 1170 GL(30) 5025.40 66.66 Si2p 10337 1250 GL(30) 230350 66.66
SiZp 10410 1170 GL(30) 2512.70 33.34 SiZp 10398 1250 GL(30) 1151.75 33.34

102 99 111 108 105
inding Energy (eV) Binding Energy (V)

o degrees 70 degrees

* Two distinct angle measurements from same sample (etched with 2 steps)
* Si2psignal in thick SiO, (that was etched with two steps) looks exactly as expected for
normal bulk SiO,, indicating that the spin-etch does not chemically modify the Si
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SiC sample oxide

prof

'\ AMES CL ‘\I’J\

YOL OF ENGINIER)

les (ellipsometry)

/

/

Accidentally stripped all oxide

SiC-01 (Sample O1) SiC-02 {Sample 02)
SMEE SNM Rana T P T vy ———— B B o B con B e Ras I v_fi—-v*
551 = = - - ™ b - . e 1
; L 538 539 534 534 53 4
5ol 540 537 537 537 534 549 547 549 551 80 533 830 9 634 534 632 531 528
~ 457 - )
4 L ‘ o]
E o] 1 EX 388 398 sng oo o
| ' 383 387 336 389 386 384
g 3} ———— ] 373
c ! - 345 - c 5 .
£ Wb 475 192 326 324 529 ""‘2334 22 3 ¥
€ 251 £ f
2 | 2 20 1
& 2r |
5 4 ) |
1ol . 10 + < 7
\ | 1 g 58 54 “'40 -
! 10 08 09 08 10 12 10 10 10 | | A& e 12
oL . ® o o 9o . & © e o 0 s S S s e e s e S (R
0 1 2 3 4 5 ] 7 8 ] 10 0 1 2 3 4 5 6 7 8 9 10
Measurement (1 mm spacing) Measurement (1 mm spacing)
SIC-N1 (Sample N1) SiC-N2 {Sample N2)
= ) 0 T e Y vy e et p—t
55° 867 56 567 567 567 567 568 571 P e e e e =
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E [ E \
€ 40 ! X c P P T
Y ; - ——————__ = a0 > » 421
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0 1 2 3 4 5 (5] 7 8 a 0 1 2 3 4 5 6 7 8 a 10
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XPS Results—Si 2p

- Fit Si 2p with spin-orbit split components
- Constrain fit by known physical phenomena to reduce spurious peak fits
- 3 components found: Substrate, oxide, and substrate surface/interface

Normal angle 20° angle

!103

1 Name Pos. FWHM ESh %Area
10 Sidp 10039 0630 GL(30) 3890
| Si2p 10099 0630 GL(30) 1946
Sidp 10253 1629 ¢G1(30) 686
& Si2p 10313 1629 [L(30) 343
| si2p 10077 0896 GH(30) 2089
Sidp 10137 0896 [(GI(30) 1045

x 10°
3

[=%

Name Pos FWHM SLSh %Area
1 Si2p 10048 0699 GL(30) 3301

Si2p 10108 0699 [GL(30) 1651
Silp 10262 1372 [GL(0) 1218
Si2p 10322 1372 (GL(30) 6.10
1 Si2p 10096 1048 |GL(30) 2146
] Si2p 10156 1048 |GL(30) 1073

T [ T T I T T l T T T T I T T I T I T T T L Ll I l. T I T T I T T I
108 105 102 99 96 108 105 102 99 96 108 105 102 99 96
Binding Energy (2V) Binding Energy (eV) Binding Energy (eV)

Sample O1 - completely etched oxidized SiC sample
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XPS Results —Si 2p 3/,

- Looking at the peak position (binding energy) for each sample,
we can see something interesting:

Sample Subxid=ie fl.) Oxide(l,))  |Substrate surface (l,)
Ol - normal 102.5 102.5 100.8
, Ol - 40° 102.6 We2an determine thiese samples
Thm ol - 20° 102.6 widzescompletely etéhéd, and Have
oxide N1 - normal 102.3 réfdrimed a “nativeloxide” that|is at a
layers NI - 40° 102.4 lowzet bindjng energy.s
NI - 20° 102.5 102.5 100.9
02 - normal 108.2 103.1 100.7
T 02 - 40° 108.2 TL. 03.2 100.7 161G
_ 02 - 20° 108.2 10322 presaregtihernom 2
oxide N2 - normal 108.0 00 true
layers N2 - 40° 102.9
N2 - 20° 108.6
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XPS-Si2p

- Normal angle 40° angle 20° angle
50_x10° x]
] = 453 & 1e] &
. .. s] Name Pos; FWEM LSh  An ERY Pos s FWHM LSh  Ar 1~ Pos FWHM LSh  Ar
o 2p Slgnals fOr SI N ¥ 53 1003F 0624 GL@0) 188519 o Op 10043 0637 GL@O) 7233  16] Sidp 1004 0676 GL@O) 10411
| . h 3 sip 100 GL(40) 94260 ] 0637 GL(0) 36116 1 siop 10107\ 0676 GL(40) 5205
4 sip 10395 GL(0) 459340 353 1317 GLM0) 445410]  14] si2p 10317 | 1311 GL(40) 174475
Samp es wit 33 S 103 GL(0) 229670 E 1317 GL@D) 22705 sip 10370 |1311 GL@oy 87238
. : 1 Sip 100, GL(40) 149395 30 26 GL(40) 85695 2] sip 100/\0848 GL(40) 13335
thICker OXIde dO _,3°'; Si2p GLE0) 74697 GLUD) 42848 1 SiZp 248 GLUO) 6668
& 253 £ =7 &
not show any 7
evidence of g
\\ . V74 103 10__ 4]
suboxide” or O2 | y
n : 17, : 3 Al ] ] /
natlve OXIde Voot bl sl el =vilamg el | Igzt=balrle=ml =) Tt Y | ol lmbs g 2l mgl=—n| mesd
108 105 102 99 o6 108 105 102 o0 96 108 105 102 @0 26
St d t es Binding Energy (V) Binding Energy (V) Binding Enerzy (V)
s4_Owvms: Si2p/3 s4 50.vms: S12p/3 s4_70xms - Si2p/55
- Also no apparent
707 Y 457 o i £
. . ] Name Pos. FWHM: LSh Area ] Name Pos. FWHM=LSh Area 18] Name Pos. EWHM LSh Area
Inﬂuence Of N N o] Si2p 10039 0635 1GL(0) 264242 %3 S13p 10039 0661 GL@D) 171973 ] sip 10046 0619 GL@0) 40968
. 1 siop 10099 0694 [lGLd0) 132121 3 S 10099 0661 [GL(40) 85986  16{ Sian 10106 GL@40) 20484
] Sidp 10294 1474) [GL(40) 230418 353 Si2p 10286 1439 [ GL(40) 262422 1 Si3p 1029 [1{432 GL(40) 190077
the SI 2P, bUt we 0] Siop 10354 1474 Lgm; 115200 3 Sidp 10346 1439 Lg4o§ 131211 5 G 10356 L§4o§ 95038
. 1 si2p 10071 0875/ GL(40) 240691 q si2p 10071 1048( GL(30) 174634 2] sizp 10078/ A 1(30) 82347
mlght not expect ] Sip 10131 0873 GL(0) 120345 » Sip 10131 1G0) 87317 ] sip 10138 TG0y 41173
P i 22 £ 10]
to see it anyway
due to the low ]
0 ] 103 4] |
concentration 10 N2 ; E ﬁ;\
/ . ] A il / [\
: ](I73 a5 1\')5l I 102 # & 9I9 E 9IG ' : l(I)S I 105 e l(I)Z " B 00 I 9I6 ; I 163 I l(|)5 ‘5 Iéll : 9’9 : 9I6 I
Binding Energy (eV) Binding Energy (eV) Binding Energy (V)
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XPS N 1s

Normal angle 0° angle 20° angle .
210 9 AL 4 J L 9 4 components found in
20] Name Pos. FWHM LSE %Area ] Name Pos FWEM LSk SAres ] Name Pos FWHM LSk %Area constrained fit
] Nis 39738 0950 GLGW) 4367 o] Nis 30743 0950 GLGf) 4529 ] Nis 30740 0550 GLah 3735 ) fit _
0] Nis 40128 1580 GLGD) 457 ] Nis 20133 1580 GLGp) 253 5] Mis 40130 1580 GLGp) 351
] Nis 39958 1580 GLGD) 1135 1203 N1s 39963 1580 GL(P) 936 ] N1s 39960 1580 GLGP| 1116 ‘ Plflma!’ Y Itis _co_n5|st_ent
w0l Nis 39788 1580 GL(0) 4042 o] Nis 30793 1580 GLGD) 4262 o N1s 39720 1580 ciap) 47 | | with silicon nitride-like
] E : bonding
P i 1603 .
S ¥ Other peaks likely to be
. successively more
" oxygen bonding
120] L See an additional
{0 L) [ L L 0 0 o [P YL -'Illlllllllllllillll ]lll]lll[lll|||||:1| Componentathlgh
412 408 404 400 396 412 408 404 400 306 412 408 404 400 396
Binding Energy (V) Binding Enerey (eV) Binding Enerzy (¢V) energy (compa red to
4 Oxms:N 158 ¢4 50vms:N1s/8 4 70.vms - N 1s/60 pa per) but we’re not
190, 510" 10! 10! ready to identify it with
] Name Pos. FWHM LSE %Area 180 Name Pos FWHM LSE %Area 10] Name Pos. FWHM LSE CArea any certainty
wo] N1 39745 0950 GLGGOD) 5451 1 N1s 39738 0950 GL(¥) 5030 Nls 39743 4136
1 N1 40135 1580 GL(D) 3.77 3w 0128 1580 GLGD) 516 o] N1 20133 648
] Nis 39965 1580 GL(H) 964 1701 N1s 39958 1580 GL(}) 1232 1 N1s 39963 19.68
m] Nis 39795 1580 GL{p) 3207 ] Nis 39788 1580 GL(M) 3222 1 N1s 39793 3248

Cps

Loy ot <7 B ot o e e o B P e £ i e
412 408 404 400 396 392
Binding Energy (eV)

Bmding Energy (eV)

Y. Xy, L. C. Feldman, et al., J. Appl. Phys., 115(3), 033502 (2014).
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XPS N 1s

4 components found in
constrained fit

- Primary fit is consistent
with silicon nitride-like
bonding

Elemental composition (peak area integration) « Other p_eaks Iikely to be
successwely more

oxygen bonding
oy o GEEL AL 1.67 9.56 47.82 - See an additional
oxide N1 - 40° 41.43 2.66 16.44 39.47 component at h'gh

layers o energy (compared to
1-20 41.20 2.73 9 35.49 paper) but we're not

47.28 ready to identify it with
any certainty

— o
IZ);;{; N2 - 40 33.59 1.37 % « N Content deC.rea.seS
N2 - 20° 36.28 1.45 33.57 0 when thick oxide is
present, and is still
present after all original
oxide is etched off
N is localized in SiC near
interface (like the

recent paper from
Rutgers?)

Measurement Cis% N 15 % O1s% Si2p %

“Thicker” N2 - normal 29.92 1.01 21.80

Y. Xy, L. C. Feldman, et al., J. Appl. Phys., 115(3), 033502 (2014).
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XPS Cas

) Normal angle s 4£0° angle _ 20° angle
x10° x10° x10°
@ ] v 16 »
16| Name Pos. FWHM LSh %Area ] Name Pos. FWHM LSh %Area | Name Pos. FWHM LSh PArea
1 Cis 28272 0730 GL(30) §2.77 gl Cls 28276 0753 GL(30) %035 o] Cls 28273 0781 GL(30) 3323
1] Ci1 28454 1600 GL(30) 1032 ] Cls 28473 1694 GL(30) 1Ip31 Cls 28477 1523 GL(30) 832
T Cis 28603 1600 GL(30) [6.71 70] Cls 28630 1694 GL(30) |[p34 12] Cls 28635 1523 GL(30) 04
1] 3 ~ Cls 28873 1523 GL(30) |P21
] * 10
., 10] 2 5o ] /]
o o s}
8] ] 8
403 i
6] 30_5 6
10 y *
] / 1 \
. 1 ~J M SX N 2] .
Illlllllllllllll||llll llllll|l||lll|lll|lll| IIII Illllllllllllllll
300 206 202 288 284 280 300 296 202 288 284 280 300 206 292 288 284 280
Binding Energy (V) Binding Energy (eV) Binding Energy (eV)
s2 Ovms:C1s4 s2_50xms: Cls/4 s2_70xms: C1s/4
x10° x10° 30210
18, 2 1 . E »
7| Name Pos. FWHM LSh %Area Name Pos. FWHM LSh %Area { Name Pos. FWHM LSh %Area
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- Appears thereis

more C bonded to
higher
electronegativity
atoms than we
would expect from
just contamination

Possible C-O
bonding at the
interface

Appears that NO
anneal might reduce
C-O peak (and
perhaps C-O
defect), but this
needs more
investigation
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XPS valence band

- Valence band is

A. JAMES CLAR

SCHOOL OF ENUINEERING

&

related to density B Normal angle N 40° angle 20° angle
of states ol ]
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« Lots of N
information, but /| i “
difficult to |

interpret and will
need modeling
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SiC sample oxide
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XPS oxide thickness compared to
ellipsometry

B yAavE Slope of line from
Ady R-Square 0322956 064204 0.78983 0 B260S .
Vel Sancard e . different angle
1 Intercept 042240 011258 .
: Caeh s ki = measurements is
2 Slape 00751 0.03506
254 » intercept  -0.38901 0.78506 A vy 4 related to
3 ies ’wf:.s ..Z:” Linear Fit of 1 .
3 o e L Linear Fit of 2 thickness and
Linear Fit of 3
20 Linear Fit of 4 mean free path of
| electrons
A
1.5 Slope=d/Aso,
A -V
1.0 4 - | .
. XPSd Ellips.d
w O1=0.38nm ~o0.9nm
054 g8 g Ni= 0.25nm ~1.0nm
O2= 6.13Nnm ~5.4nm
T v T v T v T v T v T v T '
1.0 1.1 1.2 1.3 1.4 15 16 N2=2.76 nm ~2.0nm

costheta
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Auger parameter

®
+ Augeremission: /
+ Additional electron emitted caused by o—o N, 4s? Conduction
absorption of the energy created when another M,, 3d®
electron falls down to fill a hole left by the M., 3p°

photoemission process
_ —@—1®—M, 3¢
- Energy of this electron can vary

- Many pathways for the emission to occur

L{ 2p3.’7)
- Auger parameter L2 2P
- Relatively obscure XPS measurement
: N *—© L, 28
- Difference between the kinetic energy (E,) of :
the Auger transition and the E, of the core level
photoelectron that caused the transition:
a = E(C,6,C3) — ER(C) @ K 1¢?
¢ Auger parameter is proportional to the amount http://www.xpsfitting.com/2012/08/auger-peaks-and-

of polarization of the bonds around the atom auger-parameter. htm!
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Auger parameter

1041.5 -
= Two regimes for two
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< O1
% 1= N2
(0]
5 02
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‘a—) 1) ]
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Approx. distance traveled through film (nm)
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- Using the angle resolved

measurements, we can
plot a vs the distance
the photoelectron
travels through the film

- It appears that the less

the distance through the
film (closer to interface),
a increases

- afor NO samples is

always slightly higher

Interesting phenomenon
that has not been
observed before that we
are actively
investigating further
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XPS Summary

- Spin-etch does not seem to create artefacts in the data

- At room temperature, SiC forms a native oxide with different
binding energies than typical SiO,

- None of these different bonding energies (or "suboxide states”)
were observed near the interface in the Si 2p signals

« N 15 peak confirms that N is located mostly in SiC, and is located
near interface, with many bonding configurations

- C 15 peak suggests that additional C-O bonding near interface and
possible reduction of C-O bonding upon NO anneal

- Valence band spectra show little difference, but more work being
done

- Auger parameter suggests significant change in oxide character
while approaching interface, but much more work being done
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STEM-EELS OF MISCUT
SAMPLES
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Spectrum Imaging - areas

5 il -ag One spectrum per pixel
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Spectrum Imaging - lines
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One spectrum per line
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Si-L, , chemical shift

« EELS fine structure (ELNES)
reflects local unoccupied
density of states

« Semiconductor — insulator

- Edge onset = minimum energy
needed to excite core shell e

- Band gap widens, core levels
depressed relative to E.*

EELS Signal [e counts]

:|||| |
100

105

110

| 115 B 120 | 125 N 130 | '1'35 « Charge transfer from Si —» C/O
Energy [eV]  Onset shifts to higher energy

1D. Muller, Ultramicroscopy 78, 163 (1999).
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Si-L, , chemical shift

A. JAMES CLARK

SEHMOOL

- Track inflection point of edge onset
across interface?
- Gradual and monotonic shift

- Sibonding changes gradually and
uniformly across the interface

 Measured using rise/fall time calculations
typical in signal processing

Edge energy - SI 1 (eV)

106

104

102 H

100 H

98

96

Fall Time=2.05727

Fall Range=3.35136

Largest Triangle

i | \
I\ A w‘wﬂu‘uMM |
W T TV T

WY ‘V

i
VY
VP

|/
V

Position (nm)

20

tD. Muller, P. Batson, and J. Silcox, Physical Review B 58, 11970 (1998).
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Samples investigated

- 2 X 3 matrix aimed at comparing substrate orientation (and
miscut) with processing conditions:
- NO POA is for 2hr, all SiC substrates are n-type, SiO, ~6onm thick

Sample Labels: Only oxidized NO Post-annealed

Si-face on-axis Si-O,-0 Si-N-o
Si-face miscut (4°) Si-0,-4 Si-N-4

a-face on-axis a-0,-o a-N-o
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Wy, measurements

B O, Oxidation ’

I NO Post oxidation anneal

Si-face miscut (4°) Si-face on-axis a-face on-axis

A. JAMES CLARK
Qb'? ’ru-l:'\-' OF ENGINEERING

Results from STEM EELS
transition layer
measurements show that
wy, values are similar
wy_ in NO-annealed
samples for these devices
are actually slightly larger
than the non-annealed
a-face interfaces are the
smallest, which does
correspond with their
higher mobilities (in NO)
* 40.cm?/Vs for Si-face
» 85cm?/Vs for a-face
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FUTURE WORK
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Roughness from HRTEM reconstructions

* Roughness of interface can be
used to calculate power
spectrum of interface

» Estimation of surface
scattering-limited mobility
possible from this %2

* How to measure?
 Difficult to digitize based on
single image
e HRTEM focal series
G(u) = T(u)FFu) reconstruction allows
G(u) = A()E(w)2 sin y(u) F(uw) extraction of pure wave

1 function phase
Af) = n(A)AE + = nC A3 b
x(w, Af) = n(Af)Au Tl « Could also accomplish this

tGoodnick, S., et al., Physical Review B, 32, 8171-8186 (198s). through electron
2Zhao, Y., etal., IEEE Electron Device Letters, 30, 987—989 (2009). h0|Og raphy
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Strain measurement:
geometric phase
analysis

 Utilizing reconstructed phase,
can measure strain captured in ¢
the interface

 Has been used to measure strain
at misfit dislocations in Al-Pb
interfaces?

* Currently working on
implementation of this method,
but results are not ready yet

[111] filtered image showing dislocations®

Experimental
quantitative
strain map*

1 H. Rosner, C. T. Koch and G. Wilde, Acta Mater., 58(1), 162 (2010).
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Conclusions

» Spin-etch technique has been developed and used to do initial
XPS profiles

» XPS results show some interesting ledes for future
Investigation
- N bonding states, valence band differences, auger parameter of oxide

» STEM-EELS results on miscut samples show unexpected
results that require additional thought/analysis

 Roughness and strain measurements at the SiC/SiO, interfaces in these
samples are underway
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THANK YOU

Questions and comments?
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