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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 mobility and reliability
 Best device upg: SiC~ 125 % (a-face P passivation)!; Si~ 600 % (uniaxial <100> strain)?
- 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 transition 3-°
- What is NO post oxidation annealing really changing about the interface structurally and

chemically?
1 G. Liu et al., IEEE Electron. Dev. Lett. 34, 181-183 (2013). 2 K. Uchida et al., IEDM Tech. Dig. 229-232 (2004).
3 ). Taillon, L. Salamanca-Riba, et al., J. Appl. Phys. 113, 044517 (2013). 5 P.Jamet, et al., ). Appl. Phys., 90(10), 5058 (2001).
4 H. Watanabe, et al., Appl. Phys. Lett., 99(2), 021907 (2011). 6 X. Zhu, et al., Appl. Phys. Lett., 97(7), 071908 (2010).

> P.Tanner, et al., ). Electron. Mater., 28(2), 109 (1999).
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Outline

« TEM-EELS from on-axis and miscut samples

- Analysis of oxidized and post oxidized NO annealed samples with
various crystallographic orientations and annealing times.

- Depth profiles and XPS
- Development and refinement of SiO, spin-etch technique
 XPS depth profiles
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TEM-EELS EXPERIMENTS
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EELS Spectrum Imaging

Spectrum Image
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Si-L, 5 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.!
|

130 135 - Charge transfer from Si — C/O

EELS Signal [e counts]
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1 D. Muller, Ultramicroscopy 78, 163 (1999).
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Si-L, 5 chemical shift
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- Track inflection point of edge onset
across interface?
- Gradual and monotonic shift

- Si bonding changes gradually and
uniformly across the interface

« Measured using rise/fall time calculations
typical in signal processing

Edge energy - SI 1 (eV)

Fall Time=2.05727

Fall Range=3.35136
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1 D. Muller, P. Batson, and J. Silcox, Physical Review B 58, 11970 (1998).

Example from new sample Si-O,-0
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NO-anneal results (previous results)

« wy correlates inverse-linearly p;
 Also correlates with decreased trap density: e
John Rozen, et al. IEEE Trans. Elec. Dev. (2011). 50?_
- NO-anneal removes/passivates +
mobility-limiting defects
- Compositionally and electronically

NO anneal time

- Conclusions:
 wy decreases with increasing NO |
anneal time 10}
|

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

* No excess C on either side of
interface

Peak FE Mobility (cm’/V s)

J. Taillon, L. Salamanca-Riba, et al., J. Appl. Phys. 113, 044517 (2013).
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Samples investigated — TEM/EELS

*After Dhér, S. ?hDThesis, [02?1] 0001) Sif
- 2 X 3 matrix aimed at comparing substrate S S (1 00%);';;‘;
orientation (and miscut) with processing ’
conditions:
* NO POA is for 2hr, all SiC substrates are n-type, ’ /
SiO, ~60 nm thick B ’
NO Post-
Sample Labels: Only oxidized e aface
annealed / b
[1120] ] e
Si-face on-axis Si-0,-0 Si-N-0
‘.\
Si-face miscut (4°) Si-0,-4 Si-N-4 e ‘
a-face on-axis a-0,-0 a-N-0 B J
(0001) C-face
100% C atoms _
[0007]
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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
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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?/V s for Si-face
* 85 cm?/V s for a-face
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XPS DEPTH PROFILING
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Etching experimental setup

* Etchant solution is 10:1:1 ratio of
EtOH:H,0:49.5% HF (HPLC-grade)

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

0 * Drysample using N, blow gun after
each step
O
- * Much more controllable, lower
— contamination, and less damaging than
s dip-etching or sputtering

e Controls explored:
* Number of steps

- * Oxide type (wet or dry SiO, on Si)
« Developed by Grunthaner, Grunthaner, and Vasquez e Time etchant is left before drying
for use on Si/SiO, interfaces in the 1970s'2 * Time between etch steps

* Further refined by Fenner et al. in the 1980s3

IF. J. Grunthaner, P. J. Grunthaner, et al., 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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Control via steps and time

6 T T v T | T T T v T ¥ 7 T T T
= 2014-02-25 Etching 20 - = Etch amount 1
Direct weighting (0.41 £ 0.04) sl Direct weighting (0.23 nm/s £ 0.03 + 3.8 nm) "
.E, il | .E.
£ " g 14 1
g » = 3 g 12 '_ s :
-~ AP o ~ 10} F E
S 2t 2 - s i
= * 6 |- - 2 .
!_.- L L
: of 1
0 | 2| | | ]
0 2 4 6 8 0 15 30 45 60
# of Etch Steps Etch Time (s)
“Short” exposure “Variable” exposure
(~2 seconds between steps) (change time between steps)
Dry thermal oxide Dry thermal oxide
0.4 nm removed per step 0.2 nm removed per second
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Sample overview

- 4 SiC/SiO, samples were provided by Rutgers
- All are n-type with 10 cm=3 doping
- Two samples were just oxidized (labeled O1 and 02)
- Two samples received 2hr NO post-oxidation anneal (labeled N1 and N2)
- Starting oxide thicknesses were ~55nm

- Profiling:
« O1 and N1 etched completely of SiO, with spin-etch technique
« 02 etched to ~4nm thickness; N2 etched to ~2nm thickness
« AR-XPS of Si-2p, N-1s, and C-1s
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December 3, 2014 - jtaillon@umd.edu @ "“JAMB(} u‘

SCHOOL OF ENOI .

XPS Results —Si 2p

* Fit Si 2p with spin-orbit split components
- Angle-resolved XPS allows us to probe different depths

 Constrained fit by known physical phenomena to reduce spurious peak fits, i.e,
ap1/2tlap3jn = 1:2
- 3 components found: Substrate, oxide, and substfate surface/interface

\ 1
Normal (90°) angle \ 4(k° angle // 20° angle
= v 12 ] o
1 Name Pos. FWEHM ESh %Area so] Name \Pg ; Name Pos. FWHM LSh %Area
10 SiJp 10039 0630 GL(30) 3890 1 si2p 1 Si2p 10048 0699 GL(30) 3301
i2p 10099 0630 GL(30) 1946 10 520 10108 0699 [GL(30) 1651

] Si2p 10262 1372
S12p 10322 1372 (30) 6.10
T Si2p 10096 1.048 (30) 2146
4 Si2p 10156 1048 | GL(30) 1073

(30) 686 0] Si2p
Go) 343 1 sidp
(30) 2089 1 sip
(30) 1045 o] SiZp

1si2p 10253 1629
&l Sidp 10313 1629
| si2p 10077 0896
Sidp 10137 0896

(30) 1218

10]

T T [ T 1 [ | . | 1 1 | -Ih T I T 1 | 1 I : ‘I Ll | 1 T |
108 105 102 90 96 108 105 102 99 96 108 105 102 99 96
Binding Energy (2V) Binding Energy (eV) Binding Energy (eV)

Sample 01 — 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,)
O] - normal 102.5 102.5 100.8
. letel Ol - 40° 102.6 We2can determine thiese samples
omplete . —
tph ) y o1-20 102.6 wieesscompletely etched, and have
etche —— .
NI - normal 102.1 réf@rmed 3 “nativeloxide” that|is at a
NI - 40° 102.4 lowz# binding energy.8
NI - 20° 102.5 102.5 100.9
02 - normal 108.2
- 02 - 40° 108.2
—anm 02 - 20° 103.2
oxide
N2 - normal 108.0
layers
N2 - 40° 102.9
N2 - 20° 108.0
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XPS —Si 2p —

No apparent
influence of N in
the Si 2p, but we
might not expect
to see it anyway
due to the low
concentration

2p signals for Si in
samples with
thicker oxide do
not show any
evidence of
“suboxide” or
“native” oxide
states

rs

cPs

V{4 . x10%
- E=
t I C so] Name Pos FWHM ESh %Area
] Si2p 10044 0656 (30) 33.16
1 Si2p 101.04 0656 (30) 1639
s0] Silp 10260 1493 (30) 1055
] Si2p 10320 1493 (30) 528
1 Si2p 10085 0962 (30) 22094 o
B Norma|anfso_- Sidp 10145 0962 |GH(30) 1148 20° angle
45_: Name Pos.i—? FWHM L o ; lsj Name Pos. il—'\\"l-l}»i LSh Area
] sip 1003 Gl ) 16] Si2p 10042 0676 GL(0) 10411
404 Silp 100! Gy 20] | 101.07| 0676 GL(40) 5205
.3 sip 103 G 1 14] si2 p 10317 | 1311 GL(40) 174475
3] sip 103, Gl ] 1 Sx’p 10377 | 1311 GL(40) 87238
0] Si2p . GLl .1 121 sip  100%/\|0848 GL(40) 13335
1 Sidp Gl % 01 I 1 sip 848 GL(40) 6668
253 e i;{ 104
203 1 40° b ]
3 L P ) P ot e | ™ LT |
153 108 105 -1o~ 99 96 o
103 Binding E‘El"") V) 4]
{8V L
R e > 2 .
108 105 102 99 x 10~ : 108 105 102 @ 26
Binding Energy (2V 457 H Binding Energy (V)
oty "] Name Pos ﬂ\'HM LSh Area ey
s4_Ovms : Si2p/ ] s4_70.vms - Si2p/55
) SR w] Sidp 1004X 0637 GL(0) 72233 ) i
I 3 _ 1 si% 0637 GL(40) 361.16 x10° _
] Name Pos FWHMAL 35 Si ) 21317 GL(40) 445410 18] Name Pos EWHM LSh  Area
o] Si2p 10039 0635 \GL i Silp =1317 GL(40) 222705 { Silp 10046 Q619 GL(40) 40968
q Sidp 10099 0.694 [ GL 303 Sidp :0.926 GL(40) 85693 164 Siop  101.06 GL(0) 20484
1 sip 10294 1474/ GI 1 s , o 1 si2p 10296 2 GL(40) 190077
50 Sidp 10354 1474) GBI o 253 ndp GLEG: 42348 B sip 10356 1(40) 95038
1sip 10071 0875/ B B 12] Sidp 10078/ A 1(30) 82347
0] Si2p 10131 0873 61 203 1 sip 10138 1(30) 41173
] E £ 10
] 3 |~
30_: 1:_5 8]
20] 103 o]
] E 02 )
10_; '—E 400 ~_-
3 ) I"l_ |ﬁ | R VL L -|‘|I—|ll|"|'|'
108 105 102 108 105 102 9 96 108 105 102 99 96

Binding Energy (2|

Binding Energy (V)

Binding Energy (eV)
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XPS N 1s

Normal angle 40° angle 20° angle
: : - - * 4 components
220] Name Pos FWHM LSE %Area ] Name Pos FWHM LSl %Area ] Name Pos FWHM LSh; %Area .
1 Nis 39738 0950 GL(3p) 4367 0] Nis 39743 0950 GLGH 4529 1 Nis 39740 0950 GLGH 3735 found IN
0] Nis 40128 1580 GLGD) 457 o] Nis 40133 1580 GLGH 253 6] N1- 40130 1580 GLGH) 351 . d f
1 Nis 3958 1580 GL(3D) 1135 ] N1s 39963 1580 GL(3p} 936 ] N1s 30960 1580 GL(3p} 1116 .
w0] N1Is 39788 1580 GL(30) 4042 ] Nis 39793 1580 GL(0] 4262 o] Nls 3979 1580 GLGP| 4798 constraine It:
b '-/5..5
- &1
E - Primary peak is
b . .
; consistent with
s silicon nitride-like
: . . P , bonding
'I Y o | I | L) I T T 1 I | B P51 ' T 171 'Illlll T l T | L] I L I <3 8 ll | AL l <) T I T | TR I T 1 |I T T
412 408 404 400 396 412 408 404 400 396 412 408 404 400 396\
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
s4 Ovms:N 158 4 50vms:N1s/8 s4 70.vms: N 1s/60 .
—- - =% - Other peaks likely
] Name Pos FWHM LSE Area 180 Name Pos FWHM LSE %Area 10] Name Pos. FWHM LSE CArea to be successwely
0] Nls 39745 0950 GL(30) 5451 ] Nis 30738 0950 GL(¥) 5030 Nls 39743 0950 GL(30) 4136
7 Nis 40135 1580 GL(HO) 377 4 wis 40128 1580 GL@p) 516 wo] 15 40133 1580 GL(Ip) 648 Mmore oxygen
] N1s 3965 1580 GL@) 964 0] N1s 39958 1580 GL(}) 1232 1 Nis 39063 1580 GL(BD) 1968 ’
170] N1s 39795 1580 GL{30) 3207 ] N1s 39788 1580 GL(M) 3222 o] Nis 39783 1580 GLG) 3248 bondmg and/or
carbon bonding
£ w0 [
85 J\
- Vﬁ:\‘ - Additional
'x | l\ M
s I ﬁ"'!“'m component at

higher energy*

el T It Gl el [oF Todg] 7 T
412 408 404 400 396
Bmding Energy (eV)

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

Loy ot <7 B ot o e e o B P e £ i e
412 408 404 400 396 392
Binding Energy (eV)
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XPS N 1s

Elemental composition (peak area integration)

_ * N content
Measurement Cls% N1s% O1ls% Si2p% e e e
Completely N|1\|-1no;$al 2(1)'22 ;'22 fé5464 :g'ii thick oxide is
etched N1 B 20° 41'20 2'73 ‘Z\O'SQ 35'49 present, and is still
2—4nm N2 — normal 29-92 1.01 21.80 47-28 pr.es.ent afFer ?”
" . ‘ ' ' ‘ original oxide is
oxiae N2 -40 33.59 1.37 46 35. etched off
layers N2 - 20° 36.28 1.45 33.57 5

* Nis localized in SiC
near interface (in
agreement with
paper from
Rutgers?)

Y. Xu, L. C. Feldman, et al., J. Appl. Phys., 115(3), 033502 (2014).
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XPSC1ls

. Normal angle . 40° angle . 20° angle o
8 - Appears there is
§ @ 903 v | “
N Pos. FWHM LSh % i N Pos FWHM LSh % N Pos FWHM LSh %
%1 Cle 207 0730 GLGO) % 20 Cls 287 0753 GLGO) 2 - Cl: 207 0781 GLGO) 5y more C bonded to
] Cis 28454 1600 GL(30) fb52 ] Cls 28473 1694 GL(30) Ip31 Cls 28477 1523 GL(30) [852 .
1 cis 28603 1600 GLG0) [6.71 n] Cls 28630 1694 GL(30) |[p34 ] Cls 28635 1523 GLG30) Ji604 hl g her
] ] M c1s 2887 1523 GLGO) [p21 / ..
“ N ~ electronegativity
£ £ 507 2
5 5% 84 4 atoms than we
] 404 i
: 5 would expect from
1 o1 /(J\ " 4] just contamination
r ] / . A
- , 0F— RN 2] g
T I LB I TrT I L L] | T l’ T |Vl | O] I T I T | TrT I T IA;‘IJII T I T | T I T I LI L ! UL I | S S I LWL I . POSSIbIe C-O
300 206 202 288 284 280 300 206 252 288 284 280 300 206 292 288 284 280 .
= E. '3 inding 3 inding (i
Binding Enerzy (eV) Binding Energy (eV) Binding Energy (V) bondlng at the
s2 Ovms:C1s4 s2_50xms: Cls/4 s2_70xms: C1s/4 . t f
- Sii i INterrace
18 " 1 » E »
| Name Pos FWHM LSh %Area Name Pos. FWHM LSh %Area | Name Pos. FWHM LSh %Are
] c1s mer o1 GLGo §3 of 1 27 0769 GLGO) %‘f;o dcis wm7B o GLGY pis ¢ Appea I'S that NO
] Cis 28459 1537 GLG0) (225 Cis 28473 1364 GL(30) 10.55 B1 Cis 28477 1356 GLGO) f213 .
14] Cls 28633 1537 GL(30) [B32 Cls 28640 1364 GL(30) [B.94 ] Cc1s 28640 1356 GLG0) (1427 anneal m|ght reduce
] 8 Cls 28862 1364 GLG0) [jL01 o] Cls 2887 1356 GLGO) |[231 C-0 k d
! * -0 peak (an
i 10] € o e
5§ : perhaps C-O defect),
d - but this needs more
1 N1 /j \ Investigation
T I LI | =l | T 5l |I T I.I |57 I -I T l LI ’ T I| | T | 7T I LT ) ' 3 T | T ll 7T |l T I| 7T | 1T | T
300 296 292 288 284 280 300 206 202 288 284 280 300 206 202 288 284 280
Bindinz Energy (eV) Binding Energy (eV) Binding Energy (eV)
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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,.

- What physical change is occurring in the shifting region:
* Variation in composition, strain, trap density, something else?

- NO post-anneal had been shown to decrease width of the
transition region

- Recent results suggest this may no longer be the case

- a-face samples have narrower transition region than Si-face.
- XPS indicates Si;N,-like N bonding at the interface.

« NO annealing reduces C-O signal in XPS possibly due to C-O
defects.
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THANK YOU

Questions/comments:
jtaillon@umd.edu or riba@umd.edu
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