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Introduction

X-ray Scattering

Scattering Geometry:
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Introduction

X-ray Scattering (Special Case)
X
Specular Reflectivity: (0. =0, )

In this case, q, =0 and

47 sin O,
A

q. =

Fresnel Reflectivity in g-Space:

| Phase factor ‘

167z

Electron density gradient ‘

Measured reﬂectivit)ul ; Intensityn”

Ph¢se (well known phase problem)

¥

Required modeling of electron density profile to obtain real space information.




Introduction

X-ray Reflectivity-Imperfections

Modelling of Imperfections at Interface: Reflected Beam

| Incident Beam
Reflected Beam
o

Real (rough) surface
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XRR 1S a unique non-destructive way for structural analysis of
: surface/interface on atomic scale in nano-scaled thin film MLs.
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Physics issue

Difficulty of XRR for low contrast and atomic composition

Fresnel eflectivity: |Roc (,02 — P )2 = (A,O)2 0 o P
P2

A,O —> electron dens1ty difference between two materlals

..................................................................................................................... . XRR:

T heoretically, even if 5% contrast at interface | Atomic N

has no change in conventional hard x-ray reflectivity profile.

APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 19 8 MAY 2000

Analysis of x-ray reflectivity data from low-contrast polymer bilayer
systems using a Fourier method
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X-ray reflectivity data of polymer bilayer systems have been analyzed using a Fourie 10 L L . 5 4 - S 1_{30 260 JE)O 463 230
takes into account different limits of mtegration in ¢-space. It is demonstrated tha ) i I ' : S

d [A)

parameters can be determined with high accuracy although the difference in the elect

contrast) of the two polymers is extremely small, This method 1s not restricted 1o

films. It can be applicd to any reflectivity data from low-contrast layer systems. FIG. 1. Calculated RFs (left) and FTs (right). (A) bilayer on silicon with

il Rt st S Sl maximum contrast (p,=2p,) and ¢, =100 A and ¢,=300A. (B) bilayer
with 5% contrast, ¢, =100 A, and ¢,=300 A. L} monolayer, d|= 4{)0 A.
All ojare 5 A, the ¢, limits are ¢, = 0.065 A~ and Frup™ DB A~ For
clarity, the RFs are only shown up to 0.4 A™'. The insets show that curve
(B) still exhibits a tiny modulation.




Physics issue

Difficulty of XRR for low contrast and atomic composition

Low Contrast System:

1: Native oxide: e.g. Si/SiO, (Ap=0.675-0.67=0.005 e/A3)
2: C/Si (Ap=0.007 /A3 ); B/BN= (Ap=0.004 ¢/A%)

Eatlier attemnt ) _I: 1: Fourier transfer method.
P 2. XRR upto ~10° dynamical range using synchrotron.

Precise structuggl information

Remains an open question !




Possible solution

Resonant Scattering: For low contrast, chemical analysis ?

Atomic scattering factor: fl@a.E) = Ala) + AE) + ihHE)

firee electrons bound electrons absorption

Non-Resonant Resonant Part

Fresnel reflectivity: Roc (52 -0, )2 s (,32 - B )2 = (A5 )2 + (A,B )2
-

Scattering Contrast

where n(a))=1—5(a))+iﬁ(a))=’;g—ﬁ]\c’(fo(w))
. 0 _ . gswz 40 0
with(0)= 3B~ o) (0

g, is No. of electrons in particular energy level.
@, is natural frequency.
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Possible solution

Resonant Scattering: For low contrast, chemical analysis ?
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By tuning incident photon energy near edge (resonant x-ray scattering):
(a) Element specificity (b) contrast variation

¥ t

Possibility for chemical analysis To probe low contrast

M. Nayak et. al, Appl. Phys. Lett. 89, 181920 (2006); J. Appl. Phys. 107, 023529 (2010).




Experimental

Soft X-ray reflectometer on Indus-1 SR Source

Parameters

40-1000A
TGM
200-500

~1011
Tmm x 1Tmm

R.V. Nandedkar, K £

— " nha, M.H. Modi,
M. Nayak, Curren.




Experimental

Thin Film and X-ray Multilayer Growth Facilities

lon assisted e-beam evaporation setup

J
|

DC/ RF sputtering system

M. Nayak et. al, Asian J. Phys., 19, 1-14, (2010).
M. Nayak, et. al, Asian J. Phys., 16, 395 (2007).

lon beam sputtering setup




RXRR: probing partial decomposed BN thin film

Hard XRR results of BN film:

v'Well-fitted with single layer model.

v'Best-fit data revealed No signature of
compositional changes or layer
formation. However, elementary B and
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oxide 1s expected due to decomposition q,(A”)

of some BN during deposition. Measured and fitted spectra of BN at CuK,,
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i Can resonant x-ray reflectlwtyi

!  (RXRR) able to address thei| BN 217 6 |1.64gm/cm?
] ! aforesaid difficulty ? i | Sub. o0 4




RXRR: probing partia

Q_-
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SXRR data across B203 edge 1

s*Near B,0, edge (~194.1 eV), B,0; has sharp
optical variation, whereas BN and B exhibit

nearly a flat optical behavior.

+* Strong variations of RXRR profiles near B,O;
edge confirm presence of B,O5 in the film.
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Research using Indus SR

[ decomposed BN thin film
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**Near B K —edge (~189.5 eV), B has sharp optical
variation, whereas BN and Boron oxide exhibit a flat

+* Strong variations of RXRR profiles near B edge
confirm presence of elementary B in the film.

Iy
ii optical behavior.
¥

0.04 0.08 0.12 0.16 0.20 0.24

M. Nayak , G. S. Lodha, J. of At., Molecular and Opt. Phys. (Review Article), 2011, Art. ID 649153, pages 23 (2011)
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RXRR: probing partial decomposed BN thin film

Simulations: Sensitive to atomic composition 107k - () |BN miced with 8,03 %
182 ¥\ Pure BN
In Fig (b 10" ", Subsfrate
(1): Adding atomic % of B,O,, brings 10° B A e
. . a R
changes in amplitudes and shape of the 107 At194.1eV - 2
— Pui¢ BN
envelope only near B,O, edge (194.1 eV). 3 18-3 - 5% B30 AV
8 4 --10%By0, : Near
(2) Adding B,0, near B —edge (188.5 and 191 ;}g e 20%B20; | At 188.5EWN 2o
eV), no changes in the profile. £ I ANQ BN mixed with B %
£ 2
In Fig (a) i AT
. . . 510 Y S
(1) Adding atomic % of B, brings changes _1310_2 g oAt 191 eV
[} 3 .
in amplitudes and shape of the envelope 110_3 & faag-00zt;
only near B edge (188.5 and 191 eV). 04— Pare BN T\ ’ ) ]’S?Jg
oo e oo iat a5 ov
Thus, chemical analysis can be possible D qg'}g-l etk kel

using x-ray scattered intensities at the| Bi-layer of Mixed BN (110 A)-on-
respective absorption edges of constituent| pure BN (110A). (a) Mixed with B

materials of the sample. and (b) mixed with B,O,
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RXRR: probing partial decomposed BN thin film

. e e 0
Simultaneously RXRR fitting procedure 10 5 Teasired  * [Tor Caver feaby varsing
d f g R . .. 5% B203 3203 % (with .ﬁ.xed 0%B)
at rESPECtIVE eages T1or qua ntitative 1 O S 3 20% BoO3 Fixed composition
ST °° i (75%BN+15%B+10%B,03)
Ch e m IC3| a na IyS|S 1 0-2 _ 25 A) 8203 (beSt It) Fixed composition
\ o Measured [ Top Layer fitted ; \ . (75%BN+25% B)
SI0Y | —OkB(hestry |aihuin N SR Vo
810 ---5%B (75%BN+15% B+10%B203)f ;1 0_4 y b
:.?1 01 At 191 ev Fixed composition (U -==30% B;203 ;'::’ * ©
@ (75%BN+25% B) — A5 . | 0 ¥
& >1 O 0 L Y . A7) *
9 10° **._ | Substrate = o ] ¢ ] . .
£ " R , @ 48 Optimization of B2O3 at. % in Top layer
31 0 ! _ 1 _9 11(8) ( ° * 5 .Meas.;uret.j ' ! fi;(ed c(.)mpoéition. ’
(8) : C L 5 o 0
2 S 11 &N (75%BN+25% B,03)
!-%1 0 o] 1 O lé"' - 5% 8203 Middle Layer fitted %)y 3arying
& 10° At 188 5 eV QL 0 10% B2O3 (best fit) [B203 % (with fixed 15%B)
..... - 3 8 10 LW 2 Fixed composition
10" N (a) ] = 3 74 (75%BN+25% B)
3 : oY 10 2"{‘; 7 ubstrate
10 L a -=15% B»O "'.‘ ¥ \ W
-4 o B2Y3 27
1 O ' v.:'

I 110 o v
If the composition of each layer varies 10° Optlmlzatlon of B203 at %|n Mlddle Iayer

ieven 5% than the best-fit value, thei
; ; Near B,O, edge

calculated profile differs significantly
i from the measured curve.

M. Nayak and G. S. Lodha: J. Appl. Cryst. 46, 1569 (2013)
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RXRR: probing partial decomposed BN thin film

Best fit data near respective edges: 0
I (l;l B | — :gj: :x (I?E-;‘;:;:zsmﬂzos)
i . ' ' 29
10 195 eV Middle Layer
107 (75% BN-+15%B +10 B, D )
— 2 S0
=) 0 7\
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= 5[ {d) v»\ E (75% BN+25%B)
[1] 10
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=10 F 1946 eV
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F LA
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10 T T T T T T 1 240
i £ oml -0 g H
e 10 r ‘a, E oo ﬂ N‘l 1 % 103
= e r\_’.. & g0 .
LA 8 000’ A S 0°f
2 i- ; o0k K\JI 1 10° 107} 189.5 eV
a wE %‘-0‘02- 1 E 10" ¢ Measured T10° @
w S = o
£10} ° s e & 3 10° — BestFit z10
° 10° Smergy ey 'l 10° 1636 eV E 107}
5 . \ : 10° E 10} 188.5 eV =
% 107 191.4 ey W \leir! 10" % 107} 03] E
o "“: C . Measured Fg‘w‘g 0.00 005 u.ic: 015 3 0 Eml 2
10"  ——Fitted 1 9z {47} EFective LD 12542 :2
1 1 L L L L £} r 185 eV
0,00 003 006 009 012 045 018 d 10°} (b}
qz (Ail] Near 3203 e ge 10° I < Mleuuuld
Near BN edge (191.3 eV) wf \oo
_________________________________ 107
1 - 181 eV
Best fit Results:

Middle Layer (21 A nm):75% BN+15% B+10% B,O,
' Bottom Layer (168 A):75% BN+25% B

1
I
| Top Layer (29 A):75% BN+25% B,O,
'
1
1

0ogo 005 D10 015 4 -2 2 4 0

1
Gz (A7) Effecsive SLO 107 472

Near B edge

M. Nayak and G. S. Lodha, J. Appl. Phys. .114, 023505 (2013).
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RXRR: probing partial decomposed BN thin film

Depth profile XPS:

»Top layer: 76 % of BN and ~24 %
of B20O3

»Middle (after 20 min.): 77 % of
BN, ~9 % of B203 and ~14 % of B.

»Bottom (after 50 min.): 77 % of
BN and ~23 % of B.

% of Composition
= W s O
o O OO

Intensity (a. u.)

B.E. and (FWHM):
201 198 195 192 189 186 B: 189.6(1.9)

Binding Energy (eV)
B-N: 191.7 (1.9)
XPS narrow scan of B 1s peak of B203: 193.8 (1.8)
partially decomposed BN film

with different sputtering time.
XPS result agrees well with SXRR for chemical composition.




Case Study -l

RXRR: B ,C marker layer in Si film

Conventional hard X-ray reflectivity (Before resonant Reflectivity): | Note:
p(Si)=0.71453 e/A3

p(B4C)=0.71489 e/A3
B,C 30 A Ap/p=~0.05%

‘ ' 2 3 . 82
7= - 82
Sample 3 £10° A -
< 10° : Z(A)
Fitted hard XRR Results ; = 4
= -3
Layer | Thickness | Roughness Mass & 0 0
Q) Q) density £10° lb v\; < lBl4cl:l !
= 10° = @ Ut .
Si/B,C 333 ~8 95% of k5 ~ Sub-W-Si-B4C-Si
Bulk = 10 Sub-W-B4C-Si
W 10 5 94% of T
Bulk ¥ 4 04
» Well-fitted with taking Si+B,C as single layer. 1000 1 1
> No sensitivity to Si/B,C interface LA B q(;(l% 0.27 0.36

» Best-fit data revealed No signature of compositional changes or layer formation if any
(because of low-contrast difficulty and no-element specificity of hard XRR)

Can resonant reflectivity able to address the aforesaid difficulty ?
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RXRR: B ,C marker layer in Si film

Structural Sensitivity of RXRR to low contrast thin film system:

1051:
10° 1
10"
I e e R S A S | 10“:i
i %*Near B4C K —edge (~191.4 eV), B,C has sharp optical : 5‘ L
i variation. i <4 0-75
1 1 > 3
i +¢ Different samples (S1, S2 and S3) exhibit different i %0'101:
i RXRR profiles near B,C edge. i £10°
| T
l P 210°4,
i +» Strong Variations of RXRR profiles (Period, shape and i é 3]
| amplitude of oscillations) confirm sensitivity to Si/B,C | 2103
i (low contrast structure) interface. : 1 0'61;
e e o e e e 1 L
1071
10-12 ;l U I U I U I U
0.00 0.05 0.10 0.15 0.20

qZ(A-l)
Measured using Indus SR
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RXRR: B ,C marker layer in Si film

of RXRR near B edge (~189.5eV) 186 189 192 '165 168 261 264

oy 002 e astred opticaf constants of B303 |
T £0.014) -
e - 8 -
i Sample 1: 121 20.007
| . ! ]
i % Strong variations of RXRR : P : 5 [
i profiles near B,0, edge (~194.3 N s 0'000_
i eV) confirms presence of B,0; in 1 S i 5.0.007
i the sample S1. No variation near : g : o : : :
i — : _0.014 Y PP Lassasas [P r i PP PPN PP N
i ]

confirms there is no boron in S1. | _ Energy (eV)
|3 W £ 10° —193.7 eV
. =
Similarly: 1@ | 2 402 — 194 eV
e g T = - —194.3eV
1 . 1 - | ~
i Sample 2: ] 1 5 : > 10° Near B203 edge
| * Variations of RXRR profiles near ! = =
i B edge confirms presence of i B.C - 3 E S 107
i elementary B in the film. No | D) :___: = L F--189¢ Near B edge
i variation of RXRR profile near B,0; i E: 10" F...189.8 eV
i_edge confirms no B,0; in S2. i ‘8’ P 190.7¢v =~
--------------------------------------- = 0.00 0.04 0.08 0.12 0.16 0.20
@ 1
---------------------------------------- o a7 (A7)

+»*Similarly in sample 3, B is o
B

r
1
1
1
i
\/
1
1
1
1
1
I

present but not B203.
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RXRR: B ,C marker layer in Si film

RXRR fitting at respective edges for
quantitative structural and chemical analysis:

Fitted with varing B203 in B4C layer

— 10"
. [= Measured
Best-fit RXRR Results: 2 10" B4C o 0%B203
Fitted SXRR Results (For Sample 1) < 5 - 10 %
Layer [t(A) | o (A) | Composition S 10 —'—;g Z" S
B,C |31 |8 80% B,C20%BO, | B s . s (Eesiit
Si  [302 |9 £ A AL - 40 %
w |10 |6 = 10°
Sub | 5 % v Y
@ 10° v ¥
E At.194 ?V (nelar BZIOB eldge |

000 005 0410 0415  0.20
q (A7)
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RXRR: B ,C marker layer in Si film

RXRR fitting at respective edges for
quantitative structural and chemical analysis:

Best-fit RXRR Results:

Similarly: Fitted RXRR Results (For Sample 2)
Layer [t(A) |o(A) |Composition
Si 151 |7 BiC
B, [31 |5 80%B,C+20%B |
Si 151 |7 )
W 10 6
Sub oo 5

Similarly for Sample 3:

Fitted RXRR Results (For Sample 3)

Layer |t(A) |[o(A) Composition

s 302 |9
B,C |31 6 80%B,C+20%B )
W 10 6

Sub oo 5

M. Nayak, P. C. Pradhan and G. S. Lodha (To be Communicated)
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RXRR: B ,C marker layer in Si film

Best fit data near respective edges: 1w 1914 ev j °
3 100
L—._ 30 . T
10° 191.4 eV E 10° 3 200
10° 4 100 :
194.3 eV 2 E s &
10 e 2 200 10 : 300
-2 : ]
i 10°¢ 2300 490 L 4 400
?5 ’ {0
10 10° § L . T S 0 " NS : 100
z 16° 190.7 eV = 1 = -
>10° 4100 S ]
D u - 3
Em” .-:'510 s q 200 E10° | 20
o 3 = 1 400c
g:m.z 210 o W00z ?10‘5 L L i &
2 = f q 0= 510° 189.8 eV 10 =
3 P 1 1 it jupspepad i § 2T 2 2 ] =
s . =10 ? i & £ 1007
=10 = = F Wt
10 T 3
b £ 189.3 eV ], = &1 200
2 E 1100~ 3 ;
210° E10° E G0 o
50 g o200 2 3
- 3 s 1 400
g E 10° 3,
& F . o :
10 R i foieils T a3 A L :
10 3, 1100
0 u -2 2
10 Arlw L R i L 1 200
10° Fitted | | : Substratg ] _ L g 200 10° - 13
0.00  0.08 0.6 90,0 0.2 0.4 0.6 0.8 i 300 qgefFitted , , |Sphefrats ] 7400
e =
4, (A7)  Effective electron density (e/1’) G ';'i‘:‘::;md rm— T 0.00 o-m(;il) 016 ©20.0 0.20.4 0.6 0.8
10° E— e e m 9, ¢ Effective electron density (e/4’
Near BZO3-edge 0.00 c-.(n#l} 016 0.20.0 0.2 0.4 0.6 0.8 e
(FOI‘ Sample 1) T Effective electron density(ef_f) Near B-Edge

Near B-edge

(For Sample 3)
(For Sample 2)

Thus, chemical analysis can be possible using x-ray scattered intensities at
the respective absorption edges of constituent materials of the sample.




Case Study-llI

Hard XRR before RXRR:

- Measured
— Fitted (MoSi9)

- - - Fitted (MosSi3
+ Fitted (Mo3Si)

10' ........ | NI BT BT A BT A R
Mo/Si ML (N=5 and d=90 00 01 02 0.1_10.4 05 0.6
A). IL denotes interlayer %A )
) Y Hard XRR data of at Cu K,
7 /]
§ Layer Thickness | roughness 3 B ‘
% (A) (A) x10 x107
= S1 a7 > 6.4 14 No sensitive to
t= | Interlayer 10 5 19.1 11.6 interlaver combosition
[ Mo 24 6 276 | 163 y >
£ Interlayer 1 4.5 19.1 11.6
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RXRR: Probing Multilayer Interfaces

Simulated SXRR profiles for different composition and thickness:

» Demonstrated

sensitivity  to  interlayer
composition.

Reflected Intensity (arb. unit)

A a
10” ;=5 A \ \ /

: \
10'4| M B | E=1|00'8|ev 1
0.00 0.02 0.04 0.0? 0.08 0.10
az(A™)

[Mo/Si], ideal ML with d=90 A and I'=0.3
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Sensitive using RXRR:

o Measured
_— Fitted (MoSiz)

»SXRR best fit results reveal MoSi,
composition at interface.

0.00 0.02 0041 0.06 0.08 010
qz(A )
RXRR Measurements

using Indus -1 SR.

M. Nayak et al. Appl. Phys. Lett. 89, 181920 (2006).
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RXRR: For low contrast & chemical analysis !

Summary on resonant x-ray reflectivity:

» A possibility for chemical selective micro-structural analysis of
nano-scaled thin film and ML systems using resonant x-ray
reflectivity.

» Composition profile is determined from free surface to buried
interfaces in a low contrast (<0.05%) system.

»The technique is applicable in-general to any systems with the
absorption edges such that at-an-energy only one shows unique
features in order to enhance contrast and rest are rather flat.

»So, the spatial distributions of individual element/compound
presents in the film are quantified from RXRR measurements at their
respective edges.
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RXRR: probing partial decomposed BN thin film
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