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With x-ray and neutron reflectivity
surfaces, buried interfaces and
the properties of thin film systems
can be investigated on a micro- and nanoscale.

Fundamental science, e.g.:
- layer growth
- roughness evolution

The layers’
roughnesses ?
thicknesses ?
|densities ?

Industrial applications, e.g.:
- semiconductor devices
- storage devices / harddisks
- coatings
- lubricants
- catalysts
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Advantages of x-ray and neutron reflectometry:

- Resolution in the A-regime

- Gives a lot of information with just one measurement
- Usually non-destructive

- Highly element specific

- No special preparation of the sample

- (Averaged information over whole sample area)

Disadvantages of x-ray and neutron reflectometry:

- No unique results without preknowledge
 No fast results

» Interpretation/analysis often not easy

» (No local information)
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Theoretical Part

a) General Considerations

Photons with wavelength A (or neutrons with A =4/v2mE )

are scattered elastically (no energy change: A=A.) at the surface.
The incident angle a; equals the exit angle a..

ciof

a De,te

The density p means:

X
P- | d. - Electron density
oo et for x-rays
N oz d, - Scattering length density
O3 for neutrons
4n

Wave vector transfer

qzszin(ocf)=2kOsin(ocf)
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q, is perpendicular to the surface

[]
only sensitive to information
perpendicular to the surface :
electron (scattering length)

density profile <,0(xy,z)> —p(z)

That means: a reflectivity cannot distinguish
different in-plane structures.

These different surfaces have the same reflectivity !
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The following functions are important in the following:

step function 6(x-Xx,)

position of
the step : X,

error function

erf([x-x,]/[V2 &])

10

position of
the step : X,

10

5(x)

gauss(x)

12—
10 :
os
0.6 :
0.4 :
0.2 :
0.0 :

02 L

12 —
10 :
0.8 :
06 |
0.4 :
0.2 :
oo F

02 L

delta function o(X-X,)

[ f0)3(x-x,) dx
= 1(x,) :

derivative of

position of
the peak : x; -+

B(x-X,) .
I — v s 1o
X
Gaussian exp(-[(x-xﬂ)!-ij)

derivative of erf([x-x,]/[ V2 Gl)

OrwunT— -
26V2/n
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Specularly Reflected Intensity in
Born Approximation (I___ << 1)

I(q.)oc— fdg,iz) explig.z)dz
q.

Given by the absolute square of the Fouriertransformation of the
derivative of the density/(scattering length) profile and divided by q*.

- Reflected intensity drops fast with increasing angle : 1/q°

- Only differences in density can be seen (contrast) : Derivative
- Only sensitive to density properties in z-direction . Density profile
- No direct picture visible . Fourier space

- Phase information gets lost [1 no unique solution : Absolute square
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Examples

1) single smooth surface
at z=0

vacuum p.=0

p(@)

d
Density profile: p(z)Z&(l—@)[z]) — ap 6( )
2 dz
1 d 2 iﬁfl&rﬁvity of a Smooth Surface in Born Approximation
I(q.)c—; f p eXp iq.z)dz |
q %m
2 £ ol
:—4 z)explig,z )dz‘ 5
I 0o,
I—‘exp iq .- O)‘2 — |1|2:_4
qz qZ qz q. A7
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2) single smooth surface vacuum  p,=0 pP(2)

at z=z  (shifted) © substrate p, _l ffffffffffffffff Z,

Density profile: 0(z)= F;2(1 Olz—z]) = —F«d(z—2z)

dz

‘2

1 .
?Uﬁ(z—zl)exp(lqzz)dz

_

4
%

NQ
:uQ.b|'—‘
N

A shift of the sample does not change the reflectivity.
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Density profile: p(z)z%[l—erf(

2

eXp iq.z)dz

) 2

—L4 f exp(_z . )exp(iqzz)dz

20

z

Fourier transformation i1s known!

Debye-Waller factor

10

[arb. units]

log(Int)

Effect of the roughness

————
— o= 0&
— =104
— =204

0.00

I0.|10| —
o, [A7]

"I R T
0.05

Il | Il
0.15
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AZ
vacuum p. =0 0(2)
4) single smooth layer layer P,
with thickness d

o<«

Ap,

Density profile: p(z)=——[1-06(z)]+ Azpz [1-0(z+d)]

ap —ocAp,8(z)+Ap,d(z +d)  with: A0, =P,

Derivative of po(2) :
dz Ap, =p; =P,

2

1 : :
=—|[1ap,8(z)+Ap,8(z+d)lexpliq,z) d]
q-

I(g.)ec 14 fd‘ziiZ)eXp(iqZZ)dZ

z

1

4
z

N

| 1 | |
[Ap,+Ap,exp(—ig.d ) =—[Ap,+Ap,explig.d)]-[Ap,+Ap,exp(—ig.d )]
q.

1 .
q_4<Apl +Ap2+Ap1 Apz[eXp (zqzd)+exp(—zqzd)])
%[Apl+Ap2+2 Ap,Ap,cos(q.d)] oscillating function
q.
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completely smooth one-layer system

1015 I I I I 1 I 1 I | DL I I I 1 I I I I I I I I I I 1 _ 1015 .I | DL I 1 I I I | DL I I I | DL I I I 1 I I I I I I I_
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I ] L} —
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i ] | )
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p1 A e 2&21 X

5) single layer with rough o layer 1 B
interfaces and thickness N TS Z,
d=-z Ds substrate Oz

AP, z—z, Ap, zZ—2z,

Density profile: plz)=——|1—erf o T2 | Ve,

. . ] d Ap, _(Z_Zl)z Ap, _(Z_Zz)z

Derivative of p(2) : df <5 eXp( e +, eXp( 2o

. . 2 . 2 2
using : fexp( (; 221 exp(iqzz)dzzexp(iqzzl)\/2alexp(qzzol)
Ol
Result: 1 (q.)ox—-| BBtexpl a2 o)+ Rpilexp(= o)

2 2
O,+0O
—I—2Ap1Apzexp(—q§ 12 Z)COS(qZZZ)
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one layer system with rough interfaces

ok T T ] L L E L B
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p1 i PN ZW‘I\Z‘I X

F%iw layer 1 ﬁ EZQ

NVALERT VI end ST
Iayer 2

ZN+1
Py,  Substrate One1

| 1—ert / with Ap,=p,,,—p;
lﬁ"f” J
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intensity [arb. units]

For a first guess on reflectivity data: Fourier backtransformation of
q0(qg) will show distinct peaks for each oscillation ( = distance).

Maximum number of distances

>
-

1 layer : 1 2 layers : 3 3 layers : 6

example of a reflectivity Fourier backtransformation of I(qz)-qz4
L L WO 7 T T

: 2500 1| 70 A ]

2000 [

-
o
=
=

| FTB

FBT [q,"I(q,)] [arb. units]
5
g

L ] s00 [

[ | Ly
0.0 0.2 0.4 0.6 0.8 0 100 200 300 400 500 600

q, [‘&1] 7 [‘&]

A T T A S S AN S S S ﬂ_...l....l....
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Fourier backtransformation of I(qZ)AqZ4

Only 5 peaks !

2500 [

Likely a 3-layer system with
one layer thickness matching
the sum of two neighboring
layers.

Two possibilities:

2000 [

[
th
=
=]

FBT [q:I(qz)] [arD. units]
5
g

s00 [

600

or

460A = 460A

M luln A T T T T 3000 T T T T T

Result of swapping layers : | ] b ToAzs0L oA
10° substrate/704/230A/160A . — 0 - substrate/ 70A/1604/230A

= substrate/ 704/1604,/2304 E B :

5 10° [ 3 ; 2000 |~

= o 3 E [

= r 1 = 1500 [

2 'k ] = [

g d ] - r

2 3 B = 1000 [

ERRlS 4 = -

[ ] [ r

C ; ™ 500 [

w' [

> ol

' 1 ' ' ' 1 ' ' ' 1 " ' ]
n2 04 0.6 0.8

460A | W

=]
=]
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