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Schedule & Content

Project, 

problem Should I use NR? Can I use NR? How to use NR?

Case study (~ 3.5 hr)

Experiment

Data reduction

Data fitting

Data analysis

General Introduction (~ 2.5 hr) 

Amount, 

Smoothness, 

Contrast, 

Stability, 

etc. 

What NR can, 

others can’t? 

(Uniqueness, 

Significance)

Experiment design,

Sample environment,

Obtain beamtime, 

Travel plan,

etc.



What NR is for? 

 Application examples (air-solid interface)

Neutron reflectometry is a technique for investigating the thickness and the chemical 

composition of one or several thin layers at a surface or an interface of many materials.

PHYSICAL REVIEW E, VOL 63, 041604J. Chem. Phys., Vol. 96, No. 11, 1992



What NR is for? 

 Application examples (solid-solid interface)

Neutron reflectometry is a technique for investigating the thickness and the chemical 

composition of one or several thin layers at a surface or an interface of many materials.

Soft Matter, 2010, 6, 641–646 ACS Macro Lett. 2020, 9, 10, 1483–1488



What NR is for? 

 Application examples (liquid-solid interface)

Neutron reflectometry is a technique for investigating the thickness and the chemical 

composition of one or several thin layers at a surface or an interface of many materials.

Macromolecules 2016, 49, 15, 5609–5617 ACS Appl. Mater. Interfaces 2020, 12, 1825−1831 



What NR is for? 

 Application examples (air-liquid interface)

Neutron reflectometry is a technique for investigating the thickness and the chemical 

composition of one or several thin layers at a surface or an interface of many materials.

Macromol. Rapid Commun. 21, 243–270 (2000)Structure 21, 1822–1833, October 8, 2013



What information NR provides?

 Scattering length density (SLD) vs. depth profile

    (composition vs. depth profile; concentration vs. depth profile; etc.)

SLD calculator: http://www.refcalc.appspot.com/sld 



What is a SLD vs. depth profile?

 Example

H2O Density: 0.997 g/cm³

D2O Density: 1.10 g/cm³

SLD (neutron) = 6.37×10-6  Å-2

SLD (neutron) = -0.56×10-6  Å-2

BSA protein 

Density: 2.32 g/cm³

SLD (X-ray) = 9.44×10-6  Å-2

SLD (X-ray) = 9.43×10-6  Å-2

H2O:D2O = 91.9: 8.1 Density: 1.0 g/cm³

SLD (neutron) = 0.00×10-6  Å-2

SLD (X-ray) = 9.43×10-6  Å-2

PMMA 

Formula: (C5O2H8)n

Density: 1.18 g/cm³

dPC 

Formula: (C16O4H12D6)n

Density: 1.22 g/cm³

SLD = 3.27×10-6  Å-2

SLD = 1.06×10-6  Å-2

 practice

Si 
Formula: Si

Density: 2.32 g/cm³

SLD = 2.07×10-6  Å-2

https://www.google.com/search?safe=active&sa=X&bih=759&biw=1463&rlz=1C1GGRV_enUS751US751&hl=en&sxsrf=ALeKk003XgpmWQ1hBRtea56NCrVzl7PsQQ:1610073575769&q=polymethyl+methacrylate+density&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDRPNivTUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqxSUvOKM0sqF7HKF-TnVOamlmRU5iiAqMTkosqcxJJUBagKADorfyZYAAAA&ved=2ahUKEwjAy668p4vuAhUErVkKHSVbCAoQ6BMoADAkegQISxAC
https://www.google.com/search?safe=active&sa=X&bih=759&biw=1463&rlz=1C1GGRV_enUS751US751&hl=en&sxsrf=ALeKk003XgpmWQ1hBRtea56NCrVzl7PsQQ:1610073575769&q=polymethyl+methacrylate+density&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDRPNivTUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqxSUvOKM0sqF7HKF-TnVOamlmRU5iiAqMTkosqcxJJUBagKADorfyZYAAAA&ved=2ahUKEwjAy668p4vuAhUErVkKHSVbCAoQ6BMoADAkegQISxAC
https://www.google.com/search?safe=active&sa=X&bih=759&biw=1463&rlz=1C1GGRV_enUS751US751&hl=en&sxsrf=ALeKk003XgpmWQ1hBRtea56NCrVzl7PsQQ:1610073575769&q=polymethyl+methacrylate+density&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDRPNivTUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqxSUvOKM0sqF7HKF-TnVOamlmRU5iiAqMTkosqcxJJUBagKADorfyZYAAAA&ved=2ahUKEwjAy668p4vuAhUErVkKHSVbCAoQ6BMoADAkegQISxAC
https://www.google.com/search?safe=active&sa=X&bih=759&biw=1463&rlz=1C1GGRV_enUS751US751&hl=en&sxsrf=ALeKk003XgpmWQ1hBRtea56NCrVzl7PsQQ:1610073575769&q=polymethyl+methacrylate+density&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDRPNivTUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqxSUvOKM0sqF7HKF-TnVOamlmRU5iiAqMTkosqcxJJUBagKADorfyZYAAAA&ved=2ahUKEwjAy668p4vuAhUErVkKHSVbCAoQ6BMoADAkegQISxAC
https://www.google.com/search?safe=active&sa=X&bih=759&biw=1463&rlz=1C1GGRV_enUS751US751&hl=en&sxsrf=ALeKk003XgpmWQ1hBRtea56NCrVzl7PsQQ:1610073575769&q=polymethyl+methacrylate+formula&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDRPNivTUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqzS8otyS3MSF7HKF-TnVOamlmRU5iiAqMTkosqcxJJUBagKAH_Vn-NYAAAA&ved=2ahUKEwjAy668p4vuAhUErVkKHSVbCAoQ6BMoADAlegQIShAC
https://www.google.com/search?safe=active&sa=X&bih=759&biw=1463&rlz=1C1GGRV_enUS751US751&hl=en&sxsrf=ALeKk003XgpmWQ1hBRtea56NCrVzl7PsQQ:1610073575769&q=polymethyl+methacrylate+density&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDRPNivTUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqxSUvOKM0sqF7HKF-TnVOamlmRU5iiAqMTkosqcxJJUBagKADorfyZYAAAA&ved=2ahUKEwjAy668p4vuAhUErVkKHSVbCAoQ6BMoADAkegQISxAC
https://www.google.com/search?safe=active&sa=X&bih=759&biw=1463&rlz=1C1GGRV_enUS751US751&hl=en&sxsrf=ALeKk003XgpmWQ1hBRtea56NCrVzl7PsQQ:1610073575769&q=polymethyl+methacrylate+formula&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDRPNivTUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqzS8otyS3MSF7HKF-TnVOamlmRU5iiAqMTkosqcxJJUBagKAH_Vn-NYAAAA&ved=2ahUKEwjAy668p4vuAhUErVkKHSVbCAoQ6BMoADAlegQIShAC
https://www.google.com/search?safe=active&sa=X&bih=759&biw=1463&rlz=1C1GGRV_enUS751US751&hl=en&sxsrf=ALeKk003XgpmWQ1hBRtea56NCrVzl7PsQQ:1610073575769&q=polymethyl+methacrylate+density&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDRPNivTUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqxSUvOKM0sqF7HKF-TnVOamlmRU5iiAqMTkosqcxJJUBagKADorfyZYAAAA&ved=2ahUKEwjAy668p4vuAhUErVkKHSVbCAoQ6BMoADAkegQISxAC
https://www.google.com/search?safe=active&sa=X&bih=759&biw=1463&rlz=1C1GGRV_enUS751US751&hl=en&sxsrf=ALeKk003XgpmWQ1hBRtea56NCrVzl7PsQQ:1610073575769&q=polymethyl+methacrylate+formula&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDRPNivTUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqzS8otyS3MSF7HKF-TnVOamlmRU5iiAqMTkosqcxJJUBagKAH_Vn-NYAAAA&ved=2ahUKEwjAy668p4vuAhUErVkKHSVbCAoQ6BMoADAlegQIShAC
https://www.google.com/search?safe=active&sa=X&bih=759&biw=1463&rlz=1C1GGRV_enUS751US751&hl=en&sxsrf=ALeKk003XgpmWQ1hBRtea56NCrVzl7PsQQ:1610073575769&q=polymethyl+methacrylate+density&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDRPNivTUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqxSUvOKM0sqF7HKF-TnVOamlmRU5iiAqMTkosqcxJJUBagKADorfyZYAAAA&ved=2ahUKEwjAy668p4vuAhUErVkKHSVbCAoQ6BMoADAkegQISxAC


Data fitting (R      SLD profile)

https://ncnr.nist.gov/instruments/magik/calculators/reflectivity-calculator.html



Thickness & Reflectivity

https://ncnr.nist.gov/instruments/magik/calculators/reflectivity-calculator.html

 practice

Single layer film on Si substrate 

Vary film thickness 

(100, 250, 1000)

substrate
air

Si

film



Thickness & Reflectivity

thickness       period



SLD & Reflectivity

https://ncnr.nist.gov/instruments/magik/calculators/reflectivity-calculator.html

 practice

Vary film SLD

 (1.0, 2.07, 3.0, 6.0) 

Single layer film on Si substrate 

substrate
air

Si

film



SLD & Reflectivity

at large 𝑄, R ≈ 16𝜋2/𝑄4 𝜌2 + 𝜌s − 𝜌 2 + 2𝜌 𝜌s − 𝜌 cos 𝑄𝑑

composition (SLD)       amplitude



SLD & Reflectivity

https://ncnr.nist.gov/instruments/magik/calculators/reflectivity-calculator.html

 practice

Vary substrate SLD (-0.56; 1; 6.33 )

H2O /D2O

Si

film



0.00 0.02 0.04 0.06 0.08 0.10
10
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10
0

10
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 H2O -0.56 

 H2O:D2O 1

 D2O 6.33

 

 

R

Q

SLD & Reflectivity



Roughness & Reflectivity

https://ncnr.nist.gov/instruments/magik/calculators/reflectivity-calculator.html

 practice

Vary film roughness 

(0, 10, 50, 100 )

Single layer film on Si substrate 



0.00 0.05 0.10 0.15 0.20 0.25

1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

0.001

0.01

0.1

1
      Si/film/air

   0 - 0

 10 - 0

 10 -10

 10 - 20

 20 - 20

R

Qz

Roughness & Reflectivity

at large Q, for diffuse surface and interface,

at large 𝑄, for flat surface and interface,

R ≈ 16𝜋2/𝑄4 𝜌2 + 𝜌s − 𝜌 2 + 2𝜌 𝜌s − 𝜌 cos 𝑄𝑑

𝑅 ≈ 16𝜋2/𝑄4 ൛𝜌2 exp −𝜎1
2𝑄2 2 + 𝜌s − 𝜌 2 exp −𝜎2

2𝑄2 2

ሽ+2𝜌 𝜌s − 𝜌 exp −𝜎1
2𝑄2 exp −𝜎2

2𝑄2 cos 𝑄𝑑

roughness (interfacial width )       decay



NR summary

reflection

incident

( , , , , ...)
I

R f Q n d
I

 = =

Sample Size: 2 ~ 4 inches 

Substrate: Si, quartz, sapphire

Typical Cases: diffusion, corrosion, adsorption, segregation, deposition…



X-ray & Neutron Comparison

0.00 0.05 0.10
10-5

10-4

10-3

10-2

10-1

100
 X-ray

 neutron

 

 

 

R

Q



Sample environments

solid/air liquid/air solid/liquid

vacuum, humidity, pressure …



Experiment 

Neutron Reflectivity Investigation of the Propagation (transportation, 

diffusion, sorption, etc.) of a Melt Polymer across a Glassy polymer 

Interface

component A component B 

Glassy Liquidy?



Background: types of diffusion

(i.e. Case I diffusion)

Fickian diffusion

Fick’s law of diffusion: 

t = 0

t = t1

t = t2

Case II diffusion

Non-Fickian diffusion

Anomalous diffusion

J D = − 

t = 0

t = t1

t = t2

(Adolf Fick in 1855)

A combination of 

Case I and Case II 

diffusion to different 

extents

No clear 

boundaries
Sharp front

mass uptake
M ∝ t

mass uptake
M ∝ t1/2



What causes different types of diffusion? 

Case I diffusion

Case II diffusion

diluen

glass rod

swelling front

penetrating front

initial surface

glassy 

polymer

Small diluent

(e.g. PS/dPS, PMMA/dPMMA)

(e.g. PMMA rod/methanol)

T > TgA , TgB

T < TgA ,  T>> TgB

Anomalous diffusion

relaxation control
diffusion control

( relaxation negligible)

Comparable diffusion 

and relaxation effects



Polymer basics

 chain-like structure 

Repeat units

− CH2 − CH2 − CH2 − CH2 − CH2 − 

(q, τ)

‘Rouse blob’

‘thermal blob’

Glass transition Entanglement 
Mn, Mw Me Tg



System investigated

 deuterated polycarbonate

Mn = 8.4×104 g/mol 

Tg ≈ 151 oC

O C

O

O C O

CD3

CD3

n

Me = 11,60 g/mol  

(Me: average molecular weight between entanglement points) 

highly entangled

dPC 

 poly(methyl methacrylate)

Mn = 4.0×103 g/mol 

Tg ≈ 88 oC

non-entangled

PMMA

component A component B 

Rg = 11.0 nm

Rg = 1.6 nm



Objective

Glassy  dPC

liquidy  PMMA1

Tg = 151 oC

Tg = 88 oC
Si

anneal at 135 oC

 To learn reflectivity measurements on bilayer polymer thin films.

 To determine the time evolution of interfacial profile.

 To play with the chain-like feature of polymers and understand its effect on interdiffusion.



Sample preparation

 dPC/PMMA/Si

Step 1  Remove the silicon oxide layer from the Si substrate

(First “piranha” solution (70/30 v/v H2SO4 (50%)/ H2O2 (30%)) and then 5 % HF solution)

Step 2  Spin coat a PMMA layer on the cleaned Si wafer 

Step 3  Spin coat a dPC layer on another Si wafer

Step 4  Float the dPC film on the water surface then pick it up on the wafer with PMMA layer  



NR measurement

 instrument



Data reduction

https://reductus.nist.gov/

Template _ unpolarized  

ncnrdata/ng7/201608/22440/data/1-4E3

7204  (as-cast)

7419  (20 min at 135 oC)

7619 (65 min at 135 oC)

7205, 7206  (+, -)

Background

Specular

Slits

7127 (35 mm beam through air)



Data fitting

https://ncnr.nist.gov/instruments/magik/calculators/reflectivity-calculator.html

Generate refl1D script 



Data fitting

 Edit refl1D script 

Load data

Set constraints

Stack layers

Fit parameters



Data fitting

profile

parameters

summary

uncertainty

correlation

…



Conclusion
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