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New Group Formed at NIST 
NANOELECTRONICS GROUP (683.04) 

Conducts basic research to advance the 
optical and electrical measurement 
science infrastructure necessary for 
innovation in future nanoelectronic and 
thin-film devices, and their component 
materials.  

• Pushes the frontiers of optical spectroscopies (e.g., Raman spectroscopy, 
spectroscopic ellipsometry, and infrared spectroscopy) and electrical 
measurements (e.g., magnetotransport, nanoelectronic test structure 
development, and temperature dependent current-voltage spectroscopy) 
 

• Develops and advances novel measurements that combine and correlate 
optical and electrical methods such as internal photoemission, magneto-
optical spectroscopy, and transient photocurrent spectroscopy. 

Lead by Curt Richter 
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Outline 

Raman spectroscopy applied to 
 

• Carbon Nanotubes 
• 2D Materials 

• Graphene 
• MoS2 
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The Raman Effect: Inelastic Scattering 
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• Rapid 
• Highly specific 
• Non-destructive 
• Rich 

• Layer number and 
orientation 

• Defects/Edges 
• Electron Phonon 

coupling 
• Temperature 
• Doping 
• Strain 
• Crystallographic 

orientation 
• Chemical 

functionalization 
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Novel Measurement Methods 
• Techniques enhanced by presence of the nano-object 
• Very sensitive to carbon nanostructures, i.e. carbon nanotubes and graphene 
• Unique capabilities spanning THz through NIR region 

Expertise and Resources 
– Raman Spectroscopy 

• Triple-grating XY-800 
• Renishaw InVia Microscope 

– Laser fluorescence spectroscopy 
– Combined AFM-Raman imaging 
– Surface-enhanced Raman spectroscopy (SERS) 
– Tip-enhanced Raman spectroscopy (TERS) 
– Multiple laser excitation 

Argon ion (multiple discrete lines), Ti:Sapphire 
(tunable), 633 nm HeNe, 785 nm diode, Dye lasers 
(tunable) 

– Cryostats : 4 K – 400 K 
– Environmental cell 

ACS Nano 2011 5, 5  3943 
J. Am. Chem. Soc., 2011, 133 (33), pp 12998–13001 
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Outline 

Raman spectroscopy applied to 
 

• Carbon Nanotubes 
• 2D Materials 

• Graphene 
• MoS2 
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Publications per year 

Data extracted from the Web of Knowledge (Science Citation Index)  
searching for the words fullerene, nanotube, and graphene. 

Slide used with permission from M. Dresselhaus APS 2013 
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Nanoeletronics 
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Recent Workshop 
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(n,m) 
chiral 

(n,0) 
zigzag 

(n,n) 
armchair 

Single-Wall Carbon Nanotubes 

Roll up vector determines physical properties, 
electronic nature and surface interactions. 
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NIST SWCNT Team 

Fundamental Metrology for  
Carbon Nanotube Science and Technology 

Identify the fundamental properties of the 
nanomaterials 

Isolate the nanomaterial for study 
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Polydispersity Problem 

ALL SAMPLES 
are DIFFERENT 

SWCNT length 
distribution, powder 

morphology, 
impurity content all 
vary batch to batch 

(or even within a 
batch) and across 

manufacturers. 
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green: metallic;  
Pink, Purple: Semi-conducting 

Synthesis techniques produce varying SWCNT 
distributions  

chiral vector 
determines physical 
properties 

Hersam et al., Nature Nanotech 2008 

Polydispersity 
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Reference 
Materials 

 
 

Standard 
Measurement 

Protocols 
 
 

Round Robins 

EHS assessments & 
selected applications 

Intrinsic property 
measurements 

Separation and 
fractionation 

Dispersion 
Composition 

analysis 

Liquid Phase Solid Phase 

 
 

SRM 2483 
Raw Nanotube Soot  

 
RM 8281 

Length sorted nanotubes  
in aqueous dispersion  

 
 

Nanotube Metrology Program 
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Optical properties of SWCNTs 
arise from van Hove singularities in 
1-D density of states 

Optical Properties of SWCNTs 

E22 E11 

RBMs 

D 

G 

G’ (2D) ωRBM (cm-1) = 227/dt (nm) 

Resonance Raman 

Absorption 

E22 

E11 

Photoluminescence 

E11 λex = 570 nm 

λex = 575 nm 
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Katuara Plot 
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E22 
absorption 

E11 
emission 

1D Density of States – van Hove singularities 

van Hove Singularities in density of states  resonance Raman. 
Resonance energy with Raman peak position gives unique (n,m) 

Electronic Structure of SWCNTs 
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Excitation Energy (eV)

   L (nm)       E22(eV)
 980      1.669
 840      1.670
 580      1.669
 220      1.669

RBM 
266.5 cm-1

ωq = 0.033 eV

E22

Resonance Excitation 
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average diameter 

<diam> 0.8 nm 1.0 nm 1.3 nm 1.5 nm 

empty 

filled 

1.  Separation into 2 distinct bands, increase with diameter 
2.  Lower band progresses further down with diameter 
3.  Motion of nanotube bands through medium is progressive 
• robust results across various synthesis methods 
• consistent with endohedral water-filling 

*CoMoCat excluded 

NREL 

Separation for various diameters / synthesis 

ACS Nano 5 5 3943 2011 
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S11 S22 M11 S33 

F3 
F5 

parent 
F3 
F5 

• Peaks redshifted & broadened in F5 for all excitonic bands, 
including metallic 

• Similar diameter distribution in two bands 
• Spectral weight of F5 comparable to or larger than F3  

Ab
so

rb
an

ce
 ~

 -L
og

 (T
) 

empty 

water
filled 

F5 not an aggregated state of F3  filled 

Optical Absorption:  UV-Vis-NIR 

ACS Nano 5 5 3943 2011 
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F3 
F5 

Resonance Raman 

• Excitation & emission of F5 
redshifted 

• F3 brighter fluorescent 
intensity  

• Parent materials matches F5 
 typical dispersion water 
filled 

Near-IR Fluorescence 

ACS Nano 5 5 3943 2011 
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Radial Breathing Modes (RBMs) 

F3 

F5 

•Both semiconducting (S22) & metallic (M11) SWCNTs in resonance 

•Excitation energies redshift in F5 (filled) 

•RBM phonon frequencies harden (higher energy) with filling 

ACS Nano 5 5 3943 2011 
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Excitations for F5 (filled) are red-shifted and broadened 

Excitation Profiles of RBMs 

ACS Nano 5 5 3943 2011 
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 ωRBM(F5) - ωRBM(F3)   
 Cambre et al.
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F3 

F5 

monotonic increase of hardening with increasing diameter 

Raman RBM Shift 

ACS Nano 5 5 3943 2011 
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• Subsequent processing and 
separation by electronic type 

• F5 (filled) easier to separate into 
semi-conducting & metallic 

Separation by Electronic Type 
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DNA Dispersions of Carbon Nanotubes 
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Sequence motif variation 
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J. Am. Chem. Soc. 2011, 133, 129981 

Enabled single 
chirality armchair 

nanotubes 
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Optical Properties of Armchair Tubes  

Single G band   

J. Am. Chem. Soc. 2011, 133, 129981 
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Armchair Separation by Other Techniques 
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Purity metrology for SWCNTs 

Submitted to JACS 
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Purity metrology for SWCNTs 

Peaks 
Indicate  
metallic 
CNT’s 

Metallic peak 

Semi. peak SWCNT’s can now be purified to 
levels that test the resolution of 
purity metrology. 
• Absorbance: quick 
• Raman: more powerful, higher 

resolution 
• Goal 99.9999% 
Actively improving accuracy of optical methods  

Raman 
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Outline 

Raman spectroscopy applied to 
 

• Carbon Nanotubes 
• 2D Materials 

• Graphene 
• MoS2 
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NIST Graphene Team 

Bridging Measurement Length 
Scales to Advance Graphene 

Device Technologies  
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Enhanced G 

Twisted Graphene 

New Raman Modes 
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Correlating LEEM with Raman 

Thickness Map 
Uniformly Single Layer 

Reflectivity Image 
@ 5.7 eV 

 

Two respective curves 
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Correlating LEEM with Raman 
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Tracking chemical transformation of graphene 
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D 

D peak shows up due 
to chemical reaction 
on graphene 

Raman Spectra Raman mapping 

Raman Mapping on Graphene 
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Etching Graphene by Metallic Nanoparticles 

I(G) I(G’) 

Scale bar:  1 µm 

Raman Mapping 

Hexagon 
Pits 

Zigzag Edge 

SEM 

SE2 detector scale bar: 1 µm 

InLens detector 

950 ˚C 1050 ˚C 1150 ˚C 850 ˚C 
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Cutting Graphene with Cu Nanoparticles 

Selected as a talk for Graphene Week 2011, Austria  

Summary of Cu Annealing 

SE2 

scale bar: 1 µm 

InLens 

950 ˚C 850 ˚C 1050 ˚C 1150 ˚C 

monolayer 

monolayer 

graphite 
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Raman Spectroscopy of Graphene 
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λexc = 514 nm

Gated graphene transistors 

Monitors doping level in graphene devices 

Liquid Carbon Source CVD graphene 

RCA cleaning doesn’t noticeably affect defect density. 

CVD graphene Transfer 

J. Mater. Chem., 2011, 21, 16057 

  

ACS NANO  5: 11  9144  
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Outline 

Raman spectroscopy applied to 
 

• Carbon Nanotubes 
• 2D Materials 

• Graphene 
• MoS2 
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Introduction & Motivation 

• Graphene stimulates interest in related 
layered materials, e.g., MoS2:   

 single layer, direct band gap ~1.9eV 
 mobility m < graphene 
 applications: transistors, photovoltaics, valleytronics 

• MoS2 structure:  layered trigonal prismatic,
  

  1L non-centrosymmetric P6m2 (D3h) 

• Raman spectroscopic characterization of 
MoS2 

- two prominent Raman-active phonons symmetry  
 E2g

1 (in-plane)  &  A1g (out-of-plane) 
- quantifies layer#: peak difference 

 

• Understanding of optical & thermal 
properties important for device applications 

Lee et al., ,ACSNano 4, 2695 (2010) 

Molina-Sanchez et al., PRB 
84, 155413 (2011) 
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Δh ≈ 0.8 nm 

MoS2 Monolayer Samples 
Suspended single layer (1L) 

single layer MoS2 

Substrate (Al2O3) supported 

AFM 

1.2 µm 

with HfO2 overcoat w/o HfO2 overcoat 

8 µm 4 µm 
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Temperature-Dependent Raman Spectra 

•observe two prominent 
Raman-active phonons:   

 E2g
1 (in-plane) and  

 A1g (out-of-plane) 

•phonons soften with 
increasing temperature 

•low optical power 
(intensity) to minimize 
thermal effects, e.g., avoid 
local heating & sample 
damage 

λex = 514.5 nm  

< 0.2 mW (50X NA 0.55) 

~ 1.2 µm diffraction-limited spot 

370 380 390 400 410 420

320K

280K

240K

100K

180K

 

 

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Raman shift (cm-1)

140K



National Institute of Standards and Technology 
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slope:  χT = -(0.014  0.001) cm-1/K
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Temperature (K)

slope:  χT = -(0.011  0.001) cm-1/K

Temperature-Dependent Phonon Peaks 

• Phonon frequencies soften linearly with increasing temperature 
• Anharmonic lattice potential  phonon scattering, thermal expansion 
• Extract linear temperature coefficient χT (cm-1/K)  
• A1g slightly more sensitive to temperature change 

Graphene 
χT (cm-1/mW) 

G-band E2g 

1L 
suspended 1 -0.016 

MoS2 
χT (cm-1/mW) 

E2g
1 A1g 

1L 
suspended -0.011 -0.014 

1 Balandin et al., NL 8, 902 (2008) 
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Laser Power-Dependent Raman Spectra 

•Room temperature  
measurement 
• local heating 
softens phonon 
peak frequency 
•sample damage for 

power > 2mW  room temperature 
λex = 488 nm 

100X NA 0.95  

~ 0.7 µm diffraction-limited spot  
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Laser Power-Induced Phonon Peak Shifts 

Graphene 
χp (cm-1/mW) 

G-band E2g 

1L suspended 2 -1.3 

1L supported 3 -0.7 

2 Balandin et al., Nano. Lettt. 8, 902 (2008) 
3 Lee et al., PRB 83, 081419 (2011) 

• Linear at low power, saturates above  
0.3 mW (not shown) 

• A1g less sensitive to power 
• substrate serves as heat sink 
• 10x larger χP coefficient than graphene  

MoS2 
χp (cm-1/mW) 

E2g
1 A1g 

1L suspended -13.2 -9.3 
1L supported1 -0.09 -0.40 

[1] R. Yan et al., arXiv:1211.4136 
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Laser 

Optical Absorption in Monolayer MoS2 

Beal & Hughes, JPC: Sol State Phys (1979) 

Model suspended 1L with complex index 
of refraction n1 = 5 – i surrounded by air 
obtain transmittance T & reflectance R 

Thermal conductivity 

absorbance: A = 1-(R+T) = 0.09 
use this for determining incident 
laser power absorbed by sample 

agrees with measurement 

suspended MoS2  

n1 = 1 – 5i 

n0 = 1 

n2 = 1 

Mak et al., PRL 105, 136805 (2010) 
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Estimating Thermal Conductivity 
1L MoS2 

suspended over 
hole 

Thermal 
conductivity 
Rewrite κ in terms of phonon shifts linear 
temperature & power coefficients, χT & χP 

1 Balandin et al., Nano Lett. 8, 902 (2008). 

thermal conductivity κ 
from measured χ values 

Suspended 
single layer 

κ  W/(m K)  

MoS2 27 +/- 20% * 
graphene1 5000  

* A1g dominates κ in MoS2 
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• Al2O3 & HfO2 similar thermal expansion 
& larger than bulk MoS2  tensile strain 

 Sapphire :7.3x10-6/K,  HfO2: 6.7x10-6/K  
 Bulk MoS2 (in plane): 4.9x10-6/K  

• HfO2 induces A1g shift  electronic 
doping1,2 

• Consistent with theoretical prediction:        
A1g more sensitive to el-ph coupling1 

Substrate-Supported 1L MoS2 

1. B. Chakraborty et al., PRB 85, 161403(R) (2012). 
2. R. Yan et al., arXiv:1211.4136. 

Thermal expansion: Sapphire :7.3x10-6/K 
HfO2: 6.7x10-6/K  
Bulk MoS2 (in plan): 4.9x10-6/K  
 

MoS2 
χT (cm-1/mW) 

E2g
1 A1g 

w/ HfO2 -0.017 -0.013 
w/o HfO2 -0.015 -0.013 

suspended -0.011 -0.014 < 
> 
> 
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Conclusions 

Raman continues to be a novel 
characterization methods for 

nanoelectronics 

 

Thank you for you attention…. 
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Thanks the people who do the work 
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Problem and Solution 

Sets of accurate data for physico-chemical 
properties, hazards, and exposure to enable 
science-based, lifecycle risk assessment and risk 
management of nanomaterials and products that 

incorporate them.             

Nanomaterials and products that incorporate 
nanomaterials pose unknown risks throughout 
all stages of their life cycles, from initial sourcing 
through manufacture, use, disposal or recycling, 
and ultimate fate.  
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NIST Role in the Solution 
Create and disseminate critical measurement solutions for determining key physico-
chemical and toxicological properties of nanomaterials and release of nanomaterials 
throughout the full life cycles of key nanomaterials and products containing these 
nanomaterials. 

Linkages to hazards 

Industry, EPA, NIH-
FDA, NIH-NIEHS, 
CPSC, OSHA 

Industry, EPA, 
NIOSH, NIH-NIEHS, 
CPSC, OSHA 

Exposure Hazards 

Physico-
chemical 
properties 

Linkages to hazards 

Toxicity 

Linkages to exposure 

Releases N
IS

T 

N
IS

T 

Reference materials Methodologies 
Documentary standards Analytical tools 
Reference Data  Instruments 

Measurement Science  
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Physico-
chemical 
properties 

Hazards 
Toxicity 

Exposure 
Releases 

Nano-EHS Technical Program 

Static Physico-chemical Properties* 
Concentration of neutral and ionic species of key 

nanomaterials 
Surface attributes of key nanomaterials*:  
• Surface area  
• Composition, location, and degree of coverage of 

surface species 
• Morphology from the atomic to cellular scales 
• Surface charge 
*Controlled dispersion is critical for all measurements 

*In relevant media: air, water, soil, sediment, and 
biological matrices 

Dynamic Physico-chemical Properties* 
Transformation processes for key nanomaterials*:  
• Aggregation and agglomeration 
• Ionic dissolution 
• Adsorption of organic matter and bioconstituents 
• Electron transport, e.g., oxidation 
• Attachment of nanomaterials to surfaces 

Transport 
Fate: equilibrium state, concentration, and distribution 

Toxicological Properties* 
Biomarkers and other indicators 

of toxicological response 
Genotoxicity assays 
Mechanistic cytotoxicity assays 

Exposure effects* 
Release of key nanomaterials 

from products 
• Incineration 
• Wear 
• Chemical reactions 

Emissions from 
manufacturing processes  

   Reference materials Methodologies 
   Documentary standards Analytical tools 
   Reference Data  Instruments 

Measurement Science  
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Reference Materials 

Documentary Standards 

Measurement Science 

Optimal Approach 
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Thank you!! 
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