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Talk Overview 

ÅAFM basics 

ÅConductive carbon nanotube (CNT) 

ïOverview and motivation 

ïBasics and advantages 

ïPreparationðtip modifications 

ïEnhancement Data 

ÅScanning probe microscopy applications 

ïImplant 

ïWork function 

ïLow-k plasma damage 

ÅSummary and Future Plans 
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Å Atomic force microscopy (AFM) 

measures the interaction force 

between a cantilever with a tip radius 

of a few tens of nanometers and the 

sample surface. 

Å Forces between the surface and tip 

result in a deflection, which is 

detected by a reflected laser and 

photo-diode.  

AFM Basics 

AFM can meet a variety of dimensional 

needs.  

ÅTypical AFM tips are made from Si or 

SiNx and have commercially available 

radii between 2-60 nm 

ÅTip-to-tip variation can be 

considerable 

ÅMaterial brittleness can result in 

short tip lifetime 

Si AFM 

Cantilever 
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Å CNT-AFM advantages 
ï high resolution (small tip radius)  

ï large aspect ratio for deep trench profiling 

ï long life time due to tube flexibility 

ï controlled synthesis for repeatable 
fabrication 

Å Enhanced resolution 
ï sub 10-nm vs 100ôs of nm for commercial 

conductive probes 

Å Enhanced electrical sensitivity 
ï < 10 mV 

Å Cylindrical vs. conical geometry 

ï access to densely spaced features 

Å Well-defined composition 

Å Electrical properties that do not degrade 
with use 

 

Å CNT-AFM disadvantages 
ï poor tip-to-base conductivity 

Å can be improved by doping 

ï reduced S/N ratio due to parasitic 
capacitance 
Å can be reduced by coating CNT with SiO2 

Advantages of Carbon Nanotubes Over Conventional Si Tips 

CNT grown directly on  a Si tip 

TEM images of CNT 

showing 4-walled 

structure. 
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CarbonðMany Structures and Applications 

Allotropes of carbon: a) diamond, b) graphite, c) lonsdaleite, 

d) C60 (Buckminsterfullerene or buckyball), e) C540, f) C70, 

g) amorphous carbon, and h) single-walled carbon nanotube 

or buckytube. 
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poly gate

electrode

ultra-shallow

junction implants

(S/D implant)

S/D extensions

halo implants

n+ Xj
p+

2009 ITRS Dopant Metrology Requirements 

SPM-based 2D dopant profiling methods include 

tunneling atomic force microscopy (TUNA), 

scanning capacitance microscopy (SCM), 

scanning spreading resistance microscopy 

(SSRM), and scanning surface potential 

microscopy (SSPM) (also known as Kelvin force 

microscopy [KFM]).  

AFM can be adapted to a variety of electrical metrology 

techniques for scanning probe microscopy. 
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Types of resistance in CNT-cantilever 

systems 

1. CNT-to-sample contact resistance 

2. CNT resistance 

3. CNT-to-SPM tip contact resistance 

4. SPM cantilever sheet resistance 

5. Internal AFM wiring resistance 

6. Return connection to sample resistance 

7. Puck-to-silver epoxy-to-film resistance 

8. Film sheet resistance 

 

CNT-metal contact resistance is caused by 3 

major factors: 

1. Current constriction due to geometry 

2. Local oxidation or impurities between 

CNT and contact (field enhanced oxide 

growth) 

3. Alignment of CNT and contact Fermi 

levels 

Each of these factors is difficult to control! 

 

Carbon Nanotube Preparation 

Carbon nanotube CVD fabrication steps  

Coat Si tip with a Ag layer to make Si more conductive 

Tip is coated with a catalyst mix  

CNT grows directly on the tip 

This work was supported in part by NSF Grant No. IIP-0945206 to 

Xidex Corporation and The University of Tennessee, Knoxville. 



SPIE OPTICS and PHOTONICS Conference, Aug. 1-5, 2010, San Diego, CA August 3, 2010 9 

Electron Beam-Induced Deposition Basics 

          A                                B                                C 
A. Gaseous organometallic precursor flows through a gas injection system (GIS) and 

subsequently adsorbs on the substrate. 

B. Electrons break precursor bonds near the beam (~10 nm deposit resolution), 

resulting in decomposition. 

C. Target and impurity atoms incorporate into the film, while volatile byproducts 

desorb and are removed by the pumping system. 

*    If the precursor gas is an etchant, the decomposition products form reactive 

radicals that volatilize the surface, resulting in material etching. 

GIS 

Precursor Gas 

Volatile  

Byproducts 

Deposited 

Atoms 

E-beam 
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Å XeF2 was used to etch SiO2 on CNT. 

Å Au was deposited within etched areas to demonstrate growth rate 

and control over placement 

Å Left ï 5s beam-spot mode, Au deposition yielding 72 nm diameter 

Å Right ï 50k pass line scan, yielding 117 nm diameter 

Au deposition XeF2 etched area 

Tip Editing: EBID Examples on CNTôs 

This work was supported in part by NSF Grant No. IIP-0945206 to Xidex Corporation and The University of Tennessee, Knoxville. 
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Pt Contact Selective SiO2 
etching by XeF2 

B. A. 

CNT-AFM Tip Enhancement by Electron Beam-Induced 

Deposition and Etching 

225 nm CNT tip grown on Si tip coated with Ag 

Si 

CVD Dielectric Shield 

Metal Contact 

CNT 

Selective Etch 

Electron beam-induced deposition and etching: 

Å Apply a localized, thin metal contact to increase contact area, increase 
tip stability, and lower tip-to-base resistance  

Å Oxide may be grown to provide electrical shielding to reduce parasitic 
capacitance between probe and sample surface 

Å Develop localized and chemically selective etch method to release CNT 
from oxide 

This work was supported in part by NSF Grant No. IIP-0945206 to Xidex Corporation and The University of Tennessee, Knoxville. 

A.  Pt contact deposited between CNT tip and Si cantilever to reduce 

contact resistance.  

B.  CVD dielectric shield deposited to reduce stray capacitance. 

Selective dielectric etching by XeF2 to release CNT. 
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Tip Editing: Effect of Pt Welding on Electrical Characteristics 

Å Typical I-V curves for the 
assembled W-CNT-W 
connection. 

ï 3 & 1 = CNT is attached to both 
W  tips via Van der Waals force 

ï 6 & 11 = Both CNT-to-W 

contacts were welded with Pt 

ï 8 & 15 = The W tips and the 

CNT were covered with a layer 

of Pt 

Å Resistivity decreases after 

welding the W-CNT contacts.  

increased Pt welding 

Pt Contact 

ÅLocal Pt contact made between CNT and AFM cantilever 

ÅAreas for process optimization include minimizing CNT deflection and 

preventing unwanted EBID on the CNT 

ÅElectron beam parameters (energy, current) can be adjusted to address 

these issues 

ÅTip exhibits brief wobbling under the beam but eventually stabilized 

ÅAfter imaging and contact deposition, the CNT has been deflected 

slightly and appears thicker due to some Pt or a-C growth 

Increased Pt welding 
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Device-Scale Scanning Capacitance Microscopy:   

Ultra-Shallow Implant Dopant Activation Metrology 

SCM IMAGE OF 0.3 µm PMOS TRANSISTOR 

TIP
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Scanning 

Capacitance 

Microscopy 

Standard SCM system 
The basic principle of scanning 

capacitance microscopy is based on two 

essential parts: the tip sample and the 

electronics part. 

 

SCM can be analogous to a MOS 

capacitor: The conductive tip is the top 

metal contact, and the top oxide layer is 

on top of a semiconductor. 

R. S. Muller and T. I.Kamins, ñDevice Electronics for Integrated Circuitsò(WILEY, New 

York, N.Y, 2003) 

E. H. Nicollian and J. R. Brews, \MOS (Metal Oxide Semiconductor) Physics and 

Technology" (Wiley Interscience, MA, 1982). 

J. J. Kopanski, ñSemiconductor Dopant Prole and Dielectric Characterization with Scanning 

Capacitance Microscopy,ò Mater. Res. Soc. Symp. Proc., 838E, p. 09.1.1, (2005). 
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1) Cleave selected region. 

2) Glue cover slide on the slice using epoxy and cure at 150°C. 

3) Dice slice into a 1 mm × 1 cm stripe. 

4) Form backside contact by depositing Al using a thermal evaporator.  

5) Polish sample with grit papers to remove the dicing saw marks and to planarize the 

surface.  

6) Polish sample with polycrystalline solutions to smooth surface and remove residual 

polishing particles.  

7) Polish sample with colloidal silica to remove scratches and to produce a thin 

insulating layer.  

8) Oxidize surface with UV-generated ozone to accelerate native oxide growth on 

sample surface.   

9) A capacitance measurement can now be made.  

Sample Preparation Process 

SCM for ultra-shallow junction dopant 

distribution: 

ÅRequires oxide deposition on the top surface 

of the sample (rotated to allow scanning 

through the sample cross-section) 

ÅAl is deposited on backside to make an ohmic 

contact. 
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ÅTUNA I-V curve 

obtained after 

ñformingò contact by 

briefly applying -5 V. 

ÅTUNA I-V curve at 

higher voltage 

ÅI-V curve is diode-like 

ÅTip at negative 

voltages is more 

conductive than with 

positive voltages. 

ÅTypical TUNA I-V 

curve ñcapacitiveò 

contact obtained when 

first making contact 

with low applied 

voltages.  

CNT Characterization by TUNA for Tip Resistanceð

Varied Behavior at Different Applied Voltages 

 
ÅI-V curves are generated from tunneling current flowing between the                                               

CNT tip and the sampleða function of voltage as a measure of the tip resistance.  

ÅLower tip resistance permits increased dopant sensitivity. 
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ÅDiode-like 

characteristics at 

higher applied 

voltages 

ÅTurn on voltage 

decreases with time at 

stress, forward 

resistance is a 

relatively low 100 Kɋ 

to 500 Kɋ. 

ÅTUNA I-V curve of 

CNT tips at low applied 

voltages in the reverse 

bias region of the 

diodes and low current 

flows. 

CNT Characterization by TUNAðVaried Behavior at 

Different Applied Voltages 

ÅI-V curve 

characteristic of a CNT 

tip is rectifying 

(asymmetric between 

+ and - voltages) 

ÅWhen contacting the 

Al film, the IV-curve is 

ohmic (symmetric) 

ÅRectification is at the 

CNT-to-film (Au) 

contact 
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d(surface)

= (2.34 +/- 0.938)e20 at/cm3

Annealed at 1225°C; Nd(surface) = (2.31 +/- 0.546)e19 at/cm3

Annealed at 1250°C; Nd(surface) = (1.06 +/- 0.009)e19 at/cm3

Annealed at 1300°C; Nd(surface) = (8.55 +/- 0.009)e18 at/cm3
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N
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= (2.87 +/- 0.536)e20 at/cm3; Nd(LP) = 1.61 e19 at/cm3

Nd(surface) = (2.89 +/- 0.198)e20 at/cm3; Nd(LP) = 1.26 e19 at/cm3

Nd(surface) = (2.78 +/- 0.201)e20 at/cm3; Nd(LP) = 1.42 e19 at/cm3

Nd(surface) = (2.85 +/- 0.207)e20 at/cm3; Nd(LP) = 1.84 e19 at/cm3

N
d(surface)

= (2.87 +/- 0.536)e20 at/cm3; Nd(LP) = 1.61 e19 at/cm3

Nd(surface) = (2.89 +/- 0.198)e20 at/cm3; Nd(LP) = 1.26 e19 at/cm3

Nd(surface) = (2.78 +/- 0.201)e20 at/cm3; Nd(LP) = 1.42 e19 at/cm3

Nd(surface) = (2.85 +/- 0.207)e20 at/cm3; Nd(LP) = 1.84 e19 at/cm3

No annealingð 

no dopant diffusion at 

surface 

With laser annealingð 

SCM shows dopant 

diffusion occurring at 

surface, likely due 

diffusion occurring 

during pre-anneal 

(consistent with sheet 

resistance 

measurements) 

CNT ApplicationðImplant and Annealed Wafers 

Laser Anneal Temperatures 

Samples were 

approximately   

1.5 x 1.0 cm 
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Å Area 40 um x 10um

Å 200 fins
ï Wfin = 50nm

ï Pitch = 200nm

Quad 1 Quad 2

Quad 3 Quad 4

10um

40um

Boron implant A Boron implant B 

CNT ApplicationðFinFET Dopant Metrology 

FinFETS courtesy of Chris Hobbs,  

SEMATECH, Front End Processes 

Sample LOT ID Wafer ID Wafer Type Structure Doping Anneal

1 1002RCL11001 46EJQ10SJE0 Bare Si Fin Lines, 65 nm wide Baseline

2 1022RL1001 46EJQ10SJM1 Bare Si Fin Lines, 65 nm wide B-Doped No Anneal

3 1002RL11001 46EJQ009SJE6 Bare Si Fin Lines, 65 nm wide B-Doped Anneal

4 1003RLFF006 7580B874SEE0 SOI FinFETs, varied dimensions, as small as 15nm wide Baseline

5 1003RLFF006 7580B86YSEB7 SOI FinFETs, varied dimensions, as small as 15nm wide B-Doped No Anneal

6 1003RLFF006 7580B85Q5EA2 SOI FinFETs, varied dimensions, as small as 15nm wide B-Doped Anneal
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AFM SCM 

1 µm 

CNT ApplicationðFinFET Dopant Metrology 

Images of B-doped 

annealed 

scatterometry 

array structure. 

 

Limited spatial 

resolution and 

sensitivity should 

be improved using 

CNTôs.  

Implant  

FinFET cross-section, rotated 90°.  
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Si Substrate

Interfacial oxide

HfO2 High-k

TiN Metal Gate

Capping Layer

Poly-Si

(doped)

Wafer TiN Thickness (nm) Capping Layer Thicknes (nm)

1 10 0.7

2 20 0

3 10 0.7

4 20 0

CNT ApplicationðWork Function Metrology by Scanning 

Kelvin Force Microscopy (SKFM) 

ÅSKFM provides simple, accurate, and high spatial resolution 

measurements of surface potential and work function in ambient. 

ÅThe conducting tip and the sample are characterized by different work 

functions. When both elements are brought in contact, a net electric 

current flows between them until the Fermi levels are aligned, or the 

contact potential difference (CPD). 

ÅCan improve spatial resolution of SKFM using advanced tip designs 

and improved data acquisition techniques. 

first scan

second scan

first scan

second scan

Work function variation 

a function of TiN and 

capping layer thickness. First Scan:  Tapping mode image of topography.  

Tip is mechanically vibrated at ɤ.

SKFM Second Scan:  Offset by lift height (~ 2 nm), 

turn off mechanical vibration, apply ac at ɤ+ dc 

voltage.  Feedback loop adjusts dc voltage to 

minimize force at Vdc = - CPD

First Scan:  Tapping mode image of topography.  

Tip is mechanically vibrated at ɤ.

SKFM Second Scan:  Offset by lift height (~ 2 nm), 

turn off mechanical vibration, apply ac at ɤ+ dc 

voltage.  Feedback loop adjusts dc voltage to 

minimize force at Vdc = - CPD
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Measured Modeled (PtIr coated Si tip) 

CPD Measured Across an Abrupt 

Boundary: Au to SiO2 

Reduction of cantilever stray 

capacitance with CNT tip, ñtrueò 

CPD of Au film easier to measure 

Al 

Cr 

Au 

CNT ApplicationðWork Function Metrology by SKFM 


