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PART IPART I

VACNTs Films Using MPACVD: SingleVACNTs Films Using MPACVD: Single--/Double/Double-- and and 
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Growth TechniquesGrowth Techniques

Ways to make Nanotubes: Ways to make Nanotubes: 

ZapZap   BakeBake or or BlastBlast
Yield: wt. 20Yield: wt. 20--90%90%

ZapZap, , BakeBake or or BlastBlast

A hot gasA hot gas--CVD @ Duke, CVD @ Duke, 
Stanford  Cornell  and Stanford  Cornell  and 

Yield: wt. 70% 
Stanford, Cornell, and Stanford, Cornell, and 

Japan Japan -- EndoEndo

Yield: wt  30%
A laser blast @ A laser blast @ 
Rice: SmalleyRice: Smalley

Yield: wt. 30%

Thermal, PlasmaThermal, Plasma--enhancedenhanced CVD CVD --

[ A big spark[ A big spark-- DC arc DC arc 
DC, RF, ECR, DC, RF, ECR, MWMW

discharge @NEC, discharge @NEC, 
Japan Japan -- Iijima ]Iijima ]



PhysicoPhysico--chemical processeschemical processes
Processes and characteristic energies in Processes and characteristic energies in 

A: A: arrival arrival of excited species to the surface of excited species to the surface 

Processes and characteristic energies in Processes and characteristic energies in 
nucleation and growth on surfacesnucleation and growth on surfaces

‘kinetic ‘kinetic versus versus thermodynamic control’ thermodynamic control’ 
A: A: arrival arrival of excited species to the surface of excited species to the surface 

B: catalytic B: catalytic dissociationdissociation

C: C: departuredeparture of undissociated moleculesof undissociated moleculesAA
CC

HH
II

xxCC22HH22 + NH+ NH33 C + NHC + NH33
+*+*+ (+ (xx/2)H/2)H22

n+n+**

CC depa tu edepa tu e o u d ssoc ated o ecu eso u d ssoc ated o ecu es

D: D: solutionsolution of C into the catalystof C into the catalyst

E: E: formationformation of C film on the catalyst surfaceof C film on the catalyst surface

BB EE

DD yy

F: F: diffusiondiffusion of C through or around the catalyst of C through or around the catalyst 
particleparticleGG

FF

DD

G: G: incorporationincorporation of C atoms into a growing graphene of C atoms into a growing graphene 
layerlayer

H: H: sputteringsputtering due to ion bombardmentdue to ion bombardment
CarbonCarbon

h dh d H: H: sputteringsputtering due to ion bombardmentdue to ion bombardment

I: chemicalI: chemical etchingetching & mechanical force due to & mechanical force due to 
interaction of a conducting cylinder with high interaction of a conducting cylinder with high 

l t i  fi ldl t i  fi ld

hydrogenhydrogen

Processes at the catalyst nanoparticle in a  CVD environmentProcesses at the catalyst nanoparticle in a  CVD environment
electric fieldelectric field



Variation of Fe island size by changing Variation of Fe island size by changing 
the initial thickness of  Fe filmthe initial thickness of  Fe film Results IResults I

AFM images revealing the topography of annealed AFM images revealing the topography of annealed 
(@ 850 (@ 850 ooC for 10 mins) Fe films with different thicknessesC for 10 mins) Fe films with different thicknesses

the initial thickness of  Fe filmthe initial thickness of  Fe film Results IResults I

(@ 850 (@ 850 C for 10 mins) Fe films with different thicknessesC for 10 mins) Fe films with different thicknesses
1 1 μμmm

Fe film Fe film 
thickness thickness 

(nm)(nm)

Island Island 
size size 
(nm)(nm)( )( )

2020--8080
10 10 
5 5 

200200--600                600                
100100--200 200 
6060 120 120 5 5 

22
11

6060--120 120 
3030--60                     60                     
3030--5050

0.50.5
0.30.3

1010--1515
1010--1515

250 250 nmnm



Diameter controlled growth of CNTs by MWCVDDiameter controlled growth of CNTs by MWCVD
SEM images of vertically aligned CNT SEM images of vertically aligned CNT 

films on different thickness of Fe catalyst layer exhibiting an films on different thickness of Fe catalyst layer exhibiting an 
apparent morphological variationapparent morphological variation

Diameter of Diameter of 
t b  t b  

pp p gpp p g

nanotubes nanotubes 
decreases as Fe film decreases as Fe film 
thickness is reduced thickness is reduced 
from 20 to 1 nm  from 20 to 1 nm  from 20 to 1 nm. from 20 to 1 nm. 
High areal density (~ High areal density (~ 
10101313--1414/cm/cm22),), less less 
impurity  and better impurity  and better 

5 nm Fe5 nm Fe5 nm Fe5 nm Fe10 nm Fe 10 nm Fe 10 nm Fe 10 nm Fe 20 nm Fe 20 nm Fe 20 nm Fe 20 nm Fe 

impurity, and better impurity, and better 
alignment of films alignment of films 
are achieved. are achieved. 

HOWEVER  i  it ibl  t   VA SWNT  ?HOWEVER  i  it ibl  t   VA SWNT  ?
1 nm Fe 1 nm Fe 1 nm Fe 1 nm Fe 2 nm Fe2 nm Fe2 nm Fe2 nm Fe

HOWEVER, is it possible to grow VA SWNTs ?HOWEVER, is it possible to grow VA SWNTs ?



Contd…

SEM

0.5 nm Fe0.5 nm Fe 0.3 nm Fe0.3 nm Fe

HRTEM

0.970.97--1.24 nm1.24 nm

0.5 nm Fe0.5 nm Fe

SingleSingle-- and double walled NTs obtained by continuous reduction of Fe layer and double walled NTs obtained by continuous reduction of Fe layer 
thickness (0.3 thickness (0.3 -- 0.5 nm)0.5 nm) in conjunction with relative high growth temperature in conjunction with relative high growth temperature 

(~ 850 (~ 850 -- 900 900 °°C)C) and fast growth times (30 and fast growth times (30 -- 60 secs). 60 secs). (( )) g (g ( ))



visvis Raman spectra of SingleRaman spectra of Single--/double/double-- and multiwall CNT filmsand multiwall CNT films
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Internal structural transition of NTs probed using HRTEM: Internal structural transition of NTs probed using HRTEM: 
From hollow and bambooFrom hollow and bamboo--like to fiberlike to fiber--likelike

hollow;hollow;As diameter of 
nanotubes 

single walledsingle walled
nanotubes 

increases because 
of increasing Fe 

layer thickness  the 
1 nm Fe1 nm Fe0.5 nm Fe0.5 nm Fe

layer thickness, the 
number of tube 
walls (or shells) 

increases i.e. from hollow;hollow;

multiwalledmultiwalled

increases i.e. from 
single and double 
to multiwalled. An 
internal structural 

sputtering
2 nm Fe2 nm Fe 5 nm Fe5 nm Fe

transition occurred 
from hollow- to 

bamboo-like at Fe 
0.34 nm0.34 nm

bamboobamboo-- & & 
fiberfiber--like; like; 

thickness of ~ 5 nm.  

10 nm Fe10 nm Fe 20 nm Fe20 nm Fe 80 nm Fe80 nm Fe
multiwalledmultiwalled



Single          DoubleSingle          Double MultiwallMultiwall

Internal structure transition contd…Internal structure transition contd…

Thermodynamically Thermodynamically 

Single          DoubleSingle          Double MultiwallMultiwall

Thermodynamically Thermodynamically 
speaking, surface speaking, surface 

diffusion is predominant diffusion is predominant 
for small size catalyst for small size catalyst for small size catalyst for small size catalyst 
particles particles -- may be due may be due 

to large surface to to large surface to 
l  ti  l  ti  hi h hi h Variation of Growth rate (Variation of Growth rate ( m/min) m/min) with Fe layer with Fe layer 

HollowHollow BambooBamboo FiberFiber--likelike

volume ratio volume ratio -- which which 
promotes tube outer promotes tube outer 
wall formation over wall formation over 10

Variation of Growth rate (Variation of Growth rate (μμm/min) m/min) with Fe layer with Fe layer 
thickness (nm)thickness (nm)

interinter--wall structure wall structure 
resulting in internal resulting in internal 

structure transition from structure transition from 
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BambooBamboo--like MWNT HRTEM Images: Chirality and growth mechanismlike MWNT HRTEM Images: Chirality and growth mechanism

coincidence coincidence 
angle; angle; αα; ; RRin/oin/o

100 nm100 nm
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50 nm50 nm

10 nm10 nm



Summary: Part ISummary: Part I

•• All carbon creatures: All carbon creatures: Small or bigSmall or big -- S/DW and MW S/DW and MW 
t b  i  t b  i  di t  t ll d VA CNT th di t  t ll d VA CNT th 

2 nm Fe2 nm Fe2 nm Fe2 nm Fe 5 nm Fe5 nm Fe5 nm Fe5 nm Fe 80 nm Fe80 nm Fe80 nm Fe80 nm Fe

 

2 nm Fe2 nm Fe2 nm Fe2 nm Fe 5 nm Fe5 nm Fe5 nm Fe5 nm Fe 80 nm Fe80 nm Fe80 nm Fe80 nm Fe

 

nanotubes i.e. nanotubes i.e. diameter controlled VA CNT growth diameter controlled VA CNT growth 
by MWCVD was achievedby MWCVD was achieved

           
Figure 2. A representative example of microwave chemical vapor 
deposited (MWCVD) vertically aligned carbon nanotubes images 
using Fe layer as catalyst [(top) SEM and (bottom) TEM]. Notice 
that by varying the Fe catalyst thickness from 2 to 80 nm, different 
kinds of nanotubes can be synthesized i.e. from single- and double- 
to multi-walled and a few-walled in-between. 

           
Figure 2. A representative example of microwave chemical vapor 
deposited (MWCVD) vertically aligned carbon nanotubes images 
using Fe layer as catalyst [(top) SEM and (bottom) TEM]. Notice 
that by varying the Fe catalyst thickness from 2 to 80 nm, different 
kinds of nanotubes can be synthesized i.e. from single- and double- 
to multi-walled and a few-walled in-between. 

•• Internal structure transitionInternal structure transition from hollow to bamboofrom hollow to bamboo--
and fiberand fiber--like in NTs was probed as a function of Fe like in NTs was probed as a function of Fe 
thickness using HRTEMthickness using HRTEM

•• Growth model to describe the internal structure Growth model to describe the internal structure Growth model to describe the internal structure Growth model to describe the internal structure 
transition in terms of transition in terms of surface surface versus versus bulkbulk diffusion diffusion 
was proposedwas proposed CC CCSSCC CCSS
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Comparison of SolidComparison of Solid--State and VME DevicesState and VME Devices
PropertiesProperties SolidSolid--StateState VMEVME

C t d itC t d it 101044 101055 A/A/ 22 2 102 1033 A/A/ 22Current densityCurrent density 101044--101055 A/cmA/cm22 ~ 2 x 10~ 2 x 1033 A/cmA/cm22

VoltageVoltage > 0.1 kV> 0.1 kV > 10 V> 10 V
StructureStructure Solid/Solid interfaceSolid/Solid interface Solid/VacuumSolid/Vacuum
Electron transportElectron transport
MediumMedium
BallisticBallistic

SolidSolid
< 0.1 < 0.1 μμm, LTm, LT

VacuumVacuum
100% Ballistic100% Ballistic

Lens EffectLens Effect DifficultDifficult EasyEasy
NoiseNoise

CoherenceCoherence
μμ ,,

L < 0.1 L < 0.1 μμmm, t < 10, t < 10--13 13 s @ RTs @ RT L >> 0.1 L >> 0.1 μμmm, t >> 10, t >> 10--13 13 ss

Noise Noise 
ThermalThermal
FlickerFlicker
ShotShot

Random motion of carriersRandom motion of carriers
Surface/interface effectsSurface/interface effects

Fluctuation inFluctuation in

ComparableComparable
WorseWorse

ComparableComparableShotShot Fluctuation in Fluctuation in 
generation/recombination rates of generation/recombination rates of 

carrierscarriers

ComparableComparable

Electron energyElectron energy < 0 3 eV< 0 3 eV Several to 1000 eVSeveral to 1000 eVElectron energyElectron energy < 0.3 eV< 0.3 eV Several to 1000 eVSeveral to 1000 eV
Cutoff frequencyCutoff frequency
PowerPower
Radiation hardnessRadiation hardness

< 20 GHz (Si) < 100 GHz (GaAs)< 20 GHz (Si) < 100 GHz (GaAs)
SmallSmall
PoorPoor

< 100< 100--500 GHz500 GHz
LargeLarge

E cellentE cellentRadiation hardnessRadiation hardness
Temperature sensitivityTemperature sensitivity
Fabrication/materialsFabrication/materials

PoorPoor
--30 30 -- + 50 + 50 ooCC

Well establishedWell established

ExcellentExcellent
< 500 < 500 ooCC
Not yetNot yet



Electron Emission ProcessesElectron Emission Processes
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contd…contd…

Thermionic EmissionThermionic Emission Field EmissionField Emission

•• Materials: Tungsten, LaBMaterials: Tungsten, LaB66 •• Materials:  Molybdenum, Silicon, Materials:  Molybdenum, Silicon, 
Di dDi d C tC t

•• Low brightnessLow brightness

•• High temperature operation High temperature operation 

Diamond, nDiamond, n--C etc.C etc.

•• High brightnessHigh brightness
g te pe atu e ope at og te pe atu e ope at o

(1800 (1800 -- 2700K)2700K)

•• Large energy distributionLarge energy distribution

•• Room temperature operationRoom temperature operation

•• Narrow energy distributionNarrow energy distribution•• Large energy distributionLarge energy distribution

•• Size of source: MacroscopicSize of source: Macroscopic

•• Narrow energy distributionNarrow energy distribution

•• Size of source: MicroscopicSize of source: Microscopic

•• High power requiredHigh power required •• High voltage may be requiredHigh voltage may be required



lightlight lightlight

Va vacuumvacuum
face plateface plate

electronselectrons

AlAl--coated coated 
phosphorphosphor

gategate

Vg

gg
Microtips (Mo)Microtips (Mo)

Insulator (SiOInsulator (SiO22))
Cathode (Mo)Cathode (Mo)

Base plate (Si)Base plate (Si)

Metal tips: Spindt tips (1976)Metal tips: Spindt tips (1976)

Birth of Vacuum Microelectronics (VME)Birth of Vacuum Microelectronics (VME)
Metal tips: Spindt tips (1976)Metal tips: Spindt tips (1976)

( )( )



FEDs: A) Spindt tips                        B) Carbon film cathodes FEDs: A) Spindt tips                        B) Carbon film cathodes FEDs: A) Spindt tips                        B) Carbon film cathodes FEDs: A) Spindt tips                        B) Carbon film cathodes 

Glass screenGlass screen Glass screenGlass screen

Extraction GridExtraction Grid

PhosphorPhosphor
Transparent AnodeTransparent Anode

Extraction GridExtraction Grid

PhosphorPhosphor
Transparent AnodeTransparent Anode

Baseplate Baseplate 
(glass (glass 

SubstrateSubstrate
Spindt TipsSpindt Tips
(Mo or Si)(Mo or Si)

Baseplate (glass Baseplate (glass 

backplate)backplate)

SubstrateSubstrate

Extraction GridExtraction Grid
Carbon Carbon 

filmfilm

backplate)backplate)
backplate)backplate)



CVD diamond; CVD diamond; 
polypoly micromicro nanonano

UNCDUNCD NanotubesNanotubes

polypoly micromicro nanonano

CP; CP; Organic VMEOrganic VME

UNCD, UNCD, NanotubesNanotubes

Material Pool: Material Pool: 
Advanced Advanced 

multifunctionalmultifunctional

MWMW SWSW

multifunctional multifunctional 
carbons as cold carbons as cold 

cathodescathodes
NanocompositesNanocompositesGraphite cones & Graphite cones & 

hybrid systems; tahybrid systems; ta--C C 
/ CNT/ CNT

B/S/N B/S/N -- doped doped 
diamonddiamond

/ CNT/ CNT



EFE Models: Carbon nanotubesEFE Models: Carbon nanotubes
at the tipat the tip

a)a) tip enhancement tip enhancement 
(geometrical)(geometrical)

e- e-e-

at the tipat the tip

[high aspect ratio [high aspect ratio 
structures; structures; ββ = h/r= h/r]]

b) b) adsorbate adsorbate 
t t 

FieldField--induced induced 
desorptiondesorptionAdsorbateAdsorbate

resonant resonant 
tunnelingtunneling

c) metallic c) metallic c) metallic c) metallic 
SWNT DOSSWNT DOS

Bonard, SSE (2001).Bonard, SSE (2001).
CleanClean



II--VV characteristics and Imaging: Singlecharacteristics and Imaging: Single-- versus versus Results IIResults II
multiwalled nanotubesmultiwalled nanotubes



Field Emission Results: MW nanotubesField Emission Results: MW nanotubes

II--VV

V vs. dV vs. d

80 nm Fe80 nm Fe



Field Emission contd…Field Emission contd…

S vs. dS vs. d S = S = --6.83 x 106.83 x 1077 φφ3/23/2 d / d / ββ

Slope = Slope = --1.84 x 101.84 x 1055 (eV)(eV)3/23/2

φφ= 5.0 eV= 5.0 eV

Relative distance (Relative distance (μμm)m)

ββ = 4140= 4140

EEthrthr: ~ 1 V/: ~ 1 V/μμmm((μμ ))

F F -- N plotN plot
VVmaxmax = = --3.79 E3.79 E1/21/2 eVeV

(lowering barrier by (lowering barrier by 
almost 2.4 eV)almost 2.4 eV)



Field Emission Results: S/DW nanotubesField Emission Results: S/DW nanotubes

I I -- VV

5 nm Fe5 nm Fe 0.5 nm Fe0.5 nm Fe

V vs. dV vs. d



Field Emission Results: S/DW nanotubesField Emission Results: S/DW nanotubes

Slope (S) = Slope (S) = --1.84 x 101.84 x 1055

(eV)(eV)3/23/2( )( )

φφ = 5.0 eV= 5.0 eV

ββ = 1700= 1700
FF--N plotN plot

ββ  1700 1700

EEthrthr: ~ 2 : ~ 2 -- 5 V/5 V/μμmm

VV = = 3 79 E3 79 E1/21/2 eVeVVVmaxmax = = --3.79 E3.79 E1/21/2 eVeV

(lowering barrier by almost (lowering barrier by almost 
2.6 eV)2.6 eV)

(for both 0.5 and 5 nm Fe (for both 0.5 and 5 nm Fe 
films)films)

2.6 eV)2.6 eV)

S vs. dS vs. d



Discussion: Simulation of electric field distribution: CNTsDiscussion: Simulation of electric field distribution: CNTs

a) densely a) densely 
packed random packed random 
arrangement of arrangement of arrangement of arrangement of 

nanotubesnanotubes

b) regularly b) regularly 
spaced single spaced single 

nanotubesnanotubes
hhhh

nanotubesnanotubes

dddd

N(F) = NN(F) = N00 exp (exp (--b/F)b/F)
 N( N(ββ) = N) = N exp (exp ( ββ//ββ ))

d > hd > hdddd
Distribution of betaDistribution of beta

~ N(~ N(ββ) = N) = N00 exp (exp (-- ββ//ββ00))

Robertson Robertson et. al.et. al. JVST A (2000).JVST A (2000).



Wishful Thinking Reality
ParallelParallel--Plate Field Emission MeasurementsPlate Field Emission Measurements
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Detecting Electron EmissionDetecting Electron Emission: : Electron Emission MicroscopyElectron Emission Microscopy

Modes of operationModes of operation::
PhotoPhoto Electron Emission Microscopy Electron Emission Microscopy (PEEM)(PEEM)

Excitation with UV light sourceExcitation with UV light sourceExcitation with UV light sourceExcitation with UV light source

* Field* Field Electron Emission Microscopy Electron Emission Microscopy (FEEM)(FEEM)
T  ff th  UV li ht T  ff th  UV li ht 

MCPMCP
Turn off the UV light sourceTurn off the UV light source

* Thermionic Field* Thermionic Field Electron Emission Microscopy Electron Emission Microscopy 
(T(T--FEEM)FEEM)

Temperature dependence (no light source)Temperature dependence (no light source)

Acc  Acc  Acc. Acc. 
Voltage; Voltage; 

20 kV20 kV
RTRT--1000 1000 ooCC

NCSU + Duke NCSU + Duke 
OKOK--4 FEL4 FEL



PEEM Lens columnPEEM Lens column

Sample (Sample (--20kV)20kV)

Anode (ground)Anode (ground)Immersion lensImmersion lens

hv

Anode (ground)Anode (ground)

Gate valveGate valve

Immersion lensImmersion lens
OL (23x mag.)OL (23x mag.)

ApertureAperture

TL(refocus diff. Plane)TL(refocus diff. Plane)

FL(focus real image)FL(focus real image) (100,70,50 (100,70,50 μμmm))FL(focus real image)FL(focus real image)

IL(magnification)IL(magnification)

P1(mag.)P1(mag.)

P2(mag.)P2(mag.) Image planeImage plane

MCPMCP
PP--screenscreen

CCD

Diffraction planeDiffraction plane

CCD



Comparison of electron emission: nanoComparison of electron emission: nano--engineered cold cathodesengineered cold cathodes
Undoped nanocrysUndoped nanocrys SS d d d d V ti ll  li d N-doped Diamond Undoped nanocrysUndoped nanocrys--

talline diamondtalline diamond
SS--doped nanocrysdoped nanocrys--

talline diamondtalline diamond
Vertically aligned 
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•• Temperature Temperature 
dependencedependence
•• NEA surfaceNEA surface

S ti l S ti l 

emissionemission
•• Weak temperature Weak temperature 
dependence dependence --

Fi ld h tFi ld h t

emission (localized)emission (localized)
•• Temperature Temperature 
dependence + dependence + 
Field enhancementField enhancement

•• NonNon--uniform uniform 
emissionemission
•• Temperature Temperature 
dependence + dependence + •• Spatial Spatial 

connectivityconnectivity
•• Field enhancementField enhancement
•• Electronic statesElectronic states
•• weak spatial weak spatial 
connectivityconnectivity

Field enhancementField enhancement
•• SS--related states related states 
electronic stateselectronic states
•• Spatial connectivitySpatial connectivity

dependence + dependence + 
adsorbatesadsorbates
•• Intrinsic behaviorIntrinsic behavior

(geometrical)(geometrical)connectivityconnectivity Spatial connectivitySpatial connectivity
•• low temperature low temperature 

thermionic emitters thermionic emitters 
& thermionic& thermionic

(geometrical)(geometrical)
•• low temperature low temperature 
thermionic emitters thermionic emitters 
& thermionic& thermionic& thermionic& thermionic

energy convertersenergy converters energy convertersenergy convertersBackgroundBackground
Gupta et. al. DRM (2004).
Gupta et. al. DRM (2005).



0.5 nm Fe 5 nm FeNanotube diameter dependent Nanotube diameter dependent 
electron field emission electron field emission 
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Thermionic dependent electron emission imaging: A comparisonThermionic dependent electron emission imaging: A comparison

SW versus MW NanotubesSW versus MW Nanotubes
RTRT More than one 

emission site appear 
RTRT

in MW than SW NTs 
with increasing 
temperature

800 800 ooCC 800 oC



Emission Intensity Fluctuation Emission Intensity Fluctuation -- Flicker PhenomenonFlicker Phenomenon
I. MW carbon nanotubesI. MW carbon nanotubes

80 nm Fe80 nm Fe

PEEMPEEM

1111 2222 3333 4444 5555 6666 7777 8888

CNT film on 80 nm Fe catalyst layerCNT film on 80 nm Fe catalyst layer
PEEMPEEM

1111 2222 3333 4444 5555 6666 7777 8888

9999 10101010 11111111 12121212 13131313 14141414 15151515 16161616

1.10 kV MCP, 1.4 x 101.10 kV MCP, 1.4 x 10--88 Torr, 50 µm FoV (clipped from 150 Torr, 50 µm FoV (clipped from 150 μμm) m) 
Microscopy snapshots @ 100 Microscopy snapshots @ 100 ooCC



Emission Intensity Fluctuation Emission Intensity Fluctuation -- contd…contd…

II. SW carbon nanotubesII. SW carbon nanotubes
2 nm Fe2 nm Fe2 nm Fe2 nm Fe2 nm Fe2 nm Fe2 nm Fe2 nm Fe

PEEMPEEM

CNT film on 2 nm Fe Catalyst LayerCNT film on 2 nm Fe Catalyst Layer
1111 2222 3333 4444 5555 6666 7777 8888

9999 10101010 11111111 12121212 13131313 14141414 15151515 16161616

0.85 kV MCP, LLL Camera Gain, 1.4x100.85 kV MCP, LLL Camera Gain, 1.4x10--88 Torr, approx. 150 µm FoV, 950º CTorr, approx. 150 µm FoV, 950º C



Role of adsorbates: Role of adsorbates: Role of adsorbates: Role of adsorbates: 
thermal adsorption/ thermal adsorption/ 

desorptiondesorptionUp Up 
  desorptiondesorptionsweep sweep 

II Predictable but weak Predictable but weak 
temperature dependence temperature dependence i.e.i.e.

Down Down 
 I I

p pp p
the emission intensity the emission intensity 
increased from room increased from room 
temperature up to 900 temperature up to 900 ooC C 

sweep Isweep I and decreased on down and decreased on down 
sweep with a little hysteresis. sweep with a little hysteresis. 
In addition, it demonstrates In addition, it demonstrates 

Up Up 

the role of adsorbates in field the role of adsorbates in field 
emission enhancement. This emission enhancement. This 
is because after thermal is because after thermal 
l i  (  d ti ) f l i  (  d ti ) f Up Up 

sweep sweep 
IIII

cleaning (or desorption) of cleaning (or desorption) of 
the surface of the emitter, the surface of the emitter, 
states due to adsorbate do states due to adsorbate do 
not dominate as effecti elnot dominate as effecti elnot dominate as effectively.not dominate as effectively.



Intensity analysisIntensity analysis

Sampling Sampling Histogram Histogram IntegrationIntegration

500 oC500 oC500 C500 C

Integrated Integrated 
area ~ area ~ 
Integrated Integrated 
brightnessbrightnessbrightnessbrightness

50 50 μμmm

[270 x 270 pixels][270 x 270 pixels]



Variation of Integrated Brightness: Temperature SweepVariation of Integrated Brightness: Temperature Sweep

SWNTSWNT
increasing number of tunneling electronsincreasing number of tunneling electrons
some tunneling from thermally excited some tunneling from thermally excited 

Increasing Temperature…

some tunneling from thermally excited some tunneling from thermally excited 
statesstates
very few are emitted from crossing the very few are emitted from crossing the 
barrierbarrier

jjTotTot = j= jFEFE + j+ jTExTEx + j+ jTETE

MWNTMWNT
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For moderate fields, the temperature contribution For moderate fields, the temperature contribution 
is minimal: jis minimal: jTFETFE = j= jFEFE (1.02(1.02--1.27) for 3001.27) for 300--1200 K.1200 K.

Gupta, Wang Gupta, Wang et. al.et. al. APL APL 8686 (2005); [VJNST].(2005); [VJNST]. Note: assuming: [ IB Note: assuming: [ IB ∝∝ j ]j ]



contd… Thermally desorbed ‘n’ adsorbed speciescontd… Thermally desorbed ‘n’ adsorbed species

C=O
C=O O=O

~ 450 K~ 450 K ~ 800 K~ 800 K 450 K 450 K  800 K 800 K

12
00

 K

RECENT EXPERIMENTS HAVE SHOWN THAT SINGLE-
WALLED CARBON NANOTUBES ARE SO SENSITIVE 

~ 
1

WALLED CARBON NANOTUBES ARE SO SENSITIVE 
TO OXYGEN THAT THE ADSORPTION OF EVEN A FEW 

ATOMS (SHOWN IN GREEN; left) CAN CHANGE 
SEMICONDUCTING TUBES INTO CONDUCTORS.



Interpretation in terms of ‘OInterpretation in terms of ‘Oxx’ adsorbate specie at the NT cap’ adsorbate specie at the NT cap

pphh
hh

O/CNTO/CNT--phph O/CNTO/CNT--hhhha)a)
b)b)

hh
hh

EE (eV) = 6 60(eV) = 6 60

pp
hh

hh

capcapEEbb (eV) = 6.73(eV) = 6.73 EEbb (eV) = 6.60(eV) = 6.60capcap

EE ( V)  3 02( V)  3 02
EEbb (eV) = 1.66(eV) = 1.66

OO22/CNT/CNT--phph bodybody
c)c)

EEbb (eV) = 3.02(eV) = 3.02
OO22/CNT/CNT--hhhh

pp
pp

CarbonCarbon
OxygenOxygen d)d)

hh hh
pp

EEbb (eV) = (eV) = -- E (OE (Oxx / CNT) + E (CNT) + E (O/ CNT) + E (CNT) + E (Oxx); ); xx = 1 or 2= 1 or 2Park et. al. PRB Park et. al. PRB 6464, , 
125401 (2001).125401 (2001).



Interplay of Interplay of ββ, , Real (local) work function, and barrier heightReal (local) work function, and barrier height

V = F*h = F V = F*h = F locloc rr

VVmaxmax = = --3.79 F3.79 Flocloc
1/21/2 eVeV MetallicMetallicSemicond.Semicond.



TwoTwo--process Model: Electron Field Emission process Model: Electron Field Emission 
mechanism in Carbon Nanotubesmechanism in Carbon Nanotubes

Depletion layerDepletion layer
Depletion layerDepletion layer
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Bright emission sitesBright emission sites Application Application 

These ultra bright electron emission sitesThese ultra bright electron emission sites
which can be used in micro electro which can be used in micro electro 

300 nm
(0.3 µm)

mechanical systems (MEMS) or (NEMS) mechanical systems (MEMS) or (NEMS) 
for gas sensing application and as an for gas sensing application and as an 

intense miniaturized Xintense miniaturized X--ray sourceray source

1.100 kV1.100 kV

intense miniaturized Xintense miniaturized X ray source.ray source.

Miniaturized XMiniaturized X--ray sourceray source
dia. < 16 nmdia. < 16 nm
J ~ J ~ 101044 A/cmA/cm22

An emission microscope An emission microscope 
image of the electron image of the electron 

emission from a single site emission from a single site emission from a single site emission from a single site 
on a nanocrystalline on a nanocrystalline 

diamond surface. diamond surface. 
NCSU & UNCNCSU & UNC--CH  O. ZhouCH  O. Zhou



Comparison/ConclusionComparison/Conclusion

CNTCNT--basedbased √√
DiamondDiamond--basedbased ⊗⊗

Architect



Summary: Part IISummary: Part II

•• A contrasting comparison between SW and A contrasting comparison between SW and 
MW nanotubes is madeMW nanotubes is made

•• Vacuum nanoelectronicsVacuum nanoelectronics•• Vacuum nanoelectronicsVacuum nanoelectronics
Role of adsorbates in enhancing the field Role of adsorbates in enhancing the field 

emission from carbon nanotubes is emission from carbon nanotubes is emission from carbon nanotubes is emission from carbon nanotubes is 
demonstrated: Temperature dependent electron demonstrated: Temperature dependent electron 

emission imaging (Temission imaging (T--FEEM)FEEM)

•• Thermionic component to field emission  Thermionic component to field emission  ( ) )/)((ETj π dTkFj B•• Thermionic component to field emission, Thermionic component to field emission, 
from nanotubes was also suggested, though from nanotubes was also suggested, though 
weak (~ 15 %), which is proposed to use as a weak (~ 15 %), which is proposed to use as a 
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thermionic energy converter (TEC).thermionic energy converter (TEC).



However my crystal ball is not good enough to seeHowever my crystal ball is not good enough to seeHowever, my crystal ball is not good enough to see However, my crystal ball is not good enough to see 
which application(s) will really make it!which application(s) will really make it!

????

Stay tuned…Stay tuned…



Field electron emission microscopy (TField electron emission microscopy (T--FEEM): CNTsFEEM): CNTs

Field emission  measurements at various temperaturesField emission  measurements at various temperatures

PEEMPEEM

2525 °°C 90C 90 °°CC25 25 C                          90 C                          90 C                          C                          
108 108 °°CC

150 150 °°C                       200 C                       200 °°C                          300 C                          300 °°CC
[ Pressure changes from 6.6 x 10[ Pressure changes from 6.6 x 10--99 to 8.1 x 10to 8.1 x 10--77as temperature increasesas temperature increases

•• Not many emission sitesNot many emission sites FoV: 20 µm and channel plate voltage of 1 55 kV ]FoV: 20 µm and channel plate voltage of 1 55 kV ]
•• Role of adsorption on field emissionRole of adsorption on field emission
•• Intensity fluctuations Intensity fluctuations -- flickerflicker

FoV: 20 µm and channel plate voltage of 1.55 kV ]FoV: 20 µm and channel plate voltage of 1.55 kV ]

Gupta et. al. DRM submitted 2004



Microstructural Variation as a function of NanostructuringMicrostructural Variation as a function of Nanostructuring

UnUn--dopeddoped IrradiatedIrradiated DopedDoped

Large hopping    Large hopping    Introduction of     Introduction of     ReRe--ordering due to increase in   ordering due to increase in   
distance distance -- low spatial or low spatial or 
interconnectivityinterconnectivity

clustering clustering -- reducing     reducing     
hopping distancehopping distance

cluster size cluster size -- further reduction further reduction 

in hopping distancein hopping distance


