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3. LES  CATHODES FROIDES SSE :3. LES  CATHODES FROIDES SSE :
Une nouvelle approche avec des couches Une nouvelle approche avec des couches ultraultra--mincesminces

Motivation: Motivation: cathodes froides pour des applications industriellescathodes froides pour des applications industrielles

Objectif: Objectif: une miniaturisation poussée de systèmes basésune miniaturisation poussée de systèmes basés
sur des faisceaux d’électronssur des faisceaux d’électrons

Développements: Développements: * écrans plats à émission de champ* écrans plats à émission de champ
* générateurs de rayons X miniaturisés* générateurs de rayons X miniaturisés
* * microcanonmicrocanon pour lithographie électroniquepour lithographie électronique
* réfrigérateur local par effet Nottingham* réfrigérateur local par effet Nottingham
* spectromètres miniatures,   ………..* spectromètres miniatures,   ………..
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Première Première approcheapproche avec de avec de 
nouvellesnouvelles techniques de techniques de 
fabrication fabrication ::

* les nanotubes de C* les nanotubes de C
* les * les nanoperlesnanoperles de Cde C

(travail de sortie  ~4 (travail de sortie  ~4 eVeV))

SecondeSeconde approcheapproche
avec de avec de nouvellesnouvelles structures structures 

de surfacede surface: : 
Les cathodes SSE Les cathodes SSE àà couches couches 

ultraultra--mincesminces
(travail de sortie ~0.3 (travail de sortie ~0.3 eVeV))

DeuxDeux nouvellesnouvelles approchesapproches

Conditions requises pour un développement industrielConditions requises pour un développement industriel
Trois principales:Trois principales:

(1)  source : froide / émission électronique à température ambi(1)  source : froide / émission électronique à température ambianteante
(2)  fabrication :  faible coût et compatible avec une grande s(2)  fabrication :  faible coût et compatible avec une grande sérieérie
(3)  qualité requise: émission stable dans un vide médiocre (3)  qualité requise: émission stable dans un vide médiocre 

((100A/cm100A/cm2 2 -- 1010--77 TorrTorr))
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Conditions requises pour un développement industrielConditions requises pour un développement industriel
Trois principales:Trois principales:

(1)  source : froide / émission électronique à température ambi(1)  source : froide / émission électronique à température ambianteante
(2)  fabrication :  faible coût et compatible avec une grande s(2)  fabrication :  faible coût et compatible avec une grande sérieérie
(3)  qualité requise: émission stable dans un vide médiocre (3)  qualité requise: émission stable dans un vide médiocre 

((100A/cm100A/cm2 2 -- 1010--77 TorrTorr))
Cathodes SSE 

(Lyon 1999,2003)
Nanotubes de C

(1991, Lyon 1999)
Nanoperles de C

(Lyon 2003)
Pointes de Spindt

(1968, 1980)

1 µm
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Conditions requises pour un développement industrielConditions requises pour un développement industriel
Trois principales:Trois principales:

(1)  source : froide / émission électronique à température ambi(1)  source : froide / émission électronique à température ambianteante
(2)  fabrication :  faible coût et compatible avec une grande s(2)  fabrication :  faible coût et compatible avec une grande sérieérie
(3)  qualité requise: émission stable dans un vide médiocre (3)  qualité requise: émission stable dans un vide médiocre 

((100A/cm100A/cm2 2 -- 1010--77 TorrTorr))

Approach usingApproach using
the solidthe solid--state field controlled emission (SSE) cathodesstate field controlled emission (SSE) cathodes

(1) * Lowering of the effective work function until  0.1 to 0.5 * Lowering of the effective work function until  0.1 to 0.5 eVeV(1)

* Field emission for electric field ~1/100 of conventional FE fi* Field emission for electric field ~1/100 of conventional FE field (~50 V/µm)eld (~50 V/µm)
* * ThermionicThermionic emission for temperatures ~ 300 K (RT) emission for temperatures ~ 300 K (RT) 

(2)&(3)(2)&(3) * Ultra* Ultra--thin dielectric layers and thin film deposition processthin dielectric layers and thin film deposition process
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SolidSolid--state fieldstate field--controlled emission (SSE) cathodecontrolled emission (SSE) cathode
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SolidSolid--state fieldstate field--controlled emission (SSE) cathodecontrolled emission (SSE) cathode
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Single layer SSE cathode, 1999Single layer SSE cathode, 1999 Composite layer SSE cathode, 2003Composite layer SSE cathode, 2003

(collaboration: Ray Tsu, UNC Charlotte;
Asif Khan, USC Columbia)

Applied Phys. Letters, 84, 1937-1939 (2004)

(collaboration: H. Birecki, HP, Palo-Alto)
Phys. Rev. Letters, 85, 864-867 (2000)
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Single layer SSE cathode: the structureSingle layer SSE cathode: the structure

2nm to 5 nm 2nm to 5 nm 
TiOTiO22 layerlayer
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Single layer SSE cathode: the conceptSingle layer SSE cathode: the concept



en couches ultraen couches ultra--mincesminces
LES CATHODES FROIDES SSELES CATHODES FROIDES SSE

GN-MEBA Jussieu 2-3 Novembre 2004  (9 /27) Vu Thien Binh    

Single layer SSE cathode: the conceptSingle layer SSE cathode: the concept

Step1:Step1:
Space charge formation in Space charge formation in 
the UTSC by electron the UTSC by electron 
injection through injection through SchottkySchottky
junction  junction  reduction of the reduction of the 
effective emission barrier to a effective emission barrier to a 
few tenth of few tenth of eVeV
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Single layer SSE cathode: the conceptSingle layer SSE cathode: the concept

Step1:Step1:
Space charge formation in Space charge formation in 
the UTSC by electron the UTSC by electron 
injection through injection through SchottkySchottky
junction  junction  reduction of the reduction of the 
effective emission barrier to a effective emission barrier to a 
few tenth of few tenth of eVeV

Step 2:Step 2:
Electron emission through /Electron emission through /
over the field deformed over the field deformed 
reduced surface barrierreduced surface barrier



en couches ultraen couches ultra--mincesminces
LES CATHODES FROIDES SSELES CATHODES FROIDES SSE

GN-MEBA Jussieu 2-3 Novembre 2004  (11 /27) Vu Thien Binh    

Single layer SSE cathode: field emission characteristicsSingle layer SSE cathode: field emission characteristics
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Single layer SSE cathode: field emission characteristicsSingle layer SSE cathode: field emission characteristics

AFM observation of the TiOAFM observation of the TiO22 surfacesurface Scanning anode field emission patternScanning anode field emission pattern

TiOTiO22 deposited along a 100 µm stripdeposited along a 100 µm strip
The electron emission is strictlyThe electron emission is strictly
confined over this strip

1µmx1µm1µmx1µm
Mean roughness ~7nmMean roughness ~7nm

confined over this strip
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Single layer SSE cathode: field emission characteristicsSingle layer SSE cathode: field emission characteristics

UTSC thickness dependenceUTSC thickness dependence
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NanostructuredNanostructured SSE cathode : the structureSSE cathode : the structure

The role of the multilayer :The role of the multilayer :

Presence of a quantum well Presence of a quantum well 
at the surface layerat the surface layer

Formation of subFormation of sub--bands at bands at 
discrete energy levels Ediscrete energy levels E11 , E, E22

Controlled value for the Controlled value for the 
space charge at the space charge at the 

surface layersurface layer
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NanostructuredNanostructured SSE cathode : field emission characteristicsSSE cathode : field emission characteristics
The field emission barrierThe field emission barrier

Values obtained by Values obtained by 
a theoretical a theoretical 
estimation: 0.45 estimation: 0.45 eVeV

Experimental value of the effectiveExperimental value of the effective
work function from the Jwork function from the J--F plotsF plots
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NanostructuredNanostructured SSE cathode : field emission mechanismSSE cathode : field emission mechanism

ResonantResonant tunnelingtunneling ??

TsuTsu, , EsakiEsaki (APL, 1971)(APL, 1971)

ww

LoweringLowering ofof thethe effective effective 
workwork functionfunction onlyonly by a by a 
fewfew tenthstenths ofof eVeV

~ ( E~ ( E11 + [+ [V(wV(w) ) -- V(0)] /2 )V(0)] /2 )

with Ewith E11 = 0.18 = 0.18 eVeV

it cannot account for the very low values of * the threshold fieit cannot account for the very low values of * the threshold field for FE ld for FE 
* the surface barrier measured * the surface barrier measured 
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NanostructuredNanostructured SSE cathode : field emission mechanismSSE cathode : field emission mechanism

Lowering of the work function due to space charge in the QWLowering of the work function due to space charge in the QW ??

TsuTsu, , EsakiEsaki (APL, 1971)(APL, 1971)

ww

The concept : The concept : 

* when the 2D* when the 2D--like like 
quantum state is quantum state is 
occupied it creates a occupied it creates a 
space charge in the QWspace charge in the QW
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NanostructuredNanostructured SSE cathode : field emission mechanismSSE cathode : field emission mechanism

Lowering of the work function due to space charge in the QWLowering of the work function due to space charge in the QW ??

The concept : The concept : 

* when the 2D* when the 2D--like like 
quantum state is quantum state is 
occupied it creates a occupied it creates a 
space charge in the QWspace charge in the QW

* resulting then in an * resulting then in an 
effective lowering of the effective lowering of the 
surface barriersurface barrier
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NanostructuredNanostructured SSE cathode : field emission mechanismSSE cathode : field emission mechanism

Lowering of the work function due to space charge in the QWLowering of the work function due to space charge in the QW ??

∆Φ∆Φ ≡≡ VVb2b2 -- ΦΦeffeff = = VVSCSC[[avav] + 0.5] + 0.5××[V([V(ww) ) –– V(V(00)] + E)] + E11

The estimation : The estimation : 
m* = 0.22 mm* = 0.22 moo,        ,        ε = 8εε = 8εοο
VVSCSC[av[av] = 0.25eV , ] = 0.25eV , 
0.50.5××[V(w) [V(w) –– V(0)] = 0.62 V(0)] = 0.62 eVeV, , 
and Eand E11 = 0.18 = 0.18 eVeV & V& Vb2b2 = 1.5 = 1.5 eV

field field 
emission emission 
barrierbarrier

eV

∆Φ∆Φ = 1.05 = 1.05 eVeV

value ofvalue of ΦΦeffeff is then 0.45 is then 0.45 eVeV
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NanostructuredNanostructured SSE cathode : field emission mechanismSSE cathode : field emission mechanism

Lowering of the work function due to space charge in the QWLowering of the work function due to space charge in the QW ??

∆Φ∆Φ ≡≡ VVb2b2 -- ΦΦeffeff = = VVSCSC[[avav] + 0.5] + 0.5××[V([V(ww) ) –– V(V(00)] + E)] + E11

The estimation : The estimation : 
m* = 0.22 mm* = 0.22 moo,        ,        ε = 8εε = 8εοο
VVSCSC[av[av] = 0.25eV , ] = 0.25eV , 
0.50.5××[V(w) [V(w) –– V(0)] = 0.62 V(0)] = 0.62 eVeV, , 
and Eand E11 = 0.18 = 0.18 eVeV & V& Vb2b2 = 1.5 = 1.5 eV

field field 
emission emission 
barrierbarrier

eV

∆Φ∆Φ = 1.05 = 1.05 eVeV

value ofvalue of ΦΦeffeff is then 0.45 is then 0.45 eVeV

ΦΦFNFN = ( 0.53  to  0.23 = ( 0.53  to  0.23 eVeV ))
(experimental values)(experimental values)
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NanostructuredNanostructured SSE cathode : field emission mechanismSSE cathode : field emission mechanism

TwoTwo--step mechanismstep mechanism

Step 1: Electron injection through the first barrier, 
the electrons  will occupy the sub-bands if they are 
under the Fermi level  

space charge formation in the GaN layer  
lowering of the effective work-function

Step 2: Field emission through the surface barrier  
resonant & conventional tunnelling 
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Emitting point 1
T (K) 298 349 383 433
ΦFN(eV) 0.24 0.30 0.27 0.23
Emitting point 2
T (K) 352 383 433 463
ΦFN(eV) 0.53 0.53 0.38 0.31

JJTHTH = A= A22 TT22 exp ( exp ( -- Q / Q / kkBBTT))

JJFNFN = A F= A F22 exp (exp (-- BBΦΦFNFN
3/23/2 / F)/ F)

Field dependence for different temperaturesField dependence for different temperatures

Temperature dependence for a given fieldTemperature dependence for a given field

NanostructuredNanostructured SSE cathode : field emission mechanismSSE cathode : field emission mechanism

ΦΦFNFN ~ 0.5 ~ 0.5 eVeV
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NanostructuredNanostructured SSE cathode : dualSSE cathode : dual--barrier modelbarrier model

field field 
emission emission 
barrierbarrier

ΦΦeffeff = = ΦΦFNFN

JJFNFN

thermionicthermionic
barrierbarrier

QQ

JJTHTH
JJFNFN = A F= A F22 exp (exp (-- BBΦΦFNFN

3/23/2 / F)/ F)

ΦΦFNFN ~ 0.5 ~ 0.5 eVeV

Field dependence at Field dependence at 
different temperaturesdifferent temperatures

JJTHTH = A= A22 TT22 exp ( exp ( -- Q / Q / kkBBTT))

Q ~ 0.9 Q ~ 0.9 eVeV

Temperature dependenceTemperature dependence
at a given fieldat a given field

In this dualIn this dual--barrier model, the measured total emission current, barrier model, the measured total emission current, JJmesmes, will , will 
be the sum of both contributions,  be the sum of both contributions,  JJmesmes = J= JFNFN + J+ JTHTH
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Conclusions and ApplicationsConclusions and Applications

Spindt-type 
(1968,1980)

Carbon nanotubes
(1991, Lyon 1999)

Carbon nanopearls
(Lyon 2003)

SSE cathodes
(Lyon 1999,2003)

1 µm

µµ--CRT, large FED, µCRT, large FED, µ--XX--rays tubes,rays tubes,
(large consumer products), (large consumer products), rfrf--sources, // esources, // e--

beam lithography, ebeam lithography, e--gun, ……gun, ……
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HardHard--working environworking environ--
mentment devices, local devices, local 
cooling, ecooling, e--microscopy, microscopy, 
…..

Small FED, Small FED, 
thrusters, ……thrusters, ……

…..
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Conclusions and ApplicationsConclusions and Applications

Spindt-type 
(1968,1980)

Carbon nanotubes
(1991, Lyon 1999)

Carbon nanopearls
(Lyon 2003)

SSE cathodes
(Lyon 1999,2003)

1 µm
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33--D lithographyD lithography 2-D deposition technol.CVD technology
Stable emission under medium or bad vacuum conditions
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1 µm

MerciMerci de de votrevotre attention  !attention  !
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