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Employing optical field enhancement at t he edges of t he nanostructures, an enhanced photo-

thermionic emission ( PTE) was obtained f rom a well-defined carbon nanotube ( CNT) cluster

array. Compared with t he un-patterned carbon nanotube film, t he PTE f rom t he CNT cluster

array was enhanced 10 t imes at t he same l aser i ntensity. The concept was proved by t he com-

puter simulation as well. We believe t hat an edge effect enhanced CNT PTE emitter i s of great

potential for application i n next-generation portable and i nexpensive vacuum electronic devices.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4977189]

Electron sources are the key component of vacuum devi-

ces, s uch as displays,1 electron microscopy,2 i on t hrusters,3

free electron lasers,4 and microwave amplifiers.5 Among vari-

ous e xcitation methods, p hoto-induced e lectron e mission

(PEE) sources have attracted great attention due to their prop-

erties i ncluding fine modulation, high s patial a nd t emporal

resolution, and r emote control capability, which make t hem

appealing f or n ext g eneration v acuum e lectronic d evices.

Much effort has been paid t o i nvestigate t he PEE performan-

ces of nano-materials due t o t heir unprecedented ability t o

concentrate t he i ncoming l ight i nto deep-sub-wavelength vol-

umes.6–8 At t he edges and protrusions of nanostructures, t he

optical field c an b e s ignificantly e nhanced, l eading t o a n

enhanced PEE. Among various nanomaterials, carbon nano-

tubes (CNTs) are of great i nterest9,10 due t o t heir several fea-

tures: high aspect ratio, small t ip radius, high mechanical and

thermal s tabilities, a nd h igh e lectrical c onductivity.11–14

Specially, high efficient photo-induced t hermionic e mission

(PTE)15–18 has been realized from the high density CNT film.

In t his work, e mploying a n optical field e nhancement

effect a t t he e dges o f t he e mitters, we a ttempt t o o btain

enhanced PTE f rom a well-defined CNT cluster array. The

concept of our experiment i s schematically i llustrated i n Fig.

1(a), and i t relies on t he controlled fabrication of a vertically

aligned patterned CNT cluster array on a s ilicon s ubstrate,

illuminated by a continuous wave ( CW) l aser with a central

wavelength o f 6 50 nm. At t he e dges o f t he CNT c luster

apexes, t he optical field and t he l aser i ntensity are greatly

enhanced d ue t o t he g eometry.8,19,20 C onsequently, t he

photo-thermal effect i s more efficient at t he edges, leading to

an enhanced PTE compared to an un-patterned CNT film.

Vertically a ligned p atterned CNT c luster a rrays were

grown on a highly doped n-type silicon chip by t he chemical

vapor deposition ( CVD) method. First, t he s ilicon s ubstrate

was coated with an Al (10 nm)/Fe (1 nm) multilayer catalyst

by s puttering and patterned by photolithography. Then, t he

substrate was heated t o 700 �C at a pressure of 10�2 mbar.

During h eating, a mmonia g as was i ntroduced t o e tch t he

catalyst film i nto small particles.21,22 Acetylene was chosen

as the carbon source and introduced into the deposition cham-

ber once t he t emperature had r eached 750 �C. The growth

process l asted f or 5 min, r esulting i n nearly 80 lm t hickness

of CNTs. The s ide view of t he f abricated CNT array was

characterized b y S canning E lectron Microscopy ( SEM,

Hitachi, S-4800)) and i s s hown i n Figs. 1(b) and 1(c). The

CNTs i n t he a rray were uniform, dense, well-aligned, a nd

perpendicular t o t he s ubstrate. Vertical s elf-alignment o f

CNTs has been proven t o be t he r esult of Van der Waals

interactions between neighboring CNTs.12 The pitch between

two adjacent CNT clusters i s 20 lm. For comparison, un-

patterned CNT film samples were synthetized using the same

growth condition.16

The experiment setup i s schematically i llustrated i n Fig.

S1 ( supplementary material). PTE f rom CNT s amples was

triggered by a CW laser with a central wavelength of 650 nm

using a s imple l aser diode. A l aser power meter ( Spectra-

Physics 407 A) was used t o measure and calibrate t he l aser

power. The l ight was normally i ncident on t he CNT arrays

via s ide i llumination with a 30� i ncidence angle. The l ight

was focused to a 0.5 mm2 spot on the CNT samples. The sam-

ples were mounted i n a high-vacuum chamber ( 10�8 Torr).

An I ndium-Tin Oxide ( ITO) glass anode was placed 3 mm

FIG. 1. ( a) Concept of t he edge effect enhanced PTE f rom t he patterned

CNT array. SEM i mages of t he CNT cluster array (b) and apex of a single

CNT cluster (c).
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away from the cathode to prevent possible thermal damage to

the I TO film i nduced b y t he p hotothermal e ffect o n t he

CNTs. A Keithley 2612 source measurement unit was used to

bias t he a node a nd measure t he c ontinuous photoemission

current. An o scilloscope was u sed t o measure t he p ulsed

emission current and t he pulsed l aser simultaneously. A sig-

nal g enerator was e mployed t o d rive t he CW l aser a nd

achieve laser pulses.

The measured electron photoemission currents as a func-

tion of t he l aser i ntensities at a bias voltage of 100 V are dis-

played i n F ig. 2 (a). According t o t he r oom t emperature

electrostatic field emission t esting, no visible field emission

current was detected at a voltage below 100 V, which excludes

the contribution of field emission current to the total emission

current. Three other mechanisms can explain electron emis-

sion from l aser i rradiation at sub-turn-on field, namely, single

photon p hotoemission ( SPPE), s trong fi eld p hotoemission

(SFPE), a nd PTE i tself. SPPE c an b e e xcluded s ince t he

energy of a single photon of either wavelength (650 nm corre-

sponds t o �2.0 eV) i s not high enough t o allow t he electrons

to o vercome t he CNT v acuum b arrier ( 4.39 eV).16 S FPE

(including multi-photon photoemission and optical field emis-

sion) i s a lso n ot e xpected t o o ccur b ecause i t n ormally

requires a l aser i ntensity higher t han GW/cm2 with an optical

field higher t han 0.1 GV/m, which must be produced by an

ultra-fast laser.8,23 In our case, the laser intensity is lower than

200 W/cm2, while t he o ptical fi eld i ntensity i s l ess t han

0.1 V/lm, which i s f ar f rom enough f or SPFE even with t he

edge optical field enhancement ( which i s l ower t han 100, as

will be discussed below).8,23,26 The low optical electric field is

expected t o have a negligible effect on t he vacuum barrier as

well as on t he emission current. I n our previous s tudy, we

demonstrated t hat t he PTE mechanism f rom a carbon nano-

tube film was c onstituted by photo-thermionic emission by

measuring t he l ight emission spectrum of t he excited area.16

In t his work, t o further confirm t he mechanism, we measured

the cutoff voltage (Vc, defined as t he bias voltage at an emis-

sion current of 0.1 lA) as a f unction of l aser i ntensities by

employing the retarding field method,24 as shown in Fig. 2(b).

The experimental data suggested t hat t he maximum electron

kinetic energy (corresponding to ejVcj) increased with increas-

ing l ocal t emperature (in proportion t o l aser i ntensity), which

is i n good agreement with t heoretical predictions of t herm-

ionic emission25 and support the PTE prediction.

At a laser intensity of �58 W/cm2, an emission current of

�300 lA was measured f or t he CNT cluster array, while at

the s ame i ntensity, t he measured emission current was only

�30 lA f or t he un-patterned CNT film. One may argue t hat

the greatly enhanced electron emission may i n principle be

attributed t o variations i n t he i lluminated surface area when

moving from the film t o the array. However, geometrical cal-

culations ( Fig. S2, supplementary material) r evealed t hat t he

illuminated area of the array is a little smaller than that of the

film, which means that the increase of emission current arises

only from the optical enhancement due to the edge effect.

To clarify that the observed enhanced PTE from the pat-

terned CNT cluster array i s originated f rom s uch an edge

enhancing effect, we calculated t he optical field distribution

on t he CNT cluster apex. The calculations were performed

by t he finite element method, employing Maxwell’s equa-

tions in the radio frequency module of a commercially avail-

able s oftware C OMSOL Multi-physics. T he s imulation

process has been widely reported.8,26 The optical parameters

were e xtracted f rom Ref. 27. Fig. 3 s hows t he c alculated

optical field distribution ( electric field component) of a sin-

gle CNT cluster at an i ncident l aser i ntensity of 55 W/cm2, 
corresponding t o an electric field component of �5.5 V/mm.

The optical field enhancement factor at the edge reaches �8,

corresponding t o a l aser i ntensity magnification o f �64,

which i s much higher t han t hat of other areas. These results

indicate t hat t he optical field i s predominantly concentrated

at t he periphery of each cluster of t he CNTs, which act as

major e mission s ites. Therefore, t he h ighly e fficient PTE

from t he CNT array can be attributed t o t he edge enhance-

ment effect.

The t ime response of an electron emitter i s an i mportant

parameter f or measuring i ts maximum r ate of on/off switch-

ing. A f ast t ime r esponse i s highly desirable f or t he applica-

tions of e lectron e mitters, which r equire a f ast a lternating

FIG. 2. ( a) Emission current density as

a f unction of l aser i ntensity at a bias

voltage o f 1 00 V f or b oth t he CNT

cluster array and the un-patterned CNT

film. (b) The dependency of t he photo-

current on negative bias voltage, s ug-

gesting a n i ncreased c utoff e lectron

energy with the laser intensity.

FIG. 3. Simulation of optical field enhancement on a s ingle CNT cluster

apex.
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electron beam. For example, in a high level computed tomog-

raphy (CT), the required on/off frequency of the X-ray source

is higher t han 4 kHz. As can be seen f rom Fig. 4(a), a f ast

response frequency up to 40 kHz can be achieved for the PTE

from a CNT a rray, i ndicating a t urn-on t ime s horter t han

10 ls and a t urn-off t ime on t he nanosecond t ime scale. The

fast time response of electron emission from the CNT array is

attributed t o t he enhanced l ocal i ntensities at t he edge of t he

CNT c luster, which means t hat t he t emperature i ncreases

much faster at t he edge t han i n other areas of t he array i n t he

same t ime-domain. The t imescale of t he photo-thermal pro-

cess can be t heoretically estimated t o fall i n t he order of sev-

eral hundred f emto-seconds. I t s hould be noted t hat, i n our

case, t he main l imitation i s constituted by t he slow r esponse

of the laser. Further research on the intrinsic timescale of PTE

from a CNT array can be carried out with an ultrafast l aser

(nanosecond or picosecond). I n a ddition, operation of PTE

from t he CNT cluster array continuously f or more t han 12 h

(Fig. 4(b)) without obvious degradation and fluctuation high-

lights t he potential of t he present CNT emitter t o operate as

long lifetime and stable electron sources.

In s ummary, PTE f rom a CNT a rray i s s ignificantly

enhanced due t o t he optical near-field e nhancement a t t he

edge of t he CNT cluster apexes. Compared with t raditional

bulk t hermionic e mitters, CNT-PTE p resents a n umber o f

advantages i ncluding micro s cale s ize, h igh working f re-

quency, and t he possibility t o obtain r emote control via an

inexpensive l aser diode. At t he same t ime, t he process shows

a high emission stability. Based on this concept, t ip-enhanced

PTE from single or few CNT emitters can be a t opic of inter-

est for further studies in order to develop nanoscale thermionic

emitters. As t he t heoretical response t ime has been proven t o

fall within t he f emtosecond s cale, CNT-PTE i s also a good

candidate for next generation ultrafast electron sources.

See s upplementary material f or ( 1) t he detailed s che-

matic diagram of t he experiment setup and (2) a simple geo-

metrical calculation of t he i lluminated area on t he patterned

CNT cluster array and un-patterned film.
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