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Background (1)
R TR & MR O HBIB L DBk {)
OFowler-Nordheim Ex. 3;; |
I ~ 106 F2 B 10 U(y)¢3/2 .
§IxI0 exp[ 6.83x107 17— J [A/em?]
1 Cathode tip
F=BxV [Viem] B=r— [t/em]

Sxr

I : emission current [A] S emission area [cm?]  F': field strength [V/cm]

¢ :work function [eV]  fB: cathode structure constant[1/cm] V' voltage [V]
7 : tip radius [cm]

BGE RSN L R m o HBE E DR%
ORichardson Ex.

% = AT%exp(-¢ kT [A/cm?]
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Background (2)
ZrO/W(100) Schottky emitter
, 1M * Work function of W(100) bare
ERIEIEIREE o surface is 4.6 eV.

* But it can be reduced to 2.7 eV by
heating it in oxygen ambient with

Heating loop Slight layer of Zr.
7roxide  ° Lhe lower the value of the work
<100> tungsten function is, the more electrons are
needle

emitted from the emitter.

Our goal was to make lower work function emitter
than ZrO/W(100).

Purpose

We have tried
to study the reducing work function mechanism and
to search materials better than Zr oxide.

In this research,
We measured the work function of W(100)
modified by group III, IV metal oxide
by using

1. FEM (field emission microscope)

2. Retarding method

3. PEEM (photoemission electron microscope)
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1. Selection of materials for emitter modification (1)

1.1 Mechanism of reducing work function

Metal ion *Electric dipoles on a metal surface
are believed to reduce the work

_ function remarkably.
Oxygen ion

*The dipole moment has a tight
relation to the P value which is
defined as followings:

P=(Eo-Ex)(Ro+Rx)

Eo: Electro-negativity for oxygen
Ex: Electro-negativity for the metal
Ro: ITonic radius for oxygen

Rx: Ionic radius for the metal

Tungsten

1. Selection of materials for emitter modification (3)
Table 1 P value

Pair Electro—negativity lonic radius P value
(Pauling) (nm)

Sc -0 1.36 0.075 0.442)

Y -0 122 0.090) 0.511

La -O 1.10) 0.103 0.564

Ce -0 1.12 0.087 0.517

Pr -0 1.13 0.099 0.547
Group Il 9575 114 0.098 0.543

Sm -0 1.17 0.096 0.531| Lanthanoid

Tb -O 1.10) 0.092 0.539

Er -0 1.24 0.089 0.499

Yb -0 1.10) 0.087 0.495

Lu -O 1.27 0.086 0.486

Th_-O 130 0,094] 0,492

Ti -0 1.54 0.086] 0.429| Actinoid
Group IV [7—0 133 0.072 0.439

Hf -O 1.30 0.071 0.447
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1. Selection of materials for emitter modification (2)

1.2 Periodic table and selected materials

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 2
| e

2 3 |4 5 6 7|8 g | 10
Li |Be B C|N|O|F |Ne
11 |32 13 (14| 15| 16 | 17| 18
3 |Na[mg Alsi|plS |d|A
4 19 |20 f21 [22 )23 |24 (25 | 26 (27 | 28 |29 |30 |31 |32 |33 |34 |35 |38
K |[CaSc QT JWV |Cr |Mn|Fe|Co|Ni |[Cu|Zn |Ga|Ge|As |Se |Br |Kr
5 37 |38 |39 J40] 41 |42 | 43 | 44 | 45 |46 | 47 |48 | 49 | 50 | 51 | 52 | 63 | 54
Rb | Sr \Y AZr JNb|Mo|Tc |Ru[Rh|Pd |[Ag |Cd|In |Sn| Sb|Te |I Xe
6 55 | 56 72|73 |74 |75 |76 |77 | 78 |79 |80 | 81 (82 |83 |84 | 85 | 86
Cs | Ba \ Hf J Ta | W [Re |Os [Ir | Pt |Au |Hg | TI |Pb | Bi |Po|At |Rn

87 | 88 \ 104 | 105 | 106 | 107 | 108 | 109

7 |Fr |Ra| o \Du|Jo |Rf [Bh |Ha |mt

- Al5 Y58 Yoo Yeo )61 [62)63 |64 [65) 66 |67 feelee [0 Y1
Lanthanoid\| P2 § 22 | 7 | nol pm L m)| €0 | ca | 7o) By | o Ler | Tm Lvo Ric

B B9 [90)] 91 | 92 | 93 |94 |95 |96 |97 |98 | 99 |100 |4101 | 102 | 103
Actinoid Ac fTh]pPa|U |Np|Pu |Am|Cm| Bk |Cf | Es |Fm |[Md |No |Lr

2. Method of work function measurement (1)

2.1 FEM (1) O The emitter fabrication
Ceramic base 1. <100> or <110> directed tungsten wire is
[l D spot welded to vertex of a heating loop.
2. The sample is electro-chemically cleaned.
V-shaped tungsten . .
heating loop 3. The sample is electro-chemically sharpened.

Metallic oxide powder 4 “gmal] quantity of metallic oxide powder

Tungsten needle is put on the shaft.

The emitter sample
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2. Method of work function measurement (2)

2.1 FEM (2) OFEM procedure
i e o 1. The sample was put on the ultrahigh
L = | e vacuum chamber at 10”7 Pa.
],7 2. The sample was heated at 1200 to 2700 K

L for several minutes.

— View Part
T e

3. When high voltage was applied between

7J’7 the sample emitter and the anode),
e the emission pattern from the sample was
MP. : Turbomolecul p .
i projected on the phosphor screen.
Experimental setup 4. After low work function surface is formed,

total emission current is measured.

2. Method of work function measurement (3)
2.1 FEM (3)
OFowler-Nordheim Plot }
|
L 54010 exp| —6.83x107 02 :
5 1Sax10 exp[ 6.83x10" 02 [Arem?] |
1 Cathode tip
F=BxV [V/em] = [vem]
I : emission current [A]  S': emission area [cm?]  F': field strength [V/cm]
¢: work function [eV]  B: cathode structure constant[1/cm]  V': voltage [V]
r: tip radius [cm]
1) [(-683x10"x¢") (1 L SxBY) i e
h{sz:{[XBXJX(VJ}Hn[LMxlo o 25 j €
\
100/ (/v
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3. Experimental results (1)

3.1 FEM (1)
OSc — oxide /W emitter

=

A field emission pattern from A field emission pattern from
before treated Sc-oxide/W emitter. after treated Sc-oxide/W emitter.

* The emission pattern is changed to a two-fold symmetry with
two bright spots after heating.
* The work function of Sc-oxide/W(100) sample was estimated

by using F-N plot.

3. Experimental results (3)

3.1 FEM (3)
OSc — oxide /W emitter

ooooooooooooooo e @ oo oo - e
F-N Plot of Sc-oxide/W emitter The radius of the Sc-oxide/W emitter
The slope = -25689 The radius r=0.167 um

* The work function estimated from the slope of F-N plot
and the radius of the sample.

* The work function was 2.7 eV.
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3. Experimental results (2)

3.1 FEM (2)
QY - oxide /W emitter

-26

40 -
-42

0.0003 0.0004 0.0005 0.0006 0.0007 0.0

008 0.0009 0.001

1/V,
F-N Plot of Y-oxide/W emitter

The slope = —3.2 x 10*

and the radius of the sample.

* The work function was 2.8 eV.

The radius of the Sc-oxide/W emitter

The radius r=0.2 pm

* The work function estimated from the slope of F-N plot

3.1 FEM (4)

3. Experimental results (4)

Table 2 Work function (FEM)

Group III

Group IV

Pair [Electro-negativity (Ionic radius P value Work function (eV)

(Pauling) (nm) FEM Retarding PEEM
Sc_|-O 1.36] 0.075 0.442] 2.7
Y |[O 1.22 0.090] 0.511 2.0~3.1
La |-O 1.1 0.103 0.564] 2.5,2.9~3.3]
Ce |-O 1.12] 0.087] 0.517] 29~3.1
Pr |-O 1.13 0.099] 0.547] 2.5 %
Nd |-O 1.14 0.098] 0.543 2.5 E
Sm_|-O 1.17] 0.096] 0.531 3.4 E
Tb |-O 1.10] 0.092] 0.539] X =
Er |-O 1.24 0.089] 0.499] 2.4
Yb |-O 1.1 0.087] 0.495
Lu |-O 1.27] 0.086] 0.4806] 2.6 2
Th |-O 1.3 0.094] 0.492] 2.7 £
Ti [-O 1.54 0.086] 0.429] 4.57 2
Zr |0 1.33 0.072] 0.439] 2.7~2.9
Hf |-O 1.30) 0.071 0.447]
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2. Method of work function measurement (4)

2.2 Retarding method (1)
(a)

Ramp

\Omn voltage (b)

bl source
ery 5 3
‘. - Ty Grids @ Oscilator
s
M ; Sample
Computer

Collector - % 0.3 mm

2
£

|

Ref.

1. The first electron beam is hit the sample.

2. The electrons in the sample is exited and
shot as secondary electrons.

Izolation amp,

3. The electron is collected at the collector
;7(:‘3’0%\;) and analyzed by the lock-in amplifier

) and PC.
(a) Experimental setup
(b) Experimental sample (W(100) single crystalline disk)

2. Method of work function measurement (5)
2.2 Retarding method (2)
E ) E
Elastic scatterd '
electron >: >
Auger electron [ I >
b H
Secondary
electron
Oscilator
Vacuum level 8 Szl Jose T
Fermi level A : &
i S S Measured
NP NN energy
b - \\1\ I ‘,// Ve vzvlfzge Ve \\\\ ]‘\\ v
Ground level ; L - L. N e Ground level
Gl G2 G3 G TN
‘\\ Ve E Vacuum level
: \\ Pa
: o Fermi level
| |
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2. Method of work function measurement (6)

2.2 Retarding method (3)

1. To clean the surface of the W(100) single crystalline disk sample,
the sample is heated at 2200 K for 30 seconds in an ultra high vacuum
chamber at 10”7 Pa.

2. Metal was deposited at several monolayers onto the W(100) sample
in an ultra high vacuum chamber at 10”7 Pa.

3. The sample was heated at 1100 K for 5 minutes in oxygen ambient
at 107 Pa, resulting in producing metallic oxide on the W(100) sample.

b 2 ;/1\2?1 3) "f; ¢
11 t
T T

2. Method of work function measurement (7)

2.2 Retarding method (4)

4. After evacuating the oxygen, the sample is heated for 10 seconds
in an ultrahigh vacuum at 107 Pa. The heating temperature is
raised from 1100 K to 2200 K at an interval of 100 K.

5. The work function of the sample is measured just after every flash heating.

Electron beam  Secondary electron

ST |

@i

tT? ‘ Measure the work function
— 00~
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3. Experimental results (4)

3.2 Retarding method (1)
QY - oxide /W(100)

Az Y deposition
Heating in O for 5 min
10, 105

12008, 105

13008, 10=

1400, 10= [

100K, 10=

16001, 105

17004, 10=

18001, 10s

1900, 10z

20008, 105

2100k, 105

2200k, 1= [

Clean W(100)

Work function [eV]

* The lowest work function of the sample is measured
just after flash heating at 1900 K.

3. Experimental results (5)

3.2 Retarding method (2)
Table 3 Work function (Retarding method)

Pair [Electro-negativity (Ionic radius P value Work function (eV)
(Pauling) (nm) FEM Retarding PEEM
Sc_|-0 1.36] 0.075 0.442] 2.7
Y |[O 1.22 0.090 0.511 2.0~3.1 2.2
La |-O 1.1 0.103] 0.564| 2.5,2.9~3.3
Ce |-O 1.12] 0.087] 0.517] 29~3.1
Group Il [pr_[O 1.13 0.099) 0.547] 2.5 2.7,3. E
Nd |-O 1.14 0.098] 0.543 2.5 o
Sm _|-O 1.17] 0.096] 0.531 3.4 F
Tb |-O 1.10| 0.092] 0.539] X =
Er |-O 1.24 0.089 0.499 2.4
Yb [O 1.1 0.087 0.495)
Lu |-O 1.27] 0.086] 0.4806] 2.6] 2
Th [-O 1.3 0.094] 0.492] 2.7 £
Ti |0 1.54] 0.086] 0.429| 4.57 2
Group IV 15 133 0072 0439  27~29
Hf |-O 1.30) 0.071 0.447]
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2. Method of work function measurement (8)

2.3 PEEM (1)

@Xenon lamp

Interf fil . .. .

nterterence 'terx & The light is irradiated by the sample.
mp creen

Samp) GCCD camera . .
_____ //{ I:Il:":":‘ The wavelength of the light is
_____ selected by the interference filter.
|’ @ oodll ——
Stage

PEEM lens system -
The photoelectrons is

o & lJZL' amplified by MCP,
e ECE BT =] and projected on the screen.
O O Pyrometer 0o@0 0@ &®

oo ea ae
The image is captured

Power sypply
for heating PEEM controller
by the CCD camera,
and analyzed by the PC.
f—=— PC e ST BT
C0 Cppom

CCD camera controller

Experimental setup

2. Method of work function measurement (9)

2.3 PEEM (2)

1. Metallic oxide powder was put on the W(100) single crystal surface, after the
sample was introduced in an ultrahigh vacuum chamber at 107 Pa.

2. The sample was flash heated at 2100 K, afterward the sample was irradiated
by a selected wave length light with the interference filter. The photoemission

pattern was obtained by PEEM system.

3. The work function of the sample was estimated by using with Fowler plot that
was produced from the brightness of the photoemission pattern.

o

It is possible to estimate the intrinsic work function,
because the work function is essentially defined by

photoelectric effect.

2019/11/7
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3. Experimental results (6)

3.3 PEEM (1)
, ONd — oxide /W(100) Work function

——InF{5)

. Theoretical curve as £=0 eV sh lft x kT

@ In(ip'/T2) ¢

—— Fitting Line

e
° The work function is estimated
4 from horizontal shift.
- Shift=93 P4
;5 . — = 2_5 eV
£ g 20 40 B0 w0 ; 100 120 140 180 T80 200
2 H

The measured plots

10 : ‘Material constant |
Fowler plot from e;glgrimental results.
f: frequency of wavelength h: Planck's constant
T: sample temperature (absolute value) k: Boltzmann's constant
Jp: emission current e: elementary electron charge

3. Experimental results (7)
3.3 PEEM (2)
Table 4 Work function (PEEM)
Pair [Electro-negativity (Ionic radius P value Work function (eV)
(Pauling) (nm) FEM Retarding PEEM
Sc_[0 1.36] 0.075 0.442 2.7 2.5
Yy |0 1.22 0.090 0.511 2.0~3.1 2.2 2.7~2.8
La O 1.1 0.103 0.564] 2.5,2.9~33 2.87~2.9
Ce |0 1.12 0.087 0517 2.9~3.1 2.44~2.5()
Group I [pr_[-0 1.13 0.099 0.547 2.5 2.7,3.6] 3.11~3.14 E
Nd -0 1.14 0.098 0.543 2.5 247| &
Sm_|-0 1.17 0.096 0.531 34 334 £
Tb_|-0 1.10] 0.092 0.539 X =
Er |0 1.24) 0.089 0.499 24 2.65
yb -0 1.1 0.087 0.495 3.68
Lu |-O 1.27 0.086 0.486 2.6 2.52~2.56] 2
Th |-O 13 0.094 0.492 2.7 5
Ti [0 1.54 0.086 0.429 4.57 2
Group IV[; 15 1.33 0.072 0439 2.7~2.9
Hf |0 1.30 0.071 0.447 2.84~2.90

2019/11/7
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4. Summary
. Ti
a5 *
E‘ 4 Yb Pr
— A 5
g 25 ;1 L]
- Zr Ce ™ , Ia . FEM
TV R
] E Lﬁh 3 A = & PEEM
E o, Sc Erm  Nd
Y
15
1 T T T 1
04 0.45 0.5 0.55 0.6
P value
* The work function of the tungsten surface is successfully
reduced modified by group III and I'V metallic oxide.

3. Experimental results (9) 1999
Emission microscope for a field emitter array.

et

e

300 B mm

HM2-9 LrAXoREE
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4—1—1 FEA BSETFEHEO—HF (8 300 %)

(a) 1BEF100 umo DEREINZE G)RBFSumo D3 UE
Fig.2-5 PEEM | X B U EFBICHN D INE

2002
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