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Abstract This study investigates two secondary electron
emission (SEE) models for photoelectric energy distribu-
tion curves f(Epn, hy), B, Emcan, absolute quantum effi-
ciency (AQE), and the mean escape depth of photo-emitted
electrons A of metals. The proposed models are developed
from the density of states and the theories of photo-emis-
sion in the vacuum ultraviolet and SEE, where B is the
mean probability that an internal photo-emitted electron
escapes into vacuum upon reaching the emission surface of
the metal, and E ., is the mean energy of photo-emitted
electrons measured from vacuum. The formulas for fE,,
hy), B, 4, Epean, and AQF that were obtained were shown to
be correct for the cases of Au at hy = 8.1-11.6 eV, Ni at
hy =9.2-11.6 eV, and Cu at hy = 7.7-11.6 eV. The pho-
toelectric cross sections (PCS) calculated here are ana-
lyzed, and it was confirmed that the calculated PCS of the
electrons in the conduction band of Au at hy = 8.1-11.6
eV, Ni at hy = 9.2-11.6 eV, and Cu at hy = 7.7-11.6 eV
are correct.

This work was supported by the National Natural Science Foundation
of China (No.11873013).

<4 Ai-Gen Xie
xagth@126.com

School of Physics and Optoelectronic Engineering, Nanjing
University of Information Science & Technology,
Nanjing 210044, China

Jiangsu Key Laboratory for Optoelectronic Detection of
Atmosphere and Ocean, Nanjing University of Information
Science & Technology, Nanjing 210044, China

Jiangsu International Joint Laboratory on Meteorological
Photonics and Optoelectronic Detection, Nanjing University
of Information Science & Technology, Nanjing 210044,
China

Keywords Absolute quantum efficiency - Photoelectric
cross section - Mean escape depth of photo-emitted
electrons - Probability - Photo-emission from metals -
Secondary electron emission - Vacuum ultraviolet - Mean
energy of photo-emitted electrons

1 Introduction

The photoelectric effect is important in various domains,
such as astrophysics, material analysis applications, photon
science, interactions between photons and materials, photo-
multipliers, photo-injectors such as RF photo-cathode gun
in accelerators, and X-ray sources [1-3]. Photoelectric
energy distribution curves f(Ey,, hy) can be used to char-
acterize the properties of the photoelectric effect, Epy, is the
energy of hy photon-induced electrons with E measured
from the bottom of the conduction band of metal, E is the
initial energy of electrons measured from the bottom of the
conduction band of metal, /4 is the Plank constant, and y is
the photon frequency. Thus, many researchers have
investigated f(Epp, hy) [4, 5]. From the fact that SEE and
photo-emissions have the same escape and transport
mechanisms [6, 7] and the characteristics of electron-
photon interaction and propagation of photons, two for-
mulas for f{Ep,, hy) from metals in the vacuum ultraviolet
have been obtained. Further, the value of AE,, hy)
obtained from Au at hy=8.1-11.6 eV, Ni at hy =
9.2-11.6 eV, and Cu at hy =7.7-11.6 eV have been
proven to be true.

The absolute quantum efficiency (AQE)(hy) and quan-
tum efficiency (QF)(hy) are important parameters that are
used to characterize photo-emission ability [8—10]. The
mean probability that an internal photo-emitted electron
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escapes into vacuum upon reaching the emission surface of
metal B and A is important parameter of AQE(hy) and
QE(hy), where 1 denotes the mean escape depth of photo-
emitted electrons. The B is inaccessible to measure; further,
the formula for B and / has not yet been deduced. It is
difficult to measure A, and the relative differences among
the A values measured by different authors can reach about
100% or more [11-13]. Thus, there is the need for theo-
retical studies of B and A. The value of the mean energy of
photo-emitted electrons E,e,, measured from vacuum is an
important parameter to assess the mechanisms of energy
loss of internal photo-emitted electrons. The internal photo-
emitted electrons lose energy mainly by electron—phonon
scattering for the case of E.., < 1.0 eV; however, they
lose energy mainly by electron—electron scattering [13] for
the case of Ec., > 1.0 eV. From the two formulas for
SfEpn, hy) deduced here and the definitions of B, Eyeqn, and
4, the respective formulas for B, 4, and Ec,, for metals in
the vacuum ultraviolet have been deduced. Based on the
fact that the deduced formulas for f(E,,, hy) obtained from
Au, Ni, and Cu have been experimentally proven and the
courses of deducing the formulas for B, Ecan, and A from
metals, it can be concluded that B, E,,.,,, and A from Au at
hy =8.1-11.6 eV, Ni at hy =9.2-11.6 eV, and Cu at
hy =7.7-11.6 eV calculated with corresponding deduced
formulas are correct.

Photoelectric cross section PCS is an important topic
[14-16], and it has been investigated by many researchers
PCS [17]. However, owing to the complexity and difficulty
of researching PCS at sy < 50 eV, there are few reported
values of measured and calculated PCS at iy < 50 eV [18].
Furthermore, the relative differences among the PCS val-
ues at hy < 50 eV obtained by different authors can reach
about 200% or more [19]. Thus, it is important to present
accurate methods of determining PCS at 4y < 50 eV. From
the energy band structures of metals, the definition of
AQE(hy), and one of the formulas for fiEy,, hy) deduced
here, the formula for AQE(hy) from metals in the vacuum
ultraviolet as a function of the density of states, PCS, A,,
@, Ey, Eyp, 1y, s and p has been deduced, where A, is the
molar mass of an atom, p is the material density, @ is the
work function, Ef is the distance from the bottom of con-
duction band to Fermi level, and s denotes the number of
electrons of conduction band that is provided by one atom.
Using the deduced formula for AQE(hy), experimental
AQE(hy) [20, 21], and known parameters such as density of
states, Ay, @, Eg, hy, s, and p, the PCS of the electrons in
the conduction band of Au at 4y = 8.1-11.6 eV and Ni at
hy = 9.2-11.6 eV are calculated. These calculated PCS are
analyzed, and it can be concluded that the calculated PCS
of the electrons in the conduction band of Au at hy =

8.1-11.6 eV and Ni at hy = 9.2-11.6 eV are correct, and
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that the method presented here of calculating PCS with the
deduced formula for AQE(hy) is a very accurate method.
According to the simple theories of SEE, the fact that
SEE and photo-emission have common escape and trans-
port mechanisms [6, 7], and the definition of AQE(hy), the
universal formula for AQE(hy) has also been deduced. For
negative electron affinity semiconductors (NEAS), the
deduced universal formula for AQE(hy) has the same
expression as the existing formula for AQE(hy) obtained
from NEAS used in some studies [22-24]. The method of
calculating PCS using the deduced universal formula for
AQE(hy) as well as parameters such as experimental
AQE(hy) [20, 21, 25], B, and 1 is also presented. The PCS
of the electrons in the conduction band of Au, Ni, and Cu
are calculated using this method and are analyzed. It can be
concluded that the calculated PCS of the electrons in the
conduction band of Au at Ay = 8.1-11.6 eV, Ni at hy =
9.2-11.6 eV, and Cu at hy = 7.7-11.6 eV are correct, and
that the proposed method of calculating PCS using the
deduced universal formula for AQE(hy) is more accurate.

2 Processes of photo-emission

When N, photons at y < (Ex + Ey)/h enter perpendic-
ularly into metals, the number of incident photons at x can
be written as follows [13, 26, 27]:

N(x)=Noe ™" = Noe /%, (1)

where x is the distance from the incident surface to the
position at which the photons arrive, Ny is the number of
incident photons at x = 0, and «, is the optical absorption
coefficient at y. From the energy band structures of metals
shown in Fig. 1 (E, is the distance from the top of the
valence band to the bottom of the conduction band of
metals), the quantum theory, and law of energy conserva-
tion, it is known that in the case that N, photons at
Y < (Eg + Eg)/h enter perpendicularly into metals, only the
electrons in the conduction band of the metal can be
excited by the photons.

According to the characteristics of electron-photon
interaction, it is known that the probability that all of the
electrons in the same energy band of a given metal absorb
one photon at a given y can be approximated as a constant
[14, 28, 29]. Thus, the probability that the electron in the
conduction band of a given metal absorbs one photon at a
given y can be approximated as a constant C,. That is, the
PCS at a given y of the electrons in the conduction band of
a given metal can be approximated as a constant C,. Based
on the energy band structures of metal shown in Fig. 1, the
calculated number of electrons per atom per eV g(E)
[20, 21, 25], the values of Ep, the law of energy
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Fig. 1 Schematic energy band
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conservation, and the fact that y is < (Eg + Ey)/h, we can
calculate the relative number of electrons in the conduction
band of a metal that may absorb one photon and become
photo-excited electrons. For example, when the photons at
hy = 7.4 eV enter Au with Eg = 11.6 eV [20], the electrons
with E > (Eg7.4 eV) (i.e., 4.2 eV) may absorb one photon
and become photo-excited electrons. Thus, based on the
g(E) value of Au [20], the fact that the electrons with E >
4.2 eV may become photo-excited electrons and the fact
that the Eg value of Au equals 11.6 eV, we can obtain n%
of electrons in the conduction band of Au, which may
absorb one photon and become photo-excited electrons
based on calculations, and the obtained n% for Au at
hy =74 eV equals 0.808; using the same method, we
obtain n% at different Ay values of Au, Ni, and Cu, and the
corresponding results are shown in Tables 1, 2, and 5,
respectively. Therefore, from the definition of «, [13, 26] in

Table 1 The parameters of Au calculated using the first SEE model

the bottom of valence band

Eq. (1) and the fact that the probability that the electron in
the conduction band of a given metal absorbs one photon at
a given 7 can be considered as a constant C,, the a,
parameter of Eq. (1) can be written as

oy = (’lv)il: (spCyn%N ) [As. (2)

The unit of p is g/m3, the unit of A, is g/mol, and N
denotes the Avogadro constant.

Based on the fact that E, is the energy of Ay photon-
induced electrons with E measured from the bottom of the
conduction band of a metal, the relation E = E,phy is
obtained. Some authors have calculated g(E) [20, 21, 25]
and the energy distribution of electrons in the conduction
band of metal with V = 1.0 m3G(E) (i.e., density of states
of conduction band of metal) [30, 31]. According to the
definitions of G(E) and g(E) and the relation E = E,,hy, the

hy(eV) Experimental Calculated m% [20] n% [20] C, Aoy A B Erean
AQE(hy) [20] AQE(hy) (1073 m?) (107° m) (10~° m) eV)
7.4 0.000800 0.000696 0.0734 0.808 34.3 5.56 2.590 0.0241 1.38
7.7 0.00110 0.000975 0.106 0.845 35.2 5.18 2.56 0.0235 1.46
79 0.00140 0.00125 0.135 0.867 37.0 481 2.56 0.0231 1.49
8.1 0.00175 0.00158 0.167 0.887 37.8 4.60 2.55 0.0235 1.52
8.7 0.00320 0.00297 0.266 0.938 40.2 4.09 2.50 0.0276 1.82
9.0 0.00420 0.00392 0.320 0.957 41.9 3.84 245 0.0301 1.99
9.2 0.00510 0.00479 0.355 0.968 452 3.52 2.42 0.0303 2.07
10.4 0.01000 0.00952 0.506 0.995 454 3.41 2.16 0.0483 2.55
10.7 0.01200 0.0114 0.548 0.996 49.8 3.11 2.12 0.0509 2.70
11.0 0.01400 0.0133 0.597 0.998 53.1 2.96 2.04 0.0538 2.85
112 0.01520 0.0144 0.631 0.999 539 2.86 2.00 0.0553 2.93
115 0.01700 0.0161 0.682 0.999 545 2.83 1.96 0.0575 3.06
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Table 2 The parameters of Ni calculated using the first SEE model
hy (eV) Experimental Calculated n% m% Y Aoy y B E ean
AQE(hy) [21] AQE(hy) [21] [21] (1072 m?) (10~° m) (10~° m) eV)
7.6 3.00 x 1073 267 x 107 1.00 0.362 10.4 10.5 1.74 0.0520 1.83
8.0 5.17 x 107 445 x 107 1.00 0.415 14.8 7.40 1.67 0.0583 2.05
8.6 7.82 x 107 6.70 x 107 1.00 0.496 17.6 6.22 1.58 0.0667 2.39
9.2 1.15 x 1072 9.78 x 1072 1.00 0.605 21.3 5.14 1.51 0.0712 271
9.8 1.52 x 107 1.27 x 1072 1.00 0.766 22.7 4.83 1.46 0.0712 2.96
10.4 249 x 1072 211 x 107 1.00 0.921 32.5 3.37 1.43 0.0769 3.18
10.5 2.81 x 107 240 x 107 1.00 0.938 36.8 2.98 1.42 0.0791 3.23
10.6 2.99 x 107 270 x 107 1.00 0.953 41.3 2.65 1.41 0.0815 3.28
10.8 3.05 x 1072 2.62 x 1072 1.00 0.978 36.0 3.04 1.39 0.0853 3.35
11.0 3.14 x 1072 271 x 1072 1.00 1.00 34.6 3.17 1.37 0.0896 3.45
11.2 3.18 x 1072 278 x 1072 1.00 1.00 32.8 3.34 1.35 0.0965 3.56
11.4 3.20 x 1072 2.82 x 1072 1.00 1.00 31.1 3.52 1.33 0.103 3.68
11.6 3.22 x 1072 2.87 x 107 1.00 1.00 29.7 3.69 13 0.11 3.81

relation between G(E) and g(E) (i.e., the relation G(E,nhy)
and g(E,phy)) can be written as [30, 31]

G(E) = (pNAS(E)) /As = G(Epp — hy)
= (PNA&(Eph — 1)) [As. (3)

Processes involved in photo-emission may be consid-
ered as three-step processes [21]: first, electrons are excited
to become internal photo-emitted electrons; second, a
portion of the internal photo-emitted electrons propagate to
the emission surface; and third, a portion of the internal
photo-emitted electrons reaching the emission surface
escape into the vacuum and become photo-emitted elec-
trons. The three-step processes of photo-emission from
metal which are investigated in detail in this work are as
follows:

Owing to the fact that the PCS for a given y value of the
electrons in the conduction band of a given metal can be
considered as a constant C,, definitions of oy, G(Epphy),
and g(E,phy) [13, 26, 30, 31] and Eqgs. (1) and (3), in the
case that N photons at y < (Er + Ey)/h enter perpendicu-
larly into metals, the number of internal photo-emitted
electrons at x per unit path length of incident photons can
be written as:

n(x) =oph,N(x) = C},G(Ep}l —hy)N(x) = C},G(Ep}1 — hy)Noe %~
C,PNA8(Eph — h)Noe ™/
= i

(4)

where oy, is the photoelectric absorption coefficient at .

Most secondary electrons have energy E,,. > 1.0 eV
[32, 33], and the mean energy of secondary electrons
emitted from metal E,,, is much larger than 1.0 eV, and
both E,,. and E,,, are measured from vacuum. In the case
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that E,;,, is much larger than 1.0 eV, the mean escape depth
of secondary electrons with Ey (0 <(Eq®—Er < 1.5Ef)) in
metals can be expressed as [34, 35]

-8 E 0.45
A(Ep, metal) = LIOH <—F)
(Eo — Ep) = \3-57 (5)
[0<(E)—®— Eg) < 1.5Eg],

where E; is measured from the bottom of the conduction
band, and E| is the sum of E and the energy obtained from
primary electrons by scattering. The unit of length in this
study is m, but the unit of length in Refs. [34, 35] is A.
Therefore, in this study, the magnitude of the formula
coefficient in Refs. [34, 35] is 10'" times that in Eq. (5).

According to the energy band structures of metals, the fact
that the electrons with E absorbing one hy photon have
(E + hy) (i.e., E,p) and the theories of photo-emission, we
estimate that in the case that y is farther away 7y, { i.e.,
y > [(3.0 eV/h) + y0]}, most of the hy photon-induced
electrons in metals have E,,. > 1.0 eV, and E,.,, is much
larger than 1.0 eV, where ) is the threshold frequency. Thus,
from the fact that SEE and photo-emission have common
escape and transport mechanisms [6, 7] and the fact that most
secondary electrons in metals also have E,,. > 1.0 eV and
E. is also much larger than 1.0 eV, it is known that the hy
photon-induced electrons with E,, that undergo photo-
emission from metals farther than y, have the same transport
mechanisms as do secondary electrons in metals. Further, the
mean escape depth of 4y photon-induced electrons with Ej,
that undergo photo-emission from metals farther away than
Yo A(Epn, hy) has a similar expression as does Eq. (5).
Therefore, according to Eq. (5) and the fact that the electrons
with E absorbing one hy photon have an E,;, value that cor-
responds to Ej, in the case where E .., is much larger than
1.0 eV, A(Epp, hy) can be written as
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20x10°8 Ep \"¥
MEpn,hy) = ————5 | o5
(E + hV - EF) 5.57
20x 1078 [ Ep \*¥
- (Epn — Er)"? <ﬁ) 0= (Em =@
: .
— Eg) < 1.5Ef] (6)

The probability that an internal secondary electron
having Ey > (® + Eg) and reaching an emission surface
passes over the surface barrier of a metal into a vacuum
[34-36] is expressed as

P(Eo) = 1~ [(ER + ®)/Eo]”. (7)

From Eq. (7), the fact that photo-emission and SEE have
common escape mechanisms [6, 7] and the fact that E,
corresponds to Ep, = E + hy, the probability that an
internal photo-emitted electron with E absorbing one hy
photon, having E;, > (@ + Ep) and reaching an emission
surface passes over the surface barrier of metal can be
written as [36, 37]

0.5
P(Epp,hy) = 1 — [(EF + ®)/(E + hy)]
0.5
= 1= [(Br +®) [ Egp]**. (8)
Based on Egs. (6) and (8), the probability that an
internal photo-emitted electron with E, which absorbs one

hy photon and is excited at x, can reach an emission surface
and pass over the surface can be written as

P(Epp. 7,%) = {1 = [(Eg + ®) [ Egy " }e et (9)

3 First SEE model for photo-emission

Based on the fact that SEE has a maximum escape depth
that is five times the mean escape depth [34, 35, 37], itis easy
to understand that this is also applicable for photo-emitted
electrons because both of them have common escape and
transport mechanisms [6, 7]. Thus, JS(Eph, hy) can be given as

f(Eph,hy) = / (n(x)P(Epp, hy, x))dx
0
5/1(Ep.h,h7)

R

C?’pNAg(Eph — h'y)NO)Lreal _SAEph.hy)
= 1 (1 — e el )
o

0.5
( )
Eph

where ., of Eq. (10) can be written as

Freat = MEpps 1) | A Epy 1) + 7). (11)

Based on the energy band structures of metals shown in
Fig. 1, Eq. (8), and the fact that the electrons with E
absorbing one hy photon have E;, = (E + hy), it is known
that in the case that Ny photons at y < (Eg + E,)/h enter
into metals, the electrons with E in the range of [(Eg + &—
hy), (Eg + ®)] absorbing one hy photon have Ep, in the
range of [(Er + @), (Er + @ + hy)], and that the photo-
emitted electrons with Ep, in the range of [(Er + D),
(Er + @ + hy)] may escape into the vacuum. Thus, from
Eq. (10), it is known that in the case that N photons at
Y < (Ep + Eg)/h enter perpendicularly into metals, the
number of photo-emitted electrons can be written as

C.oN (EF+®+hy)
P
Nelectrons = A A / {Nog(Eph — ) Area
T wFre) (12)

(1 . e—%) |:1 . (Eﬁé;;(b)OAS] }dEph
AQE(hy) is defined as the number of photo-emitted
electrons per absorbed photon [38, 39]. Thus, from the
definition of AQE(hy), the fact that N, photons at
y < (Er + Ey)/h are absorbed by metals and Eq. (12), the
AQE(hy) from metals induced by photons at y < (Ef.
+ Ey)/h can be written as

(EF+®+hy)
C,pN
AQE(hV) = A—A / {g(Eph - hy)ireal
* (EF+®)
1  SMEphhy) | EF +® 05
_ Treal _
( ¢ ) Eph ydEph.
(13)

From Ref. [20], itis known that the g(E) (i.e., g(Epnhy)) of
Au is as shown in Fig. 1 of Ref. 20, and that the s, Eg, and @
values of Au equal 11, 11.6 eV, and 4.9 eV, respectively.
The C, value of Au calculated with parameters (hy, Na, s,
p =193 x 107 g/m3, Ay =197 g/mol [40], g(E,nhy) [20],
Eg, @, n% and experimental AQE(hy) [20] shown in Table 1)
and Egs. (2), (6), (11), and (13) are still shown in Table 1. The
/. value of Au calculated using Eq. (2) and parameters (s,
Na, p, Ay, n%, and C,, shown in Table 1) are also shown in
Table 1. The values of f(Ep,, hy) (in arbitrary units) of Au are
calculated with parameters (Eyp, hy, g(Epnhy), Er, @, 4, and
C,, as shown in Table 1) and Egs. (6), (10), and (11). The
comparison between these calculated f(Ey,, hy) values of Au
and the experimental ones [20] is shown in Fig. 2.

From Ref. [21], it is known that the g(E,,/y) value of Ni is
asshowninFig. 18ofRef.[21],andthatthes, Ex, and @ values
of Niequal 10,6.0 eV, and 5.0 eV, respectively. The C, at hy
<11.0 eV of Ni calculated with parameters (hy, Nj, s,
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Fig. 2 Comparison between the f(Ey;, hy) values of Au calculated using Eq. (10) and experimentally obtained values

p =89 x 10° g/m’, A, = 58.69 g/mol [40], g(Enhy) [21],
Eg, @,n%,and AQE( hy) [21] shown in Table 2) and Egs. (2),
(6),(11),and (13)are asshowninTable 2. The sum of Erand @
of Ni is equal to 11.0 eV. Thus, from Fig. 1, when we use
parameters (hy, Ny, S, p, Ay, g(Epnhy), Ep, @, n%, and exper-
imental AQE(hy)[21]showninTable2)andEgs. (2),(6),(11),
and (13)tocalculatethe valueof Cyathy > 11.0 eV forNi, the
lower limit of the integral [i.e., (Er + ®)]in Eq. (13) should
be replaced with “hy”. The 4, of Ni calculated with Eq. (2)
and parameters (s, N, p, Ay, n%, and C, shownin Table 2) are
also shown in Table 2. The f{(Eyy, hy) value (in arbitrary units)
of Ni calculated with corresponding parameters (Epp, hy,
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g(Epnhy), Eg, @, Ay, and C, shown in Table 2) and Egs. (6),
(10), and (11) are shown in Fig. 3.

Based on Eq. (12) and three-step processes of photo-
emission, it is known that in the case where N, photons at
Y < (Eg + Eg)/h enter perpendicularly into metals, the
number of internal photo-emitted electrons reaching the
surface can be written as
(EF+®+hy)

[NOg(Eph - h"/)/lreal(

_SA(Eph.iy)
1 —e  ‘rea

CpNA
A

o

)JaEpn

(14)

Nreach =

(EF+®)
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Fig. 3 The f(E,;, hy) values calculated using Egs. (10) and Eq. (21) for Ni

Based on Egs. (6) and (12), it is known that in the case
that Ny photons at y < (E + Ey)/h enter perpendicularly
into metals, the total escape depth of photo-emitted elec-
trons can be written as

(EF+®+hy)

C,pN \
N = A / Nog(Eppy — 1)1 (Eppys )
* (EF+®)
R 0.5
_ Si(Eph.y)
(1 — e e ) 1— (EI;JF (D> dEph
ph

(15)

According to Eq. (12) and the fact that the photo-emit-

ted electrons with E absorbing one hy photon have E.,..

= (Eph—EF—®), it is known that in the case that N, photons

at y < (Ep + E,)/h enter perpendicularly into metals, the
total E,,. of photo-emitted electrons can be written as

(V)

c (EF+0+hy)

1PNA
Nenergy = A, {Nog(Eph - hV)(Eph — Ep — @) Apeq
(EF+®)
I _SiEphir) | Egp+® 05 dE
— Jreal —
( ¢ ) Eph } ph

(16)

Based on the definition of B and Egs. (12) and (14), B
can be expressed as

B = Nelectrons /Nreach . ( 1 7)

From the definition of 4 and Egs. (12) and (15), 4 can be
written as
A= Ndepth/Neleclmns-

(18)

Based on the definition of A and Egs. (12) and (16),
E\yean can be expressed as
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Enean = energy / Netectrons- ( 19)

The B values of Au and Ni are calculated using Egs. (6),
(11), (12), (14), and (17) and corresponding parameters (hy,
g(Epnhy), Ex, @, /. shown in Tables 1, 2), respectively; The
A values of Au and Ni are calculated using Egs. (6), (11),
(12), (15), and (18) and corresponding parameters (hy,
8(Epnhy), Ep, @, A, shown in Tables 1 and 2). The Eyean
values of Au and Ni are calculated using Egs. (6), (11),
(12), (16), and (19), and corresponding parameters (hy,
g(Epnhy), Ep, @, A, shown in Tables 1 and 2). These cal-
culated B, 4, and E,,.., values of Au and Ni are shown in
Tables 1 and 2.

The sum of the Er and @ values of Ni is equal to
11.0 eV [21]. Thus, in the case that photons at Ay > 11.0
eV enter Ni, the electrons in the conduction band absorbing
one hy photon at least have Ey, = hy. Therefore, when we
use Eqgs. (12) and (14)—(19) to calculate the corresponding
parameters (B, A and E, ., at hy > 11.0 eV for Ni, the
lower limit of the integral in Egs. (12) and (14)—(16) should
be replaced with “hy”. These calculated B, 1 and E can
values of Ni are shown in Table 2.

From the energy band structures of metal shown in
Fig. 1, the law of energy conservation, the relation of
Epn = E + hy, and the courses of deducing Egs. (12)—(16),
it is known that in the case that hy is within the range of
((Er + D), (Er + E,)), the lower limit of the integral in
Egs. (12)-(16) should be replaced with “hy”.

4 Second SEE model for photo-emission

From the above courses of calculating C, with Egs. (2),
(6), (11), and (13), it is known that in the cases that the
AQE(hy) or absolute g(E,phy) values are not known, C,
cannot be calculated using Egs. (2), (6), (11), and (13).
From the above courses of calculating 4,, fiEp,, hy), B, 4
and Epean, it is also known that 4,, fiE,, hy), B, 4, and
E can can be calculated by the first SEE model for photo-
emission on the basis of the known C,. Thus, in the case
that AQE(hy) or the absolute g(Ephy) value is not known,
oy fEpns 1Y), B, A, and Ec,n cannot be calculated by the
first SEE model either. Therefore, we present the following
second SEE model for f{E,p, hy), Cy, Ay, B, A, and Epeqn of
metals; in the case that both AQE(hy) and the absolute
g(Epnhy) values are not known, flEp,, hy), B, /4, and Epean
can still be calculated by the second SEE model. In the case
that the absolute g(Ep,hy) value is not known, C, and 4,
can still be calculated by the second SEE model.

Suppose that in the case that Ny photons at y < (Eg
+ Ey)/h enter perpendicularly into metals, the number of
photons at x does not decrease with increasing x, and
equals Ny. Thus, based on Eq. (3), the above assumption,

@ Springer

and the fact that the PCS at a given y of the electron in the
conduction band of a given metal can be considered as a
constant C,, in the case that Ny photons at y < (Eg + Eg)/h
enter into metals, the number of internal photo-emitted
electrons per unit path length of incident photons can be
written as

n(x) = CvG(Eph — hy)No
_ CypNAg(Eph — hy)No
= A

[0 < (Eph -0 - EF)]
(20)

Therefore, from the three-step processes of photo-
emission, the conclusion that the maximum escape depth of
internal photo-emitted electrons with E,;, equals 5.0 A(Epy,
hy) and Egs. (9) and (20), fAE,n, hy) can be expressed as

SA(Eph,hy)

P(Egei) = [

0

[ Ep+® 03]

1 — F dx

L ( Eph ) }
C]’pNAg(Eph - h"/)NO;L(Eph7 h“/) (1 75)

= —e

Ay

e MEphjn)

{C,vaAg(Eph — hy)No
A,

0.57]
Egp+@
17( Epn ) [OS(Ephfq)fEF)Sl.SEF]

(21)

The f(Epp, hy) (in arbitrary units) values of Au are cal-
culated with corresponding parameters (Epp, hy, g(Esnhy)
[20], Er, @) and Egs. (6) and (21). The comparison
between these calculated f(E,,, hy) values of Au and
experimental ones [20] are shown in Fig. 4. The f(iEp, hy)
value (in arbitrary units) of Ni calculated using corre-
sponding parameters (Epn, hy, g(Esnhy) [21], Eg, ®) and
Egs. (6) and (21) are also shown in Fig. 3. From Ref. [25],
it is known that the g(Ep,hy) value (in arbitrary units) of Cu
is shown in Fig. 4 of Ref. [25], and that the Ef, s, and @
values of Cu equal 12.0 eV, 11, and 4.5 eV, respectively.
The f(Ep,, hy) values (in arbitrary units) of Cu are calcu-
lated with corresponding parameters (Epn, hy, g(Eynhy)
[25], Eg, @) and Eqgs. (6) and (21). Comparisons between
these calculated f(E,,, hy) of Cu and corresponding
experimental ones [25] are shown in Fig. 5.

In the case that Ny photons at y < (Eg + Eg)/h enter into
metals, the electrons with E in the range of [(Er + ®hy),
(Ep + @)] absorbing one hy photon have Ej, in the range
of [(Er + @), (Egp + @ + hy)], and the photo-emitted
electrons with Ep, in the range of [(Ef + D), (Eg
+ @ + hy)] may escape into vacuum. Thus, from
Eq. (21), it is known that in the case that N, photons at
Y < (Ep + Eg)/h enter perpendicularly into metals, the
number of photo-emitted electrons can be written as
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Fig. 4 Comparisons between the f(Ey,, hy) values of Au calculated using Eq. (21) and experimental ones

Nelectrons1 =

(EF+0-+hy)
C,pNp

Ay
(EF+®)

0.5
(1—ed)|1 - (EF—“I’> dEyp.

Eon

/ [Nog (Enn — 1) Eqn, )

(22)

increasing x. Thus, from the characteristics of electron
emission and the prerequisite of deducing Eq. (22), it is
known that in the case that Ny photons at y < (Eg + Eg)/h
enter perpendicularly into metals, the real number of
photo-emitted electrons is less than the value of Eq. (22)
and should be written as

Equations (21)—(22) are deduced on the basis of the
assumption that the number of photons at any x equals N,
but in fact, the number of photons at x decreases with

@ Springer



103 Page 10 of 17 A.-G. Xie et al.
x10°9- _ _ carcoatep
= — EXPERIMENTAL ~ h 7=6.8 eV . T hy=8.1 eV
2 5 2
Szl O g s
s AR 2 £
= \ = s
S = 3
VAN :
5
Sod \ £ H
s01) ' = 2 s
N h \ e . < :
g { V-7 . s b
H 3 = % = - A e
° . ] ) S
o \ = 0.0 - - : >
3 16.0 17.0 18.0 19.0
0.0 17'.0 lé.O 17.0 18.0 19.0 £y, (eV)
By (V) £, (V)
9 -9
i h7=9.0 eV 1" MR b

[Electron/ (photon eV)] (arb. unit)

S b b o
~ o © =3

o
)

[Electron/ (photon eV)] (arb. unit)

T
17.0

S
o

o )

e
©

e
-~

e
o

[Electron/ (photon eV)] (arb. unit)
o
S

18.0

=
o

19.0 20.0 17.0 9.0 20.0 210 17.0 18.0  19.0 20.0 210  22.0
L (eV) Ey(eV) Ey (V)
x1079 %109
i = 1.47 h y=11.6 eV
L2 hy=10.2 eV 5 o l2] 7\
£ S 1.2 z \
S 1.0 2 e ]
P £ 210
2. & 1.0 5
= 0.87 g =0.8
= S 0.8+ =
> & d
c 0.6 S -
] 5 0.6 g0-6
z s :
\\; 0.4 \g 0.4 \20_4
2 ] 2
£ 0.2 3 0.2 $0.2
° | °
w = w
= 0.0 T T T T T T 0.0 T T T T T T T 0.0 T T T T T T T
1720 18.0 19.0 20.0 21.0 22.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0

E
oh

(eV)

By (eV)

£y (eV)

Fig. 5 Comparisons between the f(Ep, hy) values of Cu calculated using Eq. (21) and experimental ones

( ) (EF+®+hy)
K(y)C,pN
NelectronsZ - TA / {N()g(Eph - hy)/l(Ephv h“/)
o
(EF+®)

0.5
(1—ed)|1- (51;”’) }E .

ph
(23)

For a given y and metal, K(y) is a constant that is less

than 1.0.

According to Eq. (23) and the three-step processes of
photo-emission, it is known that in the case that N, photons
at y < (Eg + Ey)/h enter perpendicularly into metals, the
number of internal photo-excited electrons reaching the
emission surface can be written as

(EF+-®+hy)
K(y)CopNp

N, reach2 = A
o

(EF+®)

@ Springer

[Nog(Eppy — hy) M Eppy, hy)(1 = ) dEpp,.

(24)

Based on Egs. (6) and (23), it is known that in the case
that Ny photons at y < (E + Ey)/h enter perpendicularly
into metals, the total escape depth of photo-emitted elec-
trons can be written as

(EF+®+hy)
K(y)C,pN
Neptn2 :% / {Nog(Epn — hy)
i (EF+®)
, PRNE
(A(Epn, hy))? (1 = €75) [1 - < e ) dEpn.
P!

(25)

According to the fact that the photo-emitted electrons
with E have Ey,. = (Epn—E—®) and Eq. (23), it is known
that in the case that Ny photons at y < (Eg + E,)/h enter
perpendicularly into metals, the total E,,. of photo-emitted
electrons can be written as
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) (EF+®+hy)
K(y)C,pN "
NenergyZ :% / {NOg(Eph - h}')
* (Er+®)
et o\’
— En — ®)J (1 —e )1 — (EF
(Eph — Ep — ®)A(Epp, hy) (1 — e ){1 ( Fo ) ]}dEph

(26)

Based on the definition of B and Eqgs. (23) and (24), B
can be expressed as

B = NelectmnsZ /Nreach2~

Based on the definition of 4 and Egs. (23) and (25), 4
can be written as

L= Ndepch /NelectronSZ-

Based on the definition of 4 and Egs. (23) and (26),
E nean can be expressed as

(27)

(28)

Emean = IVenergy?2 /Nelectron32~ (29)

The B values of Au calculated with parameters of Au
(hy, g(Epnhy), Er and @) and Eqgs. (6), (23), (24), and (27)
are shown in Table 3. The /4 values of Au calculated with
parameters of Au (hy, g(Epnhy), Er and @) and Egs. (6),
(23), (25) and (28) are shown in Table 3. The E ., values
of Au calculated with parameters of Au (hy, g(Epnhy), Er
and @) and Eqgs. (6), (23), (26) and (29) are shown in
Table 3. Using the same method, the B, A, and E ., values
of Ni and Cu are calculated and shown in Tables 4 and 5,
respectively.

As is done for the first SEE model, the lower limit of the
integral in Eqgs. (23)-(26) should be replaced with “hy”
when calculating the corresponding parameters (B, 1 and
Enean) at hy > 11.0 eV for Ni.

Table 3 The parameters of Au calculated using the second SEE
model

hy V) ¢, Ay A B Emean
107%m? 107°m) (10 m) eV)
7.4 45 4.24 261 0.0231 135
7.7 45.5 4.01 2.58 0.0224 142
79 48 3.70 2.58 0.0219 145
8.1 48.4 3.59 2.58 0.0223 146
8.7 49.1 3.34 2.53 0.0262 158
9.0 51.2 3.15 248 0.0285 1.67
9.2 55.1 2.89 245 0.0303 1.74
10.4 53.0 2.92 2.19 0.0459 235
10.7 59.4 261 2.13 0.0485 252
11.0 64.9 238 2.07 0.0503  2.69
11.2 66.3 233 2.04 0.0515 279
115 67.6 228 2.0 0.0533 295

Table 4 The parameters of Ni calculated using the second SEE
model

hy eV) C, - ) B Enean
1072 m*» 10 m) (107" m) eV)
7.6 12.2 9.01 1.74 0.0512 181
8.0 183 2.99 1.68 0.0569  2.03
8.6 222 4.95 1.59 0.0648 235
9.2 27.8 3.94 1.52 0.0683  2.65
9.8 30.8 3.56 1.48 0.0676  2.88
104 45.1 243 1.46 0.0720  3.06
11.0 46.1 238 1.4 0.0847 331
11.6 36.2 3.03 1.32 0.106  3.69

According to the simple theories of transport and escape
of internal secondary electrons, the probability that an
internal secondary electron, which is excited at x, can reach
the emission surface and pass over the surface barrier of a
metal into vacuum can be written as [41-44]

f(x)s = Bse ¥/,

where Bg is the mean probability that an internal sec-
ondary electron escapes into vacuum upon reaching the
emission surface, and /, is the mean escape depth of sec-
ondary electrons.

Based on Eq. (30) and the fact that SEEs and photo-
emission have common mechanisms of transport and
escape [6, 7], similarly, the probability that an internal
photo-emitted electron, which is excited at x, can reach the
emission surface and pass over the surface barrier of metal
can be written as

f()ph = Be ™. (31)

Thus, according to the three-step processes of photo-
emission and Egs. (4) and (31), it is known that in the case
that Ny photons at y < (Er + Ey)/h enter perpendicularly
into metals, the number of photo-emitted electrons can be
written as

xX
e]ectrom /
0
xX
ot +
OCph /
0

Therefore, from Eq. (32) and the definition of AQE(hy),
the AQE(hy) can be written as

(30)

N()B) O‘ph/

1+ Ao, (32)

Biocphy

AQE(hy) = =7,
Y

(33)

@ Springer



103 Page 12 of 17 A.-G. Xie et al.

e T punn €0 @ B e G A 15 ko

model ¢ AQE(m) (251 [25] 1251 (10®m)  (10°m)  (10°m) oV
6.8 1.6 x 107 0.694  0.128  43.1 3.58 2.92 0.0193 1.32
7.4 2.6 x 107 0.763 0.237 28.9 4.86 2.92 0.0223 1.35
7.7 3.0 x 107 0.788 0.277 22.8 5.95 2.86 0.0263 1.45
8.1 3.9 x 107 0.817 0.324 21.5 6.09 2.74 0.0317 1.65
8.4 45 x 1073 0.836  0.361 20.4 6.28 2.65 0.0351 1.81
9.0 5.8 x 107° 0.873  0.434 19.1 6.43 2.49 0.0418  2.15
9.6 6.8 x 107 0.906  0.506 17.2 6.87 2.34 0.0479 249
10.2 7.8 x 1072 0.936  0.570 15.9 7.21 2.21 0.0546 2.84
11.2 8.8 x 107 0.976  0.681 13.5 8.13 2.02 0.0634 3.43
11.6 9.2 x 107 0.989  0.731 12.8 8.43 1.96 0.066 3.65

Based on the energy band structures of metal shown in
Fig. 1, the calculated g(E), the values of Eg and @, the law
of energy conservation, and the fact that y is < (Eg + Eg)/
h, we can calculate the relative number of electrons in the
conduction band of a metal which may absorb one photon
and become internal photo-emitted electrons. For example,
when the photons at 4y = 7.4 eV enter into Au with Eg

=11.6 eV and ® = 4.9 eV, it is known that the electrons

absorbing one photon and having E > [Eg—~(7.4 eV-®)]
(i.e., 9.1 eV) may have enough energy to become internal
photo-emitted electrons. Thus, based on the g(E) value of
Au, the fact that the electrons with £ 9.1 eV may become
internal photo-emitted electrons and the fact that the Eg and
@ values of Au equal 11.6 eV and 4.9 eV, respectively, we
can calculate the m% electrons in the conduction band of
Au which may absorb one photon and become internal
photo-emitted electrons by calculating, and the calculated
m% at hy = 7.4 eV of Au equals 0.0734. Using the same
method, the m% at different hy values of Au, Ni, and Cu
can be calculated and are shown in Tables 1, 2, and 5,
respectively. Therefore, from the definition of oy, and the
fact that the probability that the electron in the conduction
band of a given metal absorbs one photon at a given y can
be considered as a constant C,, in the case that photons at
y < (Er + Ep)/h enter perpendicularly into metals, the o,
value of Eq. (33) can be expressed as

dphy = (spNA Cym%) /Ay (34)

Note that in the case that photons at y < (Eg + E,)/
h enter perpendicularly into metals, the o, value of Eq. (33)
is expressed as Eq. (2).
o, of NEAS equals oy, [22-24]. Thus, from Eq. (33),
AQE(hy) from NEAS can be written as
Bia,

AQE() =175,

(35)

It is well known that excited electrons (including elec-
tron-induced electrons, ion-induced electrons, and photo-
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excited electrons) with different E values have different
values of mean escape depth and mean escape probability
[6, 7, 13, 26, 32-37, 45]. Thus, from the physical mecha-
nisms of transport and escape of excited electrons, it is
known that the process that Egs. (30)—(31) use to express
f(x) in the courses of deducing some formulas [41-44] is an
approximate process; where f(x) is the probability that an
electron excited at x escapes into a vacuum. In other words,
there is the approximation that Eq. (31) is used to express
f(x)pnh made in the courses of deducing Eq. (33). Equa-
tion (6) is derived from Eq. (5), which is correct [34, 35] in
the case that E,,, is much larger than 1.0 eV, and Eq. (8)
and Eq. (31) are derived from Eq. (7) [36, 37] and Eq. (30)
[41-44], which are also correct. Thus, Egs. (6), (8), and
(31) are correct. Therefore, from the fact there is an
approximation made while deducing Eq. (33) and Eqgs. (13)
and (33), it can be concluded that Eq. (13) in the case that
E\can 18 much larger than 1.0 eV and (32) is theoretically
correct, and that Eq. (13) in the case that E,,,, is much
larger than 1.0 eV is more accurate than Eq. (33).

Some authors assumed that the negative electron affinity
photo-emission process can be described by a diffusion
model in which AQE(hy) from NEAS can be expressed as
Eq. (35) [22-24], and they successfully used Eq. (35) to
analyze the parameters of the negative electron affinity
photo-emission [22-24]. That is, Eq. (35) is experimentally
proven. Thus, from deducing Egs. (33) and Eq. (35), the
conclusion that Eq. (33) is theoretically correct and the
relation between Eq. (33) and Eq. (35), it can be concluded
that Eq. (33) is further proven to be correct.

5 Results and discussion

It can be seen from Fig. 2 that the calculated fEpp, hy)
values of Au agree well with the experimental ones [20] at
hy = 8.1-11.6 eV, but not at hy = 7.4-7.9 eV. It can also
be seen from Fig. 3 and the calculated fE,p, hy) value of
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Ni in Fig. 13 of Ref. [21] that both calculations of Ni are in
good agreement at hy = 9.2-11.6 eV, but not at hy =
7.6-8.6 eV. Thus, it can be concluded that Eq. (10) can be
used to express the flEp,, hy) from Au at iy = 8.1-11.6 eV
and Ni at hy = 9.2-11.6 eV, and that Eq. (10) can at least
express the relative number of photo-emitted electrons with
Epn, in the cases that Ny photons at ~y = 8.1-11.6 eV enter
into Au and that Ny photons at 7y = 9.2-11.6 eV enter into
Ni. Therefore, according to the relation between Eq. (10)
and Eqgs. (12)—(16), it is concluded that Eqgs. (12)—-(16) can
at least be used to express the relative values of Nejecyronss
AQE(hy), Nreachs Ndepths and Nenergy from Au at hy =
8.1-11.6 eV and Ni at hy = 9.2-11.6 eV. Then, from
Egs. (17)—(19), it can be concluded that Egs. (17)—(19) can
be used to calculate the B, /, and E., values of Au at
hy =8.1-11.6 eV and Ni at hy =9.2-11.6 eV, respec-
tively. That is, the B, 4, and E.., values of Au at hy =
8.1-11.5 eV and Ni at Ay = 9.2-11.6 eV calculated with
Egs. (17)-(19) and shown in Tables 1 and 2 are correct.
The AQE(hy) values from Au and Ni are calculated
using Eqgs. (2), (33), and (34) as well as corresponding
parameters (s, Na, p, Ay, B, 2, C, calculated using Eq. (13),
m%, and n% shown in Tables 1 and 2). Further, the cal-
culated AQE(hy) values from Au and Ni are shown in
Tables 1 and 2. From Tables 1 and 2, it is known that the
calculated AQE(hy) from Au at hy = 7.4-11.5 eV and Ni at
hy = 7.6-11.6 eV are in agreement with the corresponding
experimental ones [20, 21]. Thus, from the conclusions that
the B and A of Au at hy = 8.1-11.5 eV and Ni at hy =
9.2-11.6 eV calculated with Egs. (17)—(18) are correct,
and the conclusion that Eq. (33) is correct, it can be con-
cluded that the C, values of Au at hy = 8.1-11.5 eV and Ni
at hy = 9.2-11.6 eV calculated with Eq. (13) are correct.
Therefore, from the conclusions that Eq. (13) can at least
be used to express the relative values of AQE(hy) from Au
at hy = 8.1-11.5 eV and Ni at hy = 9.2-11.6 eV, it can be
concluded that Eq. (13) can also be used to express the
absolute values of AQE(hy) from Au at hy = 8.1-11.5 eV
and Ni at 4y = 9.2-11.6 eV. From the conclusions that the
C, values of Au at hy=8.1-11.5eV and Ni at hy =
9.2-11.6 eV calculated with Eq. (13) are correct, and the
fact that the A, values of Au and Ni are calculated with
Eq. (2) and corresponding C, calculated with Eq. (13), it
can be concluded that the /A, values of Au at hy =
8.1-11.5 eV and Ni at Ay = 9.2-11.6 eV calculated with
Eq. (2) are also correct.
From the conclusion that the C, values of Ni at hy =
9.2-11.6 eV calculated with Eq. (13) are correct and the
fact that the 4, values of Ni are calculated with Eq. (2) and
the C, values of Ni calculated with Eq. (13), it can be
concluded that the A, of Ni at hy = 9.2-11.6 eV calculated
with Eq. (2) is also correct. From the comparison between
the calculated AQE(hy) from Au at hy = 8.1-11.5 eV and

AQE(hy) from Ni at iy = 9.2-11.6 eV shown in Tables 1, 2
and experimental ones [20, 21] shown in Tables 1, 2, it is
known that the relative differences between the calculated
AQE(hy) and experimental ones [20, 21] are within the
range of 5-15%. From the conclusion that Eq. (13) is more
accurate than Eq. (33), it can be assumed that the differ-
ences between experimental AQE(hy) and ones calculated
with Eq. (33) and C, calculated with Eq. (13) mainly result
from the approximation of Eq. (33). Therefore, the errors
in the C, values of metals calculated with Eq. (13) can be
estimated to be 5%.

It can be seen from Fig. 4 that the calculated f(E,, hy)
values of Au agree well with experimental ones [20] at
hy = 8.1-11.6 eV, but not at hy = 7.4-7.9 eV. It can also
be seen from Fig. 3 and the calculated f(E,p, hy) of Ni in
Fig. 13 of Ref. [21], it is known that both the fE,, hy) of
Ni calculated in Ref. 21 and the f(E}p, hy) of Ni calculated
with Eq. (21) are in good agreement at hy = 9.2-11.6 eV
but not at 4y = 7.6-8.6 eV. Thus, it can be concluded that
Eq. (21) can be used to express the flEy,p, hy) from Au at
hy =8.1-11.6 eV and Ni at hy =9.2-11.6 eV, and that
Eq. (21) can be used to express the relative number of
photo-emitted electrons with Epy, in the cases that photons
at hy = 8.1-11.6 eV enter into Au and that photons at
hy =9.2-11.6 eV enter into Ni. Therefore, from the rela-
tion between Eq. (21) and Egs. (23)—(26), it can be con-
cluded that Egs. (23)-(26) can be used to express the
relative values of Nelectronsz’ Nreach27 Ndepcha and Nenergyz
from Au at hy = 8.1-11.6 eV and Ni at iy = 9.2-11.6 eV.
Then, from deducing Eqs. (27)—(29), it is determined that
Eqgs. (27)—(29) can be used to calculate the B, 4, and E can
values of Au at hy=8.1-11.6 eV and Ni at hy =

9.2-11.6 eV. That is, the B, 1 and E,,, values of Au at

hy = 8.1-11.5 eV and Ni at hy = 9.2-11.6 eV calculated
from Egs. (27)—(29) and shown in Tables 3 and 4 are
correct.

The C, values of Au calculated with Egs. (2), (33), and
(34), s = 11, Ny, p, A,, parameters (m%, n%, experimental
AQE(hy) [20] shown in Table 1 and parameters (B, 1)
shown in Table 3 are shown in Table 3; the AY values of Au
calculated with Eq. (2), s = 11, Na, p, A,, C, shown in
Table 3 and n% shown in Table 1 are shown in Table 3.
The C, values of Ni calculated with Egs. (2), (33), and
(34), s = 10, Ny, p, A,, parameters (m%, n%, experimental
AQE(hy) [21]) shown in Table 2 and parameters (B, 1)
shown in Table 4 are shown in Table 4; the A, values of Ni
calculated with Eq. (2), s = 10, Na, p, A,, C, shown in
Table 4 and n% shown in Table 2 are shown in Table 4.
According to the conclusion that the B and 1 values of Au
at hy = 8.1-11.5 eV shown in Table 3 and the B and / of
Ni at &y = 9.2-11.6 eV shown in Table 4 are correct and
the fact that Eq. (33) is correct, it is determined that the C,
values at hy = 8.1-11.5 eV for Au shown in Table 3 and
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the C, at hy = 9.2-11.6 eV of Ni shown in Table 4, which
are calculated with Eq. (33), are reasonable. From the
estimation that errors in the C, values of Au shown in
Table 1 are about 5% and the comparison between C, at
hy = 8.1-11.5 eV for Au shown in Table 3 and those in
Table 1, it can be estimated that the errors in C, at hy =
8.1-11.5 eV for Au calculated using Eq. (33) and shown
in Table 3 are about 20%. Based on the estimation that the
errors in C,, for Ni shown in Table 2 are about 5%, and the
comparison between C, at hy = 9.2-11.6 eV for Ni shown
in Table 4 and those shown in Table 2, it can be estimated
that the errors in C, at oy = 9.2-11.6 eV for Ni calculated
using Eq. (33) and shown in Table 4 are about 30%.

It can be seen from Fig. 5 that the calculated f(Ey,, hy)
values of Cu are in good agreement with experimental ones
[25]at hy = 7.7-11.6 eV, but not at hy = 6.8 eV. Thus, it is
concluded that Eq. (21) can be used to express the fAE,,
hy) values from Cu at hy = 7.7-11.6 eV. Therefore, from
the relation between Eq. (21) and Eqgs. (23)-(26), it can be
concluded that Egs. (23)-(26) can at least be used to
express the relative values of Ngjecirons2s Nreach2> Naeph2, and
Nenergy2 from Cu at hy = 7.7-11.6 eV. Then, from deter-
mining Egs. (27)—(29), it can be concluded that Egs. (27)—
(29) can be used to calculate the B, A, and E,c,, values of
Cu at hy = 7.7-11.6 eV. That is, the B, A, and E .., values
of Cu at hy = 7.7-11.6 eV calculated using Egs. (27)—(29)
and shown in Table 5 are correct.

The C, values of Cu calculated with Egs. (2), (33), and
(34), s = 11, Ny, p, A,, parameters (m%, n%, experimental
AQE( hy) [25], B, /) are shown in Table 5. The /4, value of
Cu calculated with Eq. (2), s = 11, N4, p, Ay, C, shown in
Table 5 and n% shown in Table 5 are also shown in
Table 5. From the conclusion that the B and / values of Cu
at hy = 7.7-11.6 eV shown in Table 5 are correct and the
fact that Eq. (33) is correct, it can be concluded that the C,
values at hy = 7.7-11.6 eV of Cu calculated using Eq. (33)
and shown in Table 5 are reasonable. There is no C, at
hy =7.7-11.6 eV for Cu calculated by other authors or
using other current methods. Thus, we cannot estimate the
errors in C, at hy = 7.7-11.6 eV for Cu calculated using
Eq. (33). The relative differences among the C, values at
hy < 50 eV obtained by different authors can reach about
200% or more [19]. Thus, from the estimations that the
errors in C, at hy = 8.1-11.5 eV for Au shown in Table 3
are about 20%, and that the errors in C, at hy = 9.2-11.6
eV for Ni shown in Table 4 are about 30%, it can be
concluded that the method of calculating C, for metals
using Eq. (33) is more accurate. According to the estima-
tion that the errors in C, for metals calculated using
Eq. (13) are about 5%, it can be concluded that the method
of calculating C, for metals using Eq. (13) is very accurate.
From the perspective of accuracy of the calculated C,, it
appears that the method of calculating C, with Eq. (13)

@ Springer

presented in the first SEE model is better than that of
calculating C, with Eq. (33) presented in the second SEE
model. However, it is important to note that in the case that
the absolute g(Epwhy) is not known, the method of calcu-
lating the C, value for metals using Eq. (13) cannot be used
to calculate C,, but the method of calculating the C, value
for metals using Eq. (33) can be used to calculate C,. For
example, because only the relative g(Epphy) value of Cu is
known in this study [25], the C, value at hy = 7.7-11.6 eV
for Cu can only be calculated using the method of calcu-
lating the C, value for metals with Eq. (33). It is also
important to note that in the cases that AQE(hy) are not
known, the first SEE model cannot be used to calculate
fEpn, hy), B, A, and Eycap, but the second SEE model can
be used to do so.

From the comparison between Fig. 2 and Fig. 4 and the
comparison between the f(Ep,, hy) values of Ni calculated
with Eq. (10) and those calculated with Eq. (21) in Fig. 3,
it is known that the differences between f(E,y,, hy) values
for Au and Ni calculated with Eq. (10) and those calculated
with Eq. (21) are very small. From Tables 1, 2, 3, 4, it is
seen that the B, 4, and E,.,, values of Au and Ni calculated
with Egs. (17)—(19) are approximately equal to those cal-
culated with Egs. (27)—(29). That is, Egs. (9) and (17)—(19)
deduced in the first SEE model can be replaced with
Egs. (20) and (27)—(29) deduced in the second SEE model,
respectively, and vice versa. From the above comparison
among flEyp, hy), B, 4, and Ep,., for Au and Ni, and the
courses of calculating f(E,pn, hy), B, 4, and Ey,e,, for Au,
Cu, and Ni, we found that the values of C, have little
influence on the shape of f(E,, i) and the values of B, 2,
and Epcan, but that both g(Epyhy) and hy significantly
influence them. For example, the shape of g(Eyzhy) sig-
nificantly influences the shape of flEyp, 7).

The excited electrons with E,,. < 1.0 eV lose energy
mainly by multiple electron—-phonon  scattering
[13, 37, 45, 46]. Electron—phonon scattering loses less
energy every time there is scattering, and the excited
electrons with E,,. < 1.0 eV may still become emitted
electrons after several occurrences of electron—phonon
scattering [13, 37, 45, 46]. Thus, if the excited electrons
with E,,. < 1.0 eV have more energy, they can travel a
greater distance to escape into vacuum. Therefore, the
mean escape depth of the excited electrons with E,..

< 1.0 eV is proportional to E,,.[13, 37, 45, 46]. However,
the excited electrons with E,,. values that are much larger
than 1.0 eV lose energy mainly by single electron—electron
scattering. Electron—electron scattering results in the loss of
a larger amount energy at every scattering, and the excited
electrons with E,,. values much larger than 1.0 eV almost
cannot become emitted electrons after single electron—
electron scattering [13, 37, 45, 46]. The probability that an
excited electron with E,,. much larger than 1.0 eV
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undergoes single electron—electron scattering per unit path
length of excited electron is proportional to E,,
[13, 37, 45, 46]. Thus, the mean escape depth of the excited
electrons with E,,. much larger than 1.0 eV is inversely
proportional to E\,.. Most secondary electrons have energy
E,.c > 1.0eV [32, 33], and E,, is much larger than
1.0 eV, and the secondary electrons lose energy mainly by
single electron—electron scattering. Thus, 4, is inversely
proportional to E,,., and the mean escape depth of sec-
ondary electrons with Eo(0Ey®Eg 1.5EF) can be expressed
as Eq. (5). In other words, Eq. (5) is correct in the case that
the E,, is much larger than 1.0 eV. Therefore, from the
fact that Eq. (6) is derived from Eq. (5), it can be con-
cluded that Eq. (6) is correct in the case that Ec,, is much
larger than 1.0 eV. Then, it is concluded that Egs. (10),
(17)—(19), (21), and (27)—(29) derived from Eq. (6) are also
correct in the case that E| .., is much larger than 1.0 eV.
From Tables 1, 2, 3, 4, 5, it can be seen that the E,,.,, of Au
at hy =8.1-11.5eV, Ni at hy =9.2-11.6 eV and Cu at
hy =7.7-11.6 eV are much larger than 1.0 eV. For this
reason, f(Epy, hy) calculated here for Au at iy = 8.1-11.6
eV, Ni at hy = 9.2-11.6 eV, and Cu at hy = 7.7-11.6 eV
are in good agreement with the corresponding experimental
ones and the ones calculated by other authors [20, 21, 25],
and the B, /, and C, values calculated here for Au at
hy = 8.1-11.5 eV, Ni at hy = 9.2-11.6 eV and Cu at hy =
7.7-11.6 eV are correct.

If the metal surfaces are contaminated or if metals have
some impurities, the photo-emission from these metals
becomes more complex. Thus, it is important to note that
we must use experimental f{E,p,, iy) and AQE(hy) values of
clean and pure metals to investigate the corresponding
SfEph, 1Y), Emeans B, A and C, in this work, and that the
experimental f(E,,, hy) and AQE(hy) used in this work are
those of three clean and pure metals [20, 21, 25]. In other
words, the two SEE models presented in this work are only
suitable for photo-emission from clean and pure metals in
the vacuum ultraviolet.

6 Conclusion

In this study, Egs. (10) and (21) for f(Ep,, hy) from
metals have been deduced and proven to be correct for the
cases of Au at hy = 8.1-11.6 eV and Ni at hy = 9.2-11.6
eV, respectively. Thus, from the relation between Eq. (10)
and Eqgs. (12)—(16) as well as the relation between Eq. (21)
and Eqgs. (23)—(26), it is concluded that Eqgs. (12)—(16) can
at least be used to express the corresponding relative values
of Nelectronss AQE(hV)» Nreach’ Ndepth and Nenergy’ respec-
tively; and that Eqgs. (23)—(26) can be used to express the
corresponding relative values of Nejectrons2s Nreach2> Ndepth2
and Nepergyo, respectively. Therefore, from determining

Egs. (17)—(19) and (27)—(29), it can be concluded that
Egs. (17)-(19) and Eqgs. (27)—(29) can be used to calculate
the B, 4, and E, .., values for Au at hy = 8.1-11.5 eV and
Ni at hy = 9.2-11.6 eV.

The AQE(hy) value from Au at hy = 7.4—11.5 eV and Ni
at hy = 7.6-11.6 eV is calculated using Eqgs. (2), (33), and
(34), the B and A values for Au and Ni calculated with
Eqgs. (17)—~(18), and the C, values for Au and Ni calculated
using Eq. (13). These calculated AQE(hy) values from Au
and Ni agree well with the corresponding experimental
ones. Thus, from the conclusions that the B and A values of
Au at hy = 8.1-11.5 eV and Ni at hy = 7.6-11.6 eV cal-
culated with Eqgs. (17)—(18) are correct and the conclusion
that Eq. (33) is correct, it can be concluded that the C,
values of Au at hy=8.1-11.5eV and Ni at hy=

7.6-11.6 eV calculated with Eq. (13) are correct. There-

fore, from the conclusions that Eq. (13) can at least be used
to express the relative values of AQE(hy) from Au at
hy =8.1-11.5 eV and Ni at hy = 7.6-11.6 eV, it can be
concluded that Eq. (13) can be used to express the absolute
values of AQE(hy) from Au at hy = 8.1-11.5 eV and Ni at
hy =7.6-11.6 eV.

The C, values of Au are calculated using Egs. (2), (33),
and (34), s = 11, Na, p, A,, parameters (m%, n%, experi-
mental AQE(hy)) shown in Table 1 and parameters (B, 1)
shown in Table 3, the C, of Ni values are calculated using
Egs. (2), (33), and (34), s = 10, N4, p, A,, parameters (m%,
n%, experimental AQE(hy)) shown in Table 2 and param-
eters (B, A) shown in Table 4. According to the conclusion
that the B and / values for Au at 7y = 8.1-11.5 eV shown
in Table 3 and the B and / values for Ni at hy =

9.2-11.6 eV shown in Table 4 are correct and the fact that

Eq. (33) is correct, it can be concluded that the C, values
for Au at hy = 8.1-11.5 eV and Ni at hy = 9.2-11.6 eV
calculated using Eq. (33) are reasonable. From the com-
parison between the C, values for Au at hy = 8.1-11.5 eV
for Au calculated with Eq. (33) and the corresponding ones
shown in Table 1, it can be estimated that the errors in the
C, at hy = 8.1-11.5 eV for Au calculated with Eq. (33) are
about 20%. Based on the comparison between the C, val-
ues for Ni at hy =9.2-11.6 eV for Ni calculated with
Eq. (33) and corresponding ones shown in Table 2, it can
be estimated that the errors in C, at hy = 9.2-11.6 eV for
Ni calculated with Eq. (33) are about 30%.

Equation (21) for the flE,p, hy) at hy = 7.7-11.6 eV of
Cu has been experimentally proven. Thus, from the relation
between Eq. (20) and Egs. (23)—(26), it is concluded that
Eqgs. (23)—-(26) can be used to calculate the relative values
of Nelectronsb Nreach27 Ndepth27 and NenergyZ from Cu at
hy = 7.7-11.6 eV. Therefore, from determining Eqs. (27)-
(29), it can be concluded that Eqs. (27)—-(29) can be used to
calculate B, 4, and Eg.,, values for Cu at
hy =7.7-11.6 eV.
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The C, values for Cu are calculated using Egs. (2), (33),
and (34), s = 11, Na, p, A,, parameters (m%, n%, experi-
mental AQE(hy)) shown in Table 5, B and A calculated with
Eqgs. (27)—(28). From the conclusion that the B and /4 values
for Cu at hy = 7.7-11.6 eV calculated with Egs. (27)-(28)
are correct and the fact that Eq. (33) is correct, it can be
concluded that the C, values at hy = 7.7-11.6 eV for Cu
calculated using Eq. (33) are reasonable. The relative dif-
ferences among the C, values at hy < 50 eV obtained by
different authors can reach about 200% or more [19]. Thus,
from the estimations that the errors in C, for Au at hy =

8.1-11.5 eV and Ni at hy = 9.2-11.6 eV calculated using

Eq. (33) are about 20% and 30%, it can be concluded that
the method of calculating C, for metals using Eq. (33) is
more accurate. From the estimation that the errors in C, for
metals calculated using Eq. (13) are about 5%, it can be
concluded that the method of calculating C, for metals
using Eq. (13) is very accurate.
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