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The formulae for parameters of a negative electron affinity semiconductor (NEAS) with large mean escape depth of
secondary electrons λ (NEASLD) are deduced. The methods for obtaining parameters such as λ , B, Epom and the maximum
δ and δ at 100.0 keV≥ Epo ≥ 1.0 keV of a NEASLD with the deduced formulae are presented (B is the probability that an
internal secondary electron escapes into the vacuum upon reaching the emission surface of the emitter, δ is the secondary
electron yield, Epo is the incident energy of primary electrons and Epom is the Epo corresponding to the maximum δ ).
The parameters obtained here are analyzed, and it can be concluded that several parameters of NEASLDs obtained by the
methods presented here agree with those obtained by other authors. The relation between the secondary electron emission
and photoemission from a NEAS with large mean escape depth of excited electrons is investigated, and it is concluded
that the presented method of obtaining λ is more accurate than that of obtaining the corresponding parameter for a NEAS
with large λph (λph being the mean escape depth of photoelectrons), and that the presented method of calculating B at
Epo > 10.0 keV is more widely applicable for obtaining the corresponding parameters for a NEAS with large λph.
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1. Introduction

Secondary electron emission (SEE) and the suppression
of SEE are applied in various areas such as particle accelera-
tors, plasma physics and information technology.[1,2] The ex-
cited electrons in the conduction band of a negative electron
affinity semiconductor (NEAS) can be easily emitted from the
surface due to the lack of a surface barrier. The mean escape
depth (in the µm range) of the excited electrons at the bot-
tom of the conduction band of a NEAS (i.e., thermalized elec-
trons) is much larger than that (in the nm range) of hot elec-
trons. Thus, quantum efficiency Y , secondary electron yield δ

and maximum secondary electron yield δm from a NEAS in
general far exceed the corresponding parameters for a positive
electron affinity semiconductor. Therefore, NEASs have more
applications in current amplifiers, photo-injectors (such as
RF photocathode guns in accelerators) and x-ray sources.[3–6]

Therefore, NEASs are an important topic.[7–11]

A NEAS with high Epom (> 20.0 keV) and large λ (>
1.0×104 Å) is called a NEAS with large λ (NEASLD), where
λ is mean escape depth of secondary electrons and Epom is the
incident energy of primary electrons Epo corresponding to δm.
A NEASLD has several outstanding SEE parameters, such as a

large δm (≥ 100). Note that δ20.0−100.0 is applied in an increas-
ing number of fields;[12] in this study, the subscript (written in
Arabic numerals) of a parameter denotes that parameter at an
Epo equal to the subscript in keV. For example, δ20.0−100.0 de-
notes δ in the range Epo = 20.0 keV–100.0 keV. Due to the
technical difficulty of measuring δ at Epo > 20.0 keV, there
are almost no measured values of δ at Epo > 20.0 keV, λ ,
Epom, and δm for NEASLDs[13] in the literature; furthermore,
nobody has successfully investigated δ , λ , Epom, and δm of
NEASLDs in theory. So systematic investigations of these pa-
rameters are necessary.

In this paper we study a new SEE model for λ , Epom,
m, δm, B at Epo > 10.0 keV and δ1.0−100.0 of a NEASLD,
which was developed from the theories of SEE and the fact
that λb(Z,Epo) at Epo < 50.0 keV is less than the λvalue of
a NEASLD, where m is the parameter denoting the ratio of
R(Epom) to λ , R(Epom) is the primary range of R at Epom, B is
the probability that an internal secondary electron escapes into
the vacuum upon reaching the emission surface of emitter and
λb(Z,Epo) denotes the mean diffusion depth of backscattered
electrons from materials with an average atomic number Z at
Epo. The parameters obtained here were analyzed or compared
with those obtained by other authors,[14–17] and we conclude
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that λ , m, B at Epo > 10.0 keV and δ1.0−100.0 of a NEASLD
obtained by the method presented here agree with those ob-
tained by other authors, and that the methods presented here
for calculating Epom and δm of a NEASLD are correct.

From the analysis of common mechanisms of SEE from
NEASLDs and photoemission from NEASs with large λph

(NEASLPs),[18,19] it can be concluded that λ of a NEASLD
is equal to λphl of a NEASLP, but that λ of a NEASLD is
> λphlow of a NEASLP. Thus, the method of obtaining λphl

of a NEASLP by obtaining λ of a NEASLD is presented.
Here λph is the mean escape depth of photoelectrons, λphl

is the mean escape depth of photoelectrons excited by pho-
tons with hγ > (hγ0 + 2.4× 10−20 J), where h is the Plank
constant, γ is the photon frequency, hγ is the photon energy,
γ0 is the threshold γ and λphlow is λph in the γ range [γ0,
(hγ0 + 2.4× 10−20 J)/h]. Relative errors in λ obtained here
are much less than those in λphl of a NEASLP obtained by an-
alyzing parameters of photoemission.[16,20,21] Thus, it can be
concluded that the presented method of obtaining λphl from λ

is a more accurate method than existing ones.
Based on the analysis of experimental Y values in the γ

range [(hγ0 + 2.4× 10−20 J)/h, γh-flat],[14,16] the existing for-
mula for Y of a NEASLP and the photoelectric characteris-
tics of NEASLPs, we assume that fth at γ > [(hγ0 + 2.4×
10−20 J)/h] in a NEASLP is independent of Eobtainp when
Eobtainp > (hγ0+2.4×10−20 J). Here [(hγ0+2.4×10−20 J)/h,
γh-flat] is the γ range corresponding to the flat portion of the
spectral response curve of the NEASLP, γh-flatis the maximum
γ of the flat portion of the spectral response curve, Eobtainp is
the energy obtained by a thermalized electron absorbing one
photon and fth is the energy distribution of thermalized elec-
trons. Thus, from this assumption, the fact that Epo is much
larger than Eobtainp and the common mechanisms of SEE from
NEASLDs and photoemission from NEASLPs, we state that
fth in a NEASLD is the same as that in a NEASLP produced
by photons with hγ > (hγ0 + 2.4× 10−20 J), and that B at
Epo > 10 keV of a NEASLD is equal to Bph in the γ range of
[(hγ0 +2.4×10−20 J)/h, γh-flat]Bphflat, where Bph is the proba-
bility that an internal photoexcited electron absorbing a photon
escapes into the vacuum upon reaching the emission surface
of the NEASLP. The statement that B at Epo > 10 keV of a
NEASLD equals Bphflat is proved to be true by the comparison
between B at Epo > 10 keV of a NEASLD and Bphflat obtained
here. Thus, because there is only one assumption made in the
course of making the statement that B at Epo > 10 keV of a
NEASLD equals Bphflat, we can conclude that above assump-
tion is correct. Therefore, from the fact that there is also only
one assumption made in the course of making the statement
that fth in a NEASLD is the same as that in a NEASLP pro-
duced by photons with hγ > (hγ0 + 2.4× 10−20 J), this state-

ment is also correct. Bphflat can be calculated from the for-
mula for reflection mode Y and several parameters such as Y
in the γ range [(hγ0 + 2.4× 10−20 J)/h, γh-flat].[16] However,
the spectral response curves of some NEASLPs have no flat
portions,[16,22] which are necessary to calculate Bphflat with
the formula for reflection mode Y . Thus, the Bphflat of these
NEASLPs cannot be calculated by the formula for reflection
mode Y . The Bphflat of these NEASLPs can be obtained by
estimation, but the estimated Bphflat have larger relative errors
(±10% relative errors).[16,22] Therefore, because the method
presented here of calculating accurate Bphflat by calculating B
at Epo > 10 is suitable for all NEASLPs, it can be concluded
that the presented method is more widely applicable for calcu-
lating Bphflat than the current methods.

The λphl and Bphflat are important parameters of Y , which
is the most important parameter for characterizing the prop-
erties of a NEASLP.[23,24] Thus, the two improved methods
presented here of obtaining λphl and Bphflat help to improve the
design of and investigations into NEASLPs. Therefore, be-
cause NEASLPs such as NEA GaAs and diamond are being
applied in more and more fields[25,26] it can be concluded that
the presentation two improved methods for obtaining λphl and
Bphflat is significant. Note that the unit of R, λphl, λphlow, λph,
λb(Z,Epo), and λ is Å and that both λph and λ in this study are
mean escape depths of excited electrons.

2. SEE model
2.1. Parameters of R

The ESTAR program[27] can be used to calculate R, and
the R–Epo relation can also be obtained from the ESTAR
program.[27] The obtained relations between R, the energy ex-
ponent n and Epo can be written as[28,29]

R = AEn
po. (1)

For a given kind of material, the parameters A and n both
slowly change with Epo and can be approximately treated as
constant in the same Epo range;[8] A depends on atomic weight,
material density ρ and Z.

Suppose that the Epo is EpoH = H keV and Epoh = h keV
(h < H), and that EpoH and Epoh are in the same Epo range; H
and h are Arabic numerals. Thus, from Eq. (1), and the fact
that both A and n can be approximately treated as constant in
the same Epo range, Rh−H can be approximately written as[8]

Rh−H = Ah−H(Epo)
nh−H , (2)

where nh−H can be written as[8]

nh−H = ln(Lh/LH)/ ln(EpoH/Epoh)+1, (3)

and Ah−H can be approximately written as[8]

Ah−H =
[
Lh−Hnh−HE(nh−H−1)

po

]−1
. (4)
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The energy loss of primary electrons per unit path length L
in the range Epo = 1.0× 10−3 MeV–1.0× 104 MeV can be
obtained from the ESTAR website.[27] Thus, nh−H and Ah−H

can be calculated from EpoH , Epoh, ρ , Lh, Lh−H , LH , nh−H ,
Epo and Eqs. (3) and (4) if EpoH and Epoh are in the range
Epo = 1.0×10−3–1.0×104 MeV.[8,27]

The following values are given for Si on the ESTAR
website: L1.0 = 7.478 × 107 eV·cm2·g−1, L1.2 = 6.831 ×
107 eV·cm2·g−1, and L1.3 = 6.548 × 107 eV·cm2·g−1.[27]

Thus, from the definition of L and the fact that ρ [30] of
Si equals 2.35 g·cm−3, L1.0 = (7.478× 107 eV·cm2·g−1)×
(2.35 g·cm−3) = 1.75733 eV·Å−1, L1.2 = 1.605285 eV·Å−1

and L1.3 = 1.53878 eV·Å−1 are calculated for Si. We can
take Epo in the range 1.0 keV–1.3 keV and for the same
Epo range n1.0−1.3 = 1.506 can be calculated for Si from
Eq. (3), Epo = 1.0 keV, Epo = 1.3 keV, L1.0, and L1.3. Thus,
A1.0−1.3 = 1.144×10−2 Å·(eV)−1.506 can be calculated for Si
from Eq. (4), Epo = 1.2 keV, n1.0−1.3, and L1.2.

The R parameters of Si, GaAs, Al0.1Ga0.9As,
Al0.2Ga0.8As, and Al0.3Ga0.7As calculated with the above
method are shown in Tables 1–3. Note that AlGaAs at three
different AlAs concentrations (10%, 20%, and 30%) is ex-
pressed as Al0.1Ga0.9As, Al0.2Ga0.8As and Al0.3Ga0.7As, re-
spectively.

Table 1. The calculated n values for various NEA materials.

Material n1.0−1.3 n1.3−1.7 n1.7−2.5 n2.5−4.0 n4.0−6.0 n6.0−10.0 n10.0−15.0 n15.0−20.0 n20.0−30.0 n20.0−60.0

Si 1.506 1.562 1.614 1.644 1.70 1.726 1.74 1.743 1.741
GaAs 1.1875 1.329 1.447 1.547 1.6158 1.661 1.6894 1.70 1.689

Al0.1Ga0.9As 1.196 1.336 1.450 1.550 1.618 1.662 1.691 1.702 1.690
Al0.2Ga0.8As 1.205 1.3415 1.456 1.550 1.620 1.664 1.692 1.703 1.690
Al0.3Ga0.7As 1.215 1.349 1.460 1.555 1.622 1.666 1.690 1.703 1.692

Table 2. The calculated A values for various NEA materials.

Material A1.0−1.3 A1.3−1.7 A1.7−2.5 A2.5−4.0 A4.0−6.0

Si 1.144×10−2 Å·(eV)−1.506 7.384×10−3 Å·(eV)−1.562 4.849×10−3 Å·(eV)−1.614 3.18×10−3 Å·(eV)−1.664 2.313×10−3 Å·(eV)−1.70

GaAs 1.109×10−1 Å·(eV)−1.1875 3.6×10−2 Å·(eV)−1.329 1.37×10−2 Å·(eV)−1.447 5.865×10−3 Å·(eV)−1.547 3.81×10−3 Å·(eV)−1.6158

Al0.1Ga0.9As 1.04×10−1 Å·(eV)−1.196 3.519×10−2 Å·(eV)−1.336 1.386×10−2 Å·(eV)−1.45 5.935×10−3 Å·(eV)−1.55 3.242×10−3 Å·(eV)−1.618

Al0.2Ga0.8As 1.02×10−1 Å·(eV)−1.205 3.446×10−2 Å·(eV)−1.3415 1.353×10−2 Å·(eV)−1.456 6.1×10−3 Å·(eV)−1.55 3.27×10−3 Å·(eV)−1.62

Al0.3Ga0.7As 9.64×10−2 Å·(eV)−1.215 3.324×10−2 Å·(eV)−1.349 1.343×10−2 Å·(eV)−1.46 6.0×10−3 Å·(eV)−1.555 3.307×10−3 Å·(eV)−1.622

Table 3. Further calculated A values for various NEA materials.

Material A6.0−10.0 A10.0−15.0 A15.0−20.0 A20.0−30.0 A20.0−60.0

Si 1.817×10−3 Å·(eV)−1.726 1.586×10−3 Å·(eV)−1.74 1.54×10−3 Å·(eV)−1.743 1.572×10−3 Å·(eV)−1.741

GaAs 2.0887×10−3 Å·(eV)−1.661 1.583×10−3 Å·(eV)−1.6894 1.423×10−3 Å·(eV)−1.7 1.608×10−3 Å·(eV)−1.689

Al0.1Ga0.9As 2.1525×10−3 Å·(eV)−1.662 1.623×10−3 Å·(eV)−1.691 1.451×10−3 Å·(eV)−1.702 1.6566×10−3 Å·(eV)−1.69

Al0.2Ga0.8As 2.17×10−3 Å·(eV)−1.664 1.654×10−3 Å·(eV)−1.692 1.479×10−3 Å·(eV)−1.703 1.708×10−3 Å·(eV)−1.69

Al0.3Ga0.7As 2.2×10−3 Å·(eV)−1.666 1.74×10−3 Å·(eV)−1.69 1.527×10−3 Å·(eV)−1.703 1.72×10−3 Å·(eV)−1.692

2.2. New SEE model for δ

When primary electrons impact materials perpendicu-
larly, [100(1−η)]% primary electrons are scattered through
small angles and come to rest by gradual deceleration, and
(100η)% primary electrons are scattered through large angles
and become backscattered electrons with energy > 50 eV.[31]

The backscattering coefficient η is defined as the ratio of the
number of backscattered electrons to that of primary elec-
trons; for some experimental η ,[8,11,13,33] η can be expressed
as[8,11,32]

η =

{
r(Z), Epo ≥ 10.0 keV,

r(Z)(Epo/10.0 keV)1.2, 1.0 keV≤ Epo ≤ 10.0 keV,
(5)

where r(Z) is η at Epo ≥ 10.0 keV and r(Z) can be approxi-
mately written as[33]

r(Z) = −0.0254+0.016Z−1.86×10−4Z2

+8.3×10−7Z3. (6)

When primary electrons at Epo ≥ 1.0 keV impact insulators
and NEASs with an energy of 1.0 keV≤ Epom ≤ 10.0 keV, the
yield per primary electron can be expressed as[8]

δp =
K(Epo,ρ,Z)λBEpo

εR
(1− e−R/λ ). (7)

The value of the parameter K(Epo, ρ , Z) depends on Epo

and Epom, and K(Epo, ρ , Z) of insulators and NEASs with
1.0 keV≤ Epom ≤ 10.0 keV can be expressed as[8]

K(Epo,ρ,Z) =

{
[n(Epo)]

−1, Epo ≥ 10.0Epom,

[n(Epo)]
−Q, 1.0 keV≤ Epo < 10.0Epom,

(8)

where n(Epo) denotes n at Epo. The parameter Q in Eq. (8) can
be expressed as
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Q =
0.55[3.051(Epo/Epom)

3−17.21(Epo/Epom)
2 +150.3(Epo/Epom)+45.38]

(Epo/Epom)3−4.215(Epo/Epom)2 +90.88(Epo/Epom)+95.01
. (9)

The energy band structures and surface states of a NEAS with
1.0 keV ≤ Epom ≤ 10.0 keV are very similar to those of a
NEASLD, and Epom of both a NEAS with 1.0 keV ≤ Epom ≤
10.0 keV and of a NEASLD are high. Thus, the charac-
teristics of SEE of a NEASLD and those of a NEAS with
1.0 keV ≤ Epom ≤ 10.0 keV are similar. Therefore, equa-
tions (8) and (9) are fairly suitable for a NEASLD.

The average energy required to produce an internal sec-
ondary electron in semiconductors or insulators, ε , can be
written as[34]

ε =
Eg[χ +Eg +30(2/Eg)

0.2]

χ +30(2/Eg)0.2 ln
{
[χ +Eg +(2/Eg)

0.2]

Eg

}
,

(10)

where χ and Eg are the original electron affinity and the width
of the forbidden band, respectively. The χ of a NEAS can be
treated as 0 in Eq. (10).[11]

Based on Eq. (7) and the fact that [100(1− η)]% pri-
mary electrons enter materials and come to rest by gradual
deceleration,[31] the yield due to the primary electrons which
enter a NEASLD and come to rest can be expressed as

δprest = (1−η)δp. (11)

According to Eq. (1) and the definitions of L and R, L can be
obtained by deriving Eq. (1) with respect to Epx. The obtained
L can be expressed as

L = dEpx/dx =−
[
nAE(n−1)

px

]−1
, (12)

where Epx is the primary energy at a given x, x being the dis-
tance from the incident surface to the point reached by the
primary electrons or backscattered electrons.

From Eqs. (1) and (12) and the fact that most of the
backscattered electrons lose hardly any energy during the
course of moving in the material, the average energy loss of
backscattered electrons per unit path length can be approxi-
mately expressed as[31]

dEbx/dx =−
[
nAE(n−1)

po

]−1
=−Epo/(nR), (13)

where Ebx is the energy of the backscattered electrons at a
given x.

Therefore, (100η)% primary electrons enter the mate-
rial, then diffuse back from the material at different x and be-
come backscattered electrons.[35,36] Thus, from the two stages
of movement of the (100η)% primary electrons, it is known
that they are still treated as primary electrons during the first
stage of their entry into the material and that they are treated

as backscattered electrons during the second stage of their
diffusing back from the material. Therefore, the number of
backscattered electrons is equal to that of the (100η)% pri-
mary electrons. Based on Kanter’s theory,[37,38] the backscat-
tered electrons that diffuse from the interior of a material obey
a cosine distribution. Thus, from these characteristics and the
three processes of SEE and the fact that (100η)% primary
electrons and most of the backscattered electrons lose hardly
any energy during the course of moving in a material,[31,35,36]

it is known that the ratio of the number of internal secondary
electrons excited by backscattered electrons to that of internal
secondary electrons excited by the (100η)% primary electrons
is equal to 2.0.[37,38] In other words, the total number of inter-
nal secondary electrons excited by backscattered electrons and
the (100η)% primary electrons equals three times the num-
ber of internal secondary electrons excited by the (100η)%
primary electrons. Therefore, from these characteristics and
the three processes of SEE, Eq. (13) and the investigations of
backscattered electrons,[35,36] it can be assumed that the yield
due to backscattered electrons and the (100η)% primary elec-
trons can be expressed as follows:

δb+100η% = 3η

∫ 2λb(Z,Epo)

0

dEbx

dx
B
ε

e−x/λ dx

= 3η

∫ 2λb(Z,Epo)

0
−

EpoB
nRε

e−x/λ dx

=
3ηEpoBλ

nRε

(
1− e−2λb(Z,Epo)/λ

)
, (14)

where x denotes the distance from the incident surface to
the point where internal secondary electrons are excited and
λb(Z,Epo) in Eq. (14) can be expressed as[36]

λb(Z,Epo) = [5.29×102(Epo)
1.7]/[Z(keV)1.7]. (15)

In this new SEE model, δ , which comprises δprest and
δb+100η%, is written as

δ = δb+100η% +δprest. (16)

Thus, according to Eqs. (5), (7), (11), and (14), the formulae
for δ1.0−10.0 and δ10.0−100.0 of a NEASLD can be written as
follows:

δ1.0−10.0 =

{[
1− r(Z)

(
Epo

10.0 keV

)1.2
]

K(Epo,ρ,Z)

×
(

1− e−
R1.0−10.0

λ

)
+

(
Epo

10.0 keV

)1.2 3r(Z)
n1.0−10.0

×
(

1− e−
2λb(Z,Epo)

λ

)}
λBEpo

εR1.0−10.0
, (17)
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δ10.0−100.0 =

{
[1− r(Z)]K(Epo,ρ,Z)

(
1− e−

R10.0−100.0
λ

)
+

3r(Z)
n10.0−100.0

(
1− e−

2λb(Z,Epo)
λ

)}
×

EpoλB
εR10.0−100.0

. (18)

The relation between R(Epom), m, and λ can be written as[39]

λ = R(Epom)/m. (19)

From Eq. (19) and the fact that Epom of a NEASLD is >

20.0 keV,[14–17] δm of a NEASLD can be written as

δm =

[
(1− r(Z))K(Epom,ρ,Z)(1− e−m)

+
3r(Z)

n(Epom)

(
1− e−

2λb(Z,Epom)

λ

)]
EpomλB

εR(Epom)
, (20)

where K(Epom, ρ , Z)[8] is equal to [n(Epom)]
−0.55, n(Epom) is

n at Epom and λb(Z,Epom) is λb(Z,Epo) at Epom.
Based on Eqs. (17) and (20), the new SEE model for

δ1.0−10.0 of a NEASLD can also be written as

δ1.0−10.0 =

[
1− r(Z)

(
Epo

10.0 keV

)1.2
]

K(Epo,ρ,Z)
(

1− e−
R1.0−10.0

λ

)
+

(
Epo

10.0 keV

)1.2 3r(Z)
n1.0−10.0

(
1− e−

2λb(Z,Epo)
λ

)
[
(1− r(Z))K(Epom,ρ,Z)(1− e−m)+

3r(Z)
n(Epom)

(
1− e−

2λb(Z,Epom)

λ

)]
EpomR1.0−10.0

δmEpoR(Epom)

. (21)

From Eqs. (18) and (20), the new SEE model for δ10.0−100.0 of a NEASLD can also be written as

δ10.0−100.0 =

[1− r(Z)]K(Epo,ρ,Z)
(

1− e−
R10.0−100.0

λ

)
+

3r(Z)
n10.0−100.0

(
1− e−

2λb(Z,Epo)
λ

)
[
(1− r(Z))K(Epom,ρ,Z)(1− e−m)+

3r(Z)
n(Epom)

(
1− e−

2λb(Z,Epom)

λ

)]
EpomR10.0−100.0

δmEpoR(Epom)

. (22)

2.3. Old SEE model for δδδ

According to the methods for deducing the formula for
δ1.0−10.0 of a NEAS in our previous studies[8,11] and the re-
lation δ1.0−10.0 = [1+ 2r(Z)(Epo/10.0) keV)1.2]δp

[8,11,32] de-
duced in the old SEE model, the formula for δ1.0−10.0 of a
NEASLD can be expressed as[8,11]

δ1.0−10.0 =

[
1+2r(Z)(Epo/10.0 keV)1.2

]
K(Epo,ρ,Z)BλEpo

εR1.0−10.0

×(1− e−R1.0−10.0/λ ). (23)

From the methods for deducing the formula for δ10.0−100.0

of NEAS in our previous studies[8,11] and the relation
δ10.0−100.0 = [1 + 2r(Z)]δp

[8,11,33] deduced in the old SEE

model, the formula for δ10.0−100.0 of a NEASLD can be writ-
ten as[8,11]

δ10.0−100.0 =
[1+2r(Z)]K(Epo,ρ,Z)λBEpo

εR10.0−100.0

×(1− e−R10.0−100.0/λ ). (24)

Based on the fact that Epom of a NEASLD is > 20.0 keV[14–17]

and Eqs. (19) and (24), δm of a NEASLD can be written as

δm =
(1+2r(Z))K(Epom,ρ,Z)BEpom

εm
(1− e−m). (25)

The formula for δ1.0−10.0 of a NEASLD can be obtained by
combining Eqs. (19), (23), and (25). Thus, the old SEE model
for δ1.0−10.0 of a NEASLD can also be written as

δ1.0−10.0 =

[
1+2r(Z)(Epo/10.0 keV)1.2

]
K(Epo,ρ,Z)EpoR(Epom)(1− e−R1.0−10.0/λ )δm

(1+2r(Z))K(Epom,ρ,Z)R1.0−10.0Epom(1− e−m)
. (26)

The formula for δ10.0−100.0 of a NEASLD can be obtained by
combining Eqs. (19), (24), and (25). Thus, the old SEE model
for δ10.0−100.0 of a NEASLD can also be written as

δ10.0−100.0 =
K(Epo,ρ,Z)EpoR(Epom)(1− e−R10.0−100.0/λ )δm

K(Epom,ρ,Z)R10.0−100.0Epom(1− e−m)
.

(27)

Note that Eqs. (26) and (27) are deduced here on the basis of

the old SEE model and the fact that Epom of a NEASLD is
> 20.0 keV.

2.4. Relations among parameters

According to Eqs. (8) and (9), given that Epom of a
NEASLD is > 20.0 keV and that n at Epo ≥ 10.0 keV changes
extremely slowly with Epo,[8] we know that K(Epo, ρ , Z)
at H ≥ Epo ≥ h keV (with, in this section, h ≥ 10.0 keV)
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for a NEASLD decreases extremely slowly with increas-
ing Epo and can be approximately treated as a constant,
K(Epo, ρ , Z)ChH. From Eqs. (2), (6), (8), (9), (15), and
(18), the fact that λ of a NEASLD is > 1.0× 104 Å,[14–17]

the parameter R calculated in Subsection 2.1 and the
fact that Z of a NEASLD is in the range (14, 32), we
know that {(3r(Z)/n10.0−100.0)[1 − exp(−2λb(Z,Epo)/λ )]}
of Eq. (18) is much less than {[1− r(Z)]K(Epo,ρ,Z)[1−
exp(−R10.0−100.0/λ )]}. Thus, in an approximation,
{(3r(Z)/n10.0−100.0)[1−exp(−2λb(Z,Epo)/λ )]} can be omit-
ted. Based on Eqs. (6) and (15), the fact that λ of a
NEASLD is > 1.0 × 104 Å,[14–17] that Z of NEASLD
is in the range (14, 32) and the n10.0−100.0 calculated
in Subsection 2.1, we know that {(3r(Z)/n10.0−100.0)[1 −
exp(−2λb(Z,Epo)/λ )]} increases with Epo. Thus, the approx-
imation that {(3r(Z)/n10.0−100.0)[1− exp(−2λb(Z,Epo)/λ )]}
of Eq. (18) can be omitted can partly compensate for the ap-
proximation that K(Epo, ρ , Z)h−H slowly decreasing with in-
creasing Epo is treated as a constant. Therefore, from Eq. (18)
and the above two approximations, δh−H of a NEASLD can
be approximately expressed as

δh−H = K(Z,h,H)(1− r(Z))K(Epo,ρ,Z)ChH

×
(

1− e−
Rh−H

λ

)
EpoλB
εRh−H

. (28)

Because {(3r(Z)/n10.0−100.0)[1− exp(−2λb(Z,Epo)/λ )]} in
Eq. (18) is omitted in the course of obtaining Eq. (28), for
a given NEASLD the parameter K(Z,h,H) of Eq. (28) is a
constant a little larger than 1.

Therefore, since λ , B, and ε are independent of Epo
[39–41]

and from Eqs. (2), (6), and (28), the ratio of δH to δh relative
to a NEASLD can be expressed as

δH/δh =
[
(h/H)(n−1)

(
1− e−RH/λ

)]
/
(

1− e−Rh/λ

)
. (29)

From Eqs. (2), (6), and (28), the fact that λ , B, and ε are inde-
pendent of Epo

[39–41] and that K(Epo, ρ , Z) at H ≥Epo≥ h keV
of a NEASLD can be approximated as a constant K(Epo, ρ ,
Z)ChH, we can derive Eq. (28) with respect to Epo and obtain
the relationships among parameters of a NEASLD

dδh−H

dEpo
=

(n−1)K(Z,h,H)(1− r(Z))K(Epo,ρ,Z)ChHλB
εRh−H

×
[

e−Rh−H/λ +
n

λ (n−1)
Rh−H e−Rh−H/λ −1

]
. (30)

Based on Eq. (30), the fact that h and H are in the same Epo

range, that the n of Eq. (30) is nh−H (i.e., nh−H of Eq. (30) is
a constant) and the relations among δm, Epom, n(Epom) and
R(Epom),[39,42] we know that in the case that δh−H reaches
δm, Eq. (30), Rh−H and n of Eq. (30) become 0, R(Epom)

and n(Epom), respectively. Thus, from Eq. (30), the facts

that both n(Epom) and K(Z, h, H) are > 1.0 and that both
r(Z) and K(Epo, ρ , Z)ChH are positive and < 1.0, when δh−H

of a NEASLD reaches δm the relationships among R(Epom),
n(Epom), and λ of NEASLD can be obtained and expressed as

e−R(Epom)/λ +
[
n(Epom)/(n(Epom)−1)

]
×
[
R(Epom)/λ

]
e−R(Epom)/λ −1 = 0. (31)

According to Eqs. (19) and (31), we obtain

1+
[
n(Epom)/(n(Epom)−1)

]
m = em. (32)

From Eq. (29), the facts that h and H are in the same Epo

range, that the n of Eq. (29) is nh−H (i.e., nh−H of Eq. (29)
is a constant) and the relations among δm, Epom, n(Epom), and
R(Epom),[39–42] we know that when we take δH in Eq. (29) to
be δm, the H, n, and RH of Eq. (29) become Epom, n(Epom),
and R(Epom), respectively. Thus, from Eqs. (19) and (29), if
we take δH of Eq. (29) to be δm the formula for δm from a
NEASLD can be obtained and written as

δm =
δh(h/Epom)

(n(Epom)−1)(1− e−R(Epom)/λ )

1− e−Rh/λ

=
δh(h/Epom)

(n(Epom)−1)(1− e−m)

1− e−Rh/λ
. (33)

2.5. Calculation of the parameters of a NEASLD

We may obtain an undesirable λ if we use an unsuitable
experimental δ10.0−20.0 to obtain λ . In order to obtain a desir-
able λ , we should choose a suitable experimental δ10.0−20.0 by
following three steps (this method of obtaining λ is called the
calculating method). First, we should choose an experimental
δ10.0−20.0 that lies on the fitting curves of δ–Epo in the original
literature as a suitable experimental δ .[14–17] Second, there is
an approximation that K(Epo, ρ , Z) at H ≥ Epo ≥ h keV of a
NEASLD is treated as a constant in deducing Eq. (29). How-
ever, K(Epo, ρ , Z) decreases slowly with increasing Epo. Thus,
we should use different pairs of the nearest two experimental
δ values to obtain λ . Which two experimental δ should be
chosen as a pair of two near experimental δ values? For ex-
ample, among the chosen experimental δ10.0, δ12.0 and δ14.0

lying on the fitting curves of δ–Epo
[15] of a NEA GaAs with

δ18.0 = 510, and δ20.0 = 528.57, experimental δ10.0 and δ12.0

values can be chosen as one pair of two experimental δ , and
experimental δ12.0 and δ14.0 values can be chosen as another;
however, experimental δ10.0 and δ14.0 values cannot be cho-
sen (we have chosen some experimental δ of eight NEASLDs
shown in Table 4[14–17] as suitable experimental δ10.0−20.0 val-
ues using the above two steps). Third, we use Eq. (29) and dif-
ferent pairs of nearest experimental δ10.0−20.0 values to obtain
a desirable λ . This step is described in detail in the following
paragraphs.
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Table 4. The Z values and chosen suitable experimental δ10.0−20.0 for various NEASLDs.[14–17]

NEASLD δ10.0 δ12.0 δ14.0 δ16.0 δ18.0 δ20.0 Z

GaAs with δ18.0 = 510 and δ20.0 = 528.57[15] 287.93 340 389.63 32
Si[14] 661 745.8 830.5 874.6 922 950 14

GaAs with δ16.0 = 441 and δ18.0 = 472[16] 309.36 362.85 32
GaAs with δ18.0 = 400 and δ20.0 = 404.7[17] 340.8 366.7 389 400 404.7 32

GaAs with δ18.0 = 143.74 and δ20.0 = 145.43[17] 124.14 134 139.4 143.74 145.43 32
Al0.1Ga0.9As[16] 350 392 31.1
Al0.2Ga0.8As[16] 279.1 320 359 30.2
Al0.3Ga0.7As[16] 122.73 132.98 29.3

Table 5. The obtained parameters for various NEASLDs.

NEASLD m Epom (eV) n(Epom) R (Epom) (104 Å) K(Epom,ρ,Z) λ (104 Å) δm

Si 1.52 25781.8 1.741 7.522 0.73716 4.9485 986.2
GaAs with δ16.0 = 441 and δ18.0 = 472 1.588 43800 1.689 11.116 0.7496 7.0 722.14

GaAs with δ18.0 = 400 and δ20.0 = 404.7 1.588 20868 1.689 3.176 0.7496 2.0 407.9
GaAs with δ18.0 = 143.74 and δ20.0 = 145.43 1.588 20868 1.689 3.176 0.7496 2.0 146.45

Al0.1Ga0.9As 1.587 52800 1.69 15.87 0.7493 10.0 726.41
Al0.2Ga0.8As 1.587 51860 1.69 15.87 0.7493 10.0 656.11
Al0.3Ga0.7As 1.584 50900 1.692 15.84 0.7488 10.0 201.02

According to Eq. (2) and the R parameters calculated in
Subsection 2.1, the formulae for R10.0−15.0, R15.0−20.0, and
R20.0−60.0 in GaAs can be expressed as follows:

R10.0−15.0 = 1.583×10−3(Epo)
1.6894 (eV)−1.6894 Å, (34)

R15.0−20.0 = 1.423×10−3(Epo)
1.7 (eV)−1.7 Å, (35)

R20.0−60.0 = 1.608×10−3(Epo)
1.689 (eV)−1.689 Å. (36)

Based on n10.0−15.0 = 1.6894, experimental values of δ10.0 =

287.93 and δ12.0 = 340[15] for NEA GaAs with δ18.0 = 510,
δ20.0 = 528.57 and a large λ , we take h, H, and n10.0−15.0

to be 10.0 keV, 12.0 keV, and 1.6894, respectively. Thus,
λ = 1.0×105 Å can be obtained from the adopted values of h,
H and n10.0−15.0, the experimental values δ10.0 = 287.93 and
δ12.0 = 340 and Eqs. (29) and (34). From n10.0−15.0 = 1.6894,
the experimental values δ12.0 = 340 and δ14.0 = 389.63[15]

for NEA GaAs and Eqs. (29) and (34), λ = 1.0× 105 Å can
be also obtained. Therefore, from the two obtained λ , the
average λ = 1.0× 105 Å of NEA GaAs with δ18.0 = 510,
δ20.0 = 528.57 and large λ can be calculated.

According to the shape of the experimental curves of δ–
Epo,[15] we can estimate that the Epom of NEA GaAs with
δ18.0 = 510, δ20.0 = 528.57, and large λ lies in the energy
range 20.0 keV–60.0 keV. Thus, from Eq. (36), it is known
that n20.0−60.0 equals 1.689, and n(Epom) of NEA GaAs with
δ18.0 = 510, δ20.0 = 528.57 and large λ equals 1.689. There-
fore, from Eq. (32), an m value of 1.588 can be obtained for
NEA GaAs. Then, from Eq. (19), the relationship between
R(Epom) and λ of NEA GaAs with δ18.0 = 510, δ20.0 = 528.57
and large λ can be expressed as

R(Epom) = 1.588λ . (37)

The R(Epom) value calculated with Eq. (37) and λ = 1.0×
105 Å equals 1.588× 105 Å. Because the average λ equals
1.0× 105 Å and using Eqs. (36) and (37), an Epom value of
54114 eV can be calculated for NEA GaAs with δ18.0 = 510,
δ20.0 = 528.57 and large λ . Thus, since n(Epom) = 1.689
and from the relation K(Epom, ρ , Z) = n(Epom)

−0.55 we cal-
culate K(Epom, ρ , Z) = 0.7496. Because the experimental
δ20.0 value is 528.57,[15] we take h to be 20.0 keV. Thus,
from h = 20.0 keV, Epom = 54114 eV, λ = 1.0×105 Å, δh =

δ20.0 = 528.57,[15] n(Epom) = 1.689, m = 1.588 and Eqs. (33),
(35), and (37), we can calculate δm of NEA GaAs as 827.75.
From h = 18.0 keV, Epom = 54114 eV, λ = 1.0×105 Å, δh =

δ18.0 = 510,[15] n(Epom) = 1.689, m = 1.588 and Eqs. (33),
(35), and (37), δm of NEA GaAs can also be calculated as
878.37. Therefore, from the two calculated δm, an average
δm of NEA GaAs with δ18.0 = 510, δ20.0 = 528.57 and large
λ can be calculated as δm = 853.58. The δ1.0−20.0 values for
NEA GaAs are calculated using Eqs. (2), (6), (8), (9), (15),
(21), and (22), Z = 32, the Epo, parameters of R calculated in
Subsection 2.1 and the obtained parameters m, Epom, n(Epom),
R(Epom), K(Epom, ρ , Z), λ and δm. The calculated δ2.0−20.0

from NEA GaAs with δ18.0 = 510, δ20.0 = 528.57 and large λ

shown in Fig. 1 are compared with the experimental values.
The parameters m, Epom, n(Epom), R(Epom), K(Epom, ρ ,

Z), λ and δm of eight NEASLDs shown in Table 5 were
obtained by the above method. Finally, δ1.0−20.0 of the
NEASLDs were calculated with Eqs. (2), (6), (8), (9), (15),
(21), and (22), Z, Epo, the parameters of R calculated in
Subsection 2.1 and the corresponding parameters shown in
Table 5. The calculated δ1.0−20.0 for NEASLDs shown in
Figs. 1–4 were compared with the corresponding experimental
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values.

0 2 4 6 8

Incident energy of primary electron (eV)

S
e
c
o
n
d
a
ry

 e
le

c
tr

o
n
 y

ie
ld

 f
ro

m
 N

E
A

S
L
D

100

200

300

400

500

600

700

800

900

1000

1100

10 12 14 16 18 20 22

Calculated δ from GaAs with
δ18.0=510 and δ20.0=528.57

Experimental δ from GaAs with
δ18.0=510 and δ20.0=528.57[15]

Experimental δ from Si[14]

Experimental δ from Si

Fig. 1. Comparison between the experimental δ of NEA Si and NEA
GaAs with δ18.0 = 510 and δ20.0 = 528.57 and the corresponding values
calculated with Eqs. (21) and (22).
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Fig. 2. Comparison between the experimental δ of NEA GaAs with
δ16.0 = 441 and δ18.0 = 472 and NEA Al0.2Ga0.8As and the correspond-
ing values calculated with Eqs. (21) and (22).
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Fig. 4. Comparison between the experimental δ of NEA Al0.1Ga0.9As
and NEA Al0.3Ga0.7As and the corresponding values calculated with
Eqs. (21) and (22).

During the course of obtaining the parameters m, Epom,
n(Epom), R(Epom), K(Epom, ρ , Z), λ , and δm we found that
the obtained λ is the most important factor in determining the
agreement between δ1.0−20.0 of NEASLDs calculated here and
the experimental values, and that the obtained λ is sensitive
to the values of the nearest two chosen experimental δ . If
the obtained λ is somewhat less than the desirable one, the
δ2.0−8.0 calculated with Eqs. (21) and (22) and the obtained
parameters m, Epom, n(Epom), R(Epom), K(Epom, ρ , Z), λ , and
δm are somewhat larger than the corresponding experimental
ones, and vice versa. If we cannot obtain a desirable λ by cal-
culation, we can use a fitting method described in detail in the
next paragraph to obtain a desirable λ .

First, according to the shape of the experimental curves
of δ–Epo, Eqs. (2), (6), (8), (9), (15), (21), and (22), Z and
the calculated R parameters, we estimate the desirable value
of λ by fitting. That is, we obtain the estimated λ by fitting.
Second, we obtain the parameters m, Epom, n(Epom), R(Epom),
K(Epom, ρ , Z), and δm. From above methods of obtaining m,
Epom, n(Epom), R(Epom), K(Epom, ρ , Z), δm of NEA GaAs
with δ18.0 = 510 and δ20.0 = 528.57, we know that if the esti-
mated λ and calculated R parameters are given, the parameters
m, Epom, n(Epom), R(Epom), K(Epom, ρ , Z), and δm can be ob-
tained from the ESTAR program, experimental δ10.0−20.0 and
Eqs. (8), (9), (19), (32), and (33). Third, the δ from NEASLDs
are calculated with Eqs. (2), (6), (8), (9), (15), (21), and (22),
Z, calculated R parameters, estimated λ and the obtained pa-
rameters. If these calculated δ are in good agreement with
experimental ones the estimated λ is a desirable one, other-
wise the estimated λ is an undesirable one. Ordinarily, the
above steps are repeated many times; in the end we can obtain
a desirable λ .

3. SEE and photoemission
The mean escape depth of hot electrons λhot of a NEASLP

is of the order of 100 Å,[43] hot electrons in NEASLPs become
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thermalized electrons after propagating about 100 Å,[26,43]

and the mean escape depth of thermalized electrons λth of
a NEASLP is of the order of 104 Å.[14–17,43] Thus, most of
the excited electrons (including hot electrons and thermalized
electrons) in a NEASLP which can become photoelectrons are
thermalized electrons. Therefore, we can conclude that the
value of λhot has almost no influence on the value of λph in a
NEASLP, and that λph of a NEASLP is approximately equal
to its λth. The reflection mode quantum efficiency YR(λwave)

can be expressed as[16,44]

YR(λwave) =
[(1− r(λwave))Bphα(λwave)λph]

(1+α(λwave)λph)
, (38)

where λwave is the wavelength of incident light, r(λwave) is
the λwave-dependent reflection coefficient of incident light and
α(λwave) is the λwave-dependent optical absorption constant.

Beyond the threshold region of the spectral response
curve of a NEASLP, [α(λwave)λph] is much larger than 1.
Thus, in this region YR(λwave) of a NEASLP can be approx-
imately expressed as[16,44,45]

YR(λwave) = [1− r(λwave)]Bph. (39)

The γ range [(hγ0 + 0.15 eV)/h, γh-flat] (i.e., [(hγ0 + 2.4×
10−20 J)/h, γh-flat]) of a NEASLP is beyond the threshold
region of the spectral response curve.[16,22,45] Thus, equa-
tion (39) is suitable for a NEASLP in the range [(hγ0 + 2.4×
10−20 J)/h, γh-flat]. Therefore, from Eq. (39), the fact that
YR(λwave) in the range [(hγ0 + 2.4× 10−20 J)/h, γh-flat] of a
NEASLP is a constant[16,45] and that r(λwave) in the range
[(hγ0 +2.4×10−20 J)/h, γh-flat] is approximately constant,[16]

it can be concluded that Bphflat is also a constant. Because
λphl of a NEASLP is constant,[14,16,45] we can conclude that
λph of a NEASLP is equal to λth of a NEASLP and from
the definitions of λphl and λph we can state that λth at γ >

[(hγ0 + 2.4× 10−20 J)/h] λthl of a NEASLP is constant and
equal to λphl, and that λthflat of a NEASLP is constant, where
λthflat is λth in the range [(hγ0+2.4×10−20 J)/h, γh-flat]. Thus,
because both λth and Bph are proportional to the energy of
thermalized electrons[46,47] and λthflat and Bthflat of a NEASLP
are independent of γ in the range [(hγ0 + 2.4× 10−20 J)/h,
γh-flat], we conclude that thermalized electrons in a NEASLP
produced by photons in the range [(hγ0 + 2.4× 10−20 J)/h,
γh-flat] have the same fth. That is, the fth of a NEASLP
excited by photons in the range [(hγ0 + 2.4× 10−20 J)/h,
γh-flat] is independent of Eobtainp when Eobtainp is in the range
[(hγ0 +2.4×10−20 J)/h, γh-flat] (note that Eobtainp equals hγ).
Therefore, since fth decides λth

[46,47] and λthl of a NEASLP is
a constant, we assume that fth at γ > [(hγ0 +2.4×10−20 J)/h]
of a NEASLP is independent of γ . That is, we assume that fth

at γ > [(hγ0 +2.4×10−20 J)/h] of a NEASLP is independent
of Eobtainp when Eobtainp > (hγ0 +2.4×10−20 J).

Because λ of an insulator is of the order of 100 Å,[8,34,42]

i.e., λhot of an insulator due to primary electrons is of the or-
der of 100 Å, the hot electrons excited by primary electrons
in an insulator mainly lose energy by electron–electron in-
teraction as those in a NEASLD do, and χ of an insulator
is very low or equal to 0.[48] Thus, λhot of a NEASLD due
to primary electrons is also of the order of 100 Å. There-
fore, since SEE and photoemission have a common trans-
port mechanism[18,19] and hot electrons excited by photons in
a NEASLP become thermalized after propagating for about
100 Å,[26,43] we know that hot electrons excited by primary
electrons in a NEASLD also become thermalized after prop-
agating for about 100 Å. Because λth in a NEASLD is also
of the order of 104 Å[14–17] and the λhot of a NEASLD due
to primary electrons is of the order of 100 Å, we know that
most of the excited electrons in a NEASLD which can be-
come secondary electrons are thermalized electrons. Thus, we
can conclude that λhot of a NEASLD has hardly any influence
on the value of λ , and that λ of a NEASLD is equals to its
λth value. Note that for a given NEAS, a NEASLP is also a
NEASLD.[14,16] Epo is much larger than (hγ0 +2.4×10−20 J).
Thus, from the excitation process of internal secondary elec-
trons in semiconductors,[34] it is known that the energy of ther-
malized electrons obtained from primary electrons can also be
greatrer than (hγ0 + 2.4× 10−20 J). Therefore, from the as-
sumption that fth in a NEASLP is independent of Eobtainp when
Eobtainp > (hγ0 + 2.4× 10−20 J) (i.e., thermalized electrons
produced by photons at γ > [(hγ0 + 2.4× 10−20 J)/h] have
the same fth) and that a NEASLP is also a NEASLD,[14,16]

it can be stated that fth in a NEASLD is the same as that
in a NEASLP produced by photons with hγ > (hγ0 + 2.4×
10−20 J). Then, since λthl of a NEASLP is equal to its λphl and
λ of a NEASLD equals its λth, λ of a NEASLD equals λphl of
a NEASLP.

Base on the calculated R values it is known that R at
Epo > 10 keV is of the order of micrometers. Thus, since λhot

of a NEASLD due to primary electrons is of the order of 100 Å
and λ of a NEASLD is of the order of micrometers,[14–17] we
conclude that when the primary electrons at Epo > 10 keV
enter a NEASLD almost all the internal secondary electrons
which can become secondary electrons are thermalized elec-
trons, and that B at Epo > 10 keV of a NEASLD is approx-
imately equal to Bseth, where Bseth is the probability that a
thermalized electron escapes into the vacuum upon reach-
ing the emission surface of the NEASLD. From the defini-
tion of Bphflat, it seems that Bphflat is only the probability that
a thermalized electron produced by photons with hγ in the
range [(hγ0 + 2.4× 10−20 J), hγh-flat] escapes into the vac-
uum upon reaching the emission surface of the NEASLP. But
based on the definition of Bphflat and the assumption that fth at
γ > [(hγ0 +2.4×10−20 J)/h] of a NEASLP is independent of

048102-9



Chin. Phys. B 32, 048102 (2023)

Eobtainp in the case that Eobtainp > (hγ0 + 2.4× 10−20 J), it is
known that Bphflat is in fact the probability that a thermalized
electron produced by photons with hγ > (hγ0 +2.4×10−20 J)
escapes into the vacuum upon reaching the emission surface
of a NEASLP. Therefore, from the statement that fth pro-
duced by photons with hγ > (hγ0 +2.4×10−20 J) is the same
as that produced by primary electrons and the fact that SEE
and photoemission have common mechanisms of escape and
transport,[18,19] we can state that Bseth equals Bphflat. Then,
from the conclusion that B of a NEASLD at Epo > 10 keV ap-
proximately equals Bseth, the B at Epo > 10 keV of a NEASLD
equals Bphflat.

The Bphflat of NEA GaAs with δ16.0 = 441, δ18.0 =

472 and large λph is calculated from Eq. (39) and pa-
rameters in the range of [(hγ0 + 2.4× 10−20 J)/h, γh-flat],
r(λwave) ≈ 0.33[49–51] and YR(λwave) = 0.15625;[16] the cal-
culated Bphflat = 0.233 is shown in Table 6. Bphflat of NEA
Al0.2Ga0.8As is calculated from Eq. (39) and parameters in the
range [(hγ0 + 2.4× 10−20 J)/h, γh-flat], r(λwave) ≈ 0.33[52,53]

and YR(λwave) = 0.1275;[16] the calculated Bphflat = 0.1932

is also shown in Table 6. The average Z of Al0.1Ga0.9As,
Al0.2Ga0.8As, and Al0.3Ga0.7As are calculated from Z = 31
for Ga, Z = 33 for As, and Z = 13 for Al and the correspond-
ing s, respectively. The calculated average Z of Al0.1Ga0.9As,
Al0.2Ga0.8As, and Al0.3Ga0.7As are 31.1, 30.2, and 29.3,
respectively. The ε value for NEA GaAs calculated with
Eq. (10), Eg = 1.424 eV and χ = 0 is 4.79 eV. The ε val-
ues of NEA Al0.1Ga0.9As, Al0.2Ga0.8As, and Al0.3Ga0.7As
are calculated with Eq. (10), s, χ = 0 and the relation for
Eg of AlsGa(1−s)As = 1.424 eV+1.247s eV,[54] respectively.
The calculated ε of NEA Al0.1Ga0.9As, Al0.2Ga0.8As, and
Al0.3Ga0.7As are 5.0 eV, 5.245 eV, and 5.5 eV, respectively. B
values at 20.0 keV ≥ Epo ≥ 12.0 keV for the four NEASLDs
are calculated from Eqs. (2), (6), (8), (9), (15), (18), Z, ε , Epo,
experimental δ and parameters obtained in Subsections 2.1
and 2.5. These calculated B values are shown in Table 6.
From Table 6, we can see that the average B of NEA GaAs
with δ16.0 = 441 and δ18.0 = 472 and NEA Al0.2Ga0.8As are
approximately equal and correspond to Bphflat.

Table 6. Calculated B values at 20.0 keV≥ Epo ≥ 12.0 keV for various NEASs and calculated Bph flat for NEA GaAs and Al0.2Ga0.8As.

NEAS B12.0 B14.0 B16.0 B18.0 B20.0 Average B Bphflat

GaAs with δ16.0 = 441 and δ18.0 = 472 0.238 0.243 0.2314 0.226 0.2346 0.233
Al0.1Ga0.9As 0.194 0.2038 0.2052 0.2121 0.2174 0.2065
Al0.2Ga0.8As 0.1916 0.188 0.1943 0.2074 0.1953 0.1932
Al0.3Ga0.7As 0.0662 0.0575 0.058 0.0643 0.0644 0.06208

Thermalized electrons have an energy E which is less
than several KBT , where KB is the Boltzmann constant, T is
the temperature in kelvin and E is measured from the bot-
tom of the conduction band of the semiconductor.[43] Thus,
from the relation hγ0 = Eg of a NEASLP, the law of energy
conservation and the conclusion that thermalized electrons of
a NEASLP produced by photons in the range [(hγ0 + 2.4×
10−20 J)/h, γh-flat] have the same fth, we know that thermal-
ized electrons in a NEASLP at room temperature have an
energy E < 2.4× 10−20 J [i.e., 5.77KBT ; note that KBT =

0.026 eV = 4.16× 10−21 J (T = 300 K)], and that the up-
per limit of energy of thermalized electrons in a NEASLP at
room temperature is 2.4×10−20 J or 0.15 eV. From the trans-
portation theories of thermalized electrons[46,47] we know that
thermalized electrons with less energy have a shorter escape
depth. Thus, from the law of energy conservation, the fact
that the upper limit of the energy of thermalized electrons is
2.4× 10−20 J and the relation hγ0 = Eg for a NEASLP, we
know that the average energy of thermalized electrons pro-
duced by photons at γ0 < γ < [(hγ0 + 2.4× 10−20 J)/h] is
less than that of thermalized electrons produced by photons at
γ > (hγ0 +2.4×10−20 J)/h, and that λphlow is < λphl. There-
fore, because λ of a NEASLD equals λphl of a NEASLP,

we can conclude that λ of a NEASLD is > λphlow. Some
authors[14,16,45] only presumed that λ of a NEASLD equals
λph of a NEASLP without analyzing the relation between λ of
a NEASLD and λph of a NEASLP in different γ ranges, and
did not conclude that λ of a NEASLD is > λphlow. Thus, we
have improved comprehension of the relation between λ of a
NEASLD and λph of a NEASLP.

4. Results and discussion

As shown in Figs. 1–4, the calculated δ of NEASLDs,
apart from δ1.0 and δ2.0 of NEA Al0.3Ga0.7As, agree well with
experimental values,[14–17] and the average value of calculated
δ1.0 is a little less than that of the experimental δ1.0. The
three factors may lead to these results. First, according to the
shape of the empirical δ–Epo curve,[13] it is known that the
real δ1.0 and δ2.0 of NEA Al0.3Ga0.7As should be less than
the experimental vales.[16] Thus, the fact that the experimen-
tal δ1.0 and δ2.0 of NEA Al0.3Ga0.7As are greater than the ac-
tual values leads to some differences between the calculated
δ1.0 and δ2.0 of NEA Al0.3Ga0.7As and the experimental vales.
Second, during the course of obtaining λ , Epom, and δm in
Subsection 2.5, it is known that some experimental errors in
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δ10.0−20.0, which is used to obtain λ and δm, can lead to some
differences between the real λ , Epom, and δm and the experi-
mental values. From the process of calculating δ , it is known
that some differences between the real λ , Epom, and δm and
obtained values can lead to some differences between calcu-
lated δ and experimental values. Thus, the experimental errors
in δ10.0−20.0 can lead to some differences between calculated
δ and experimental ones. Third, the method for calculating
δ at Epo < 2 keV presented here is approximate. From Sec-
tion 3, it is known that in the case when primary electrons at
Epo > 10 keV enter a NEASLD the internal secondary elec-
trons which become secondary electrons are almost thermal-
ized, and that B at Epo > 10 keV is approximately equal to
Bseth. However, primary electrons at Epo < 2 keV excite a
relatively increasing number of hot electrons close to the sur-
face of the NEASLD with decreasing Epo, and these hot elec-
trons escape into the vacuum with probabilities larger than B at
Epo > 10 keV. Thus, it can be concluded that B at Epo < 2 keV
is a little larger than B at Epo > 10 keV, and that the approxi-
mation in this study that B1.0−100.0 is a constant mainly leads
to the result that the average value of δ1.0 calculated from the
eight NEASLDs is a little less than the experimental value. So
far, B in every existing formulae for SEE from a given emit-
ter has been treated as a constant.[8,29,34,55,56] From the above
analysis, and the fact that all the experimental δ values for
NEASLDs which we can find agree well with corresponding
values calculated by the method presented here, we can con-
clude that δ of NEASLDs calculated using Eqs. (21) and (22)
agree well with the experimental results.

The m obtained here decrease with increasing n(Epom).
From our former study[8], it is known that the m of insulators
and NEASs, which also decrease with increasing n(Epom), are
in the range 1.69–3.02, and that the corresponding n(Epom)

are in the range of 1.2778–1.6324. Thus, because the m of
NEASLDs obtained here are in the range 1.52–1.588 and the
corresponding n(Epom) are in the range 1.689–1.741, it can be
concluded that the m of NEASLDs obtained here are consis-
tent with those in our previous study.

The values λ = 4.9485× 104 Å of NEA Si and λ =

7.0× 104 Å of NEA GaAs with δ16.0 = 441 and δ18.0 = 472
obtained here agree well with λ = 5.5× 104 Å for the corre-
sponding NEA Si and λ = 8.0×104 Å for the corresponding
NEA GaAs obtained from data analysis.[14,16] In addition λ =

2.0×104 Å of NEA GaAs with δ18.0 = 400 and δ20.0 = 404.7,
and λ = 2.0× 104 Å of NEA GaAs with δ18.0 = 143.74 and
δ20.0 = 145.43 obtained here are equal to λ for a correspond-
ing NEA GaAs obtained by estimation.[17] Thus, it can be con-
cluded that the λ values for NEALDs obtained here agree well
with those obtained by other authors.

The relative errors in the λphl of a NEASLP obtained by

analyzing the parameters of photoemission are estimated to
be ±20%,[16,22] and those for λ of a NEASLD obtained here
are estimated to be ±10%. Thus, because λ of a NEASLD is
equal to λphl, we can conclude that the method presented here
for obtaining λphl of a NEASLP from λ of a NEASLD is more
accurate.

From Eq. (19), the obtained formula for R(Epom),[8,39] the
procedures for obtaining Epom and our conclusions that the
methods of obtaining m and λ for a NEASLD are correct, we
can state that the method presented here for calculating Epom

of a NEASLD is correct. For a given secondary electron emit-
ter, δ is proportional to its δm,[8,13,46] and all the δ1.0−20.0 for
NEASLDs calculated with δm obtained here agree well with
experimental results. Thus, because no loose approximation
was made in the course of deducing Eq. (33) and the facts that
n(Epom), m, Epom, λ , and the formulae for R obtained here are
correct,[8] it can be concluded that the method presented here
for calculating δm of a NEASLD is correct.

According to the conclusion that the methods presented
here for obtaining n(Epom), R(Epom), m, λ , Epom, and δm of a
NEASLD and calculating δ of a NEASLD with Eqs. (21) and
(22) are correct, it follows that Eqs. (21) and (22) are correct.
From the course of deducing Eqs. (21) and (22) we know that
Eqs. (21) and (22) are derived from Eqs. (17) and (18). Thus,
it can be concluded that Eqs. (17) and (18) are correct. There-
fore, from the fact that only one assumption was made in the
course of deducing Eqs. (17), (18), (21), and (22), it can be
concluded that the only assumption, i.e., that δb+100η% can be
expressed as Eq. (14), is correct.

Based on the conclusion that Eq. (18) is correct and
that the parameters apart from B in Eq. (18) are calcula-
ble, equation (18) can be used to calculate B and the calcu-
lated B12.0−20.0 for four NEASLDs shown in Table 6 are cor-
rect. Thus, since the average calculated B of NEA GaAs with
δ16.0 = 441 and δ18.0 = 472 and NEA Al0.2Ga0.8As are ap-
proximately equal and correspond to Bphflat, the statement that
B at Epo > 10 keV of a NEASLD equals Bphflat is proved to
be true, and the method presented here for calculating Bphflat

by calculating B of a NEASLD at Epo > 10 keV is correct.
Therefore, because only one assumption was made in stating
that B at Epo > 10 keV of a NEASLD equals Bphflat, we can
conclude that the assumption that fth in a NEASLP is inde-
pendent of Eobtainp when Eobtainp > (hγ0 + 2.4× 10−20 J) is
correct. Since only one assumption made in the course of
stating that fth produced by photons with energy greater than
(hγ0 +2.4×10−20 J) is the same as that produced by primary
electrons, the statement that fth produced by photons with en-
ergy greater than (hγ0 +2.4×10−20 J) is the same as that pro-
duced by primary electrons must be correct. Therefore, be-
cause the conclusion that λ of a NEASLD equals λphl of a
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NEASLP is made on the basis of this statement and that λthl of
a NEASLP equals its λphl and λ of a NEASLD equals its λth,
the conclusion that λ of a NEASLD equals λphl of a NEASLP
must be correct.

The spectral response curves of some NEASLPs such
as NEA Al0.1Ga0.9As and Al0.3Ga0.7As have no flat
portion.[16,22] Moreover, the absorption constants for these
NEASLPs are not accurately known. Thus, Bphflat of these
NEASLPs cannot be calculated using Eq. (39).[16,22] From
Section 3 it is known that the method presented here can
be used to calculate B at Epo > 10 keV for all NEASLDs.
Therefore, since B at Epo > 10 keV equals Bphflat, the method
presented here for calculating Bphflat by calculating B of a
NEASLD is a more widely applicable method of calculating
Bphflat.

From Eqs. (8) and (9) and the fact that n at Epo≥ 10.0 keV
changes extremely slowly with Epo,[8] we know that K(Epo,
ρ , Z) of a NEASLD at Epo ≥ 10.0 keV decreases extremely
slowly with increasing Epo and that K(Epo, ρ , Z) at Epo ≥
10.0 keV and in the same Epo range is approximately con-
stant. Thus, since λ , B, and ε are independent of Epo

[39–41]

and Eqs. (2), (6), and (24), equation (29) can also be deduced
from Eqs. (2), (6), and (24). Similar to the course of de-
ducing Eqs. (32) and (33) in Subection 2.4, equations (32)
and (33) can also be derived from Eqs. (2), (6), and (24).
Since Eqs. (2) and (6) have been proved correct,[8,33] pre-
cisely speaking Eqs. (29), (32), and (33) can be derived from
Eq. (24). Therefore, because Eqs. (26) and (27) are derived
from Eq. (24), it is known that δ of NEA Si and GaAs can
be calculated from Eqs. (26) and (27) and the corresponding
parameters (m, λ , δm) obtained using Eqs. (29), (32), and (33)
in Subsection 2.5. Then, δ1.0−20.0 of NEA Si can be calcu-
lated with Eqs. (2), (6), (8), (9), (26), and (27), Z = 14, Epo,
the calculated R parameters and parameters m, Epom, R(Epom),
K(Epom, ρ , Z), λ , and δm obtained in Subsection 2.5. These
calculated δ1.0−20.0 for NEA Si shown in Fig. 5 are com-
pared with experimental δ values.[14] The δ1.0−20.0 for NEA
GaAs are calculated with Eqs. (2), (6), (8), (9), (26), and (27),
Z = 32, Epo, the calculated R parameters and parameters m,
Epom, R(Epom), K(Epom, ρ , Z), λ , and δm obtained in Sub-
section 2.5. These calculated δ1.0−20.0 for NEA GaAs with
δ18.0 = 510 and δ20.0 = 528.57 are shown in Fig. 5 are com-
pared with experimental δ values.[15] Figures 1 and 5 show
that δ1.0−20.0 for NEA Si and GaAs calculated with Eqs. (21)
and (22) agree better with the experimental values than those
calculated with Eqs. (26) and (27), and the δ1.0−20.0 for NEA
Si and GaAs calculated with Eqs. (26) and (27) increase at a
slightly larger rate with Epo than the experimental δ . Figure 5
also shows that the calculated δ for NEA Si and GaAs are a lit-
tle lower than the experimental values at lower Epo but a little

larger than the experimental values at higher Epo.
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Fig. 5. Comparison between the experimental δ of NEA Si and NEA
GaAs with δ18.0 = 510 and δ20.0 = 528.57 and the corresponding values
calculated with Eqs. (26) and (27).

Some papers, including our previous papers,[8,11,32] have
presented the formulae for δ1.0−100.0 on the basis of the rela-
tion δ1.0−100.0 = (1+ 2η)δp, and the δ calculated with these
formulae agree well with experimental values. But the δ from
NEASLDs calculated with Eqs. (26) and (27) deduced here on
the basis of the relation δ1.0−100.0 = (1+ 2η)δp do not agree
well with experimental values. What is the new physics be-
hind this? Based on the R calculated with Eq. (2), the ESTAR
program and λb(Z, Epo) calculated with Eq. (15), it is known
that R is greater than the corresponding λb(Z, Epo). Several
works have investigated secondary electron emitters[8,11,32]

with a shorter λ (< 1.0× 103 Å), but this paper investigates
NEASLDs. The value of λb(Z, Epo) at Epo < 50.0 keV is
less than λ of a NEASLD, but for secondary electron emit-
ters with a shorter λ , λ is less than or much less than λb(Z,
Epo) at Epo > 12.0 keV. Thus, from the process of SEE and
the fact that R > λb(Z, Epo), it is known that relative contri-
bution of backscattered electrons of a NEASLD to δ is less
than that of emitters with a shorter λ . That is, the relative con-
tribution of backscattered electrons of a NEASLD to δ in the
new SEE model for Eqs. (21) and (22) is less than that of emit-
ters with a shorter λ in the old SEE model for Eqs. (26) and
(27). Therefore, it is not difficult to comprehend that the for-
mulae for δ1.0−100.0 in a NEASLD can be accurately expressed
as Eqs. (21) and (22) but cannot be accurately expressed as
Eqs. (26) and (27).

From the above, we find three peculiar surface charac-
teristics of SEE from a NEASLD. First, λb(Z, Epo) at Epo <

50.0 keV is less than λ of a NEASLD. Thus, more accurate
formulae for δ1.0−100.0 of a NEASLD should be deduced from
the new SEE model but cannot be deduced from the old SEE
model. Second, according to the analysis in the first para-
graph of Section 4, we can conclude that B of a NEASLD
at Epo < 2 keV is a little larger than B of a NEASLD at Epo >
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10.0 keV. From the peculiar characteristics of NEASLDs and
the fact that the relative number of hot electrons close to
the surface of a NEASLD and excited by the primary elec-
trons at Epo < 2 keV increases with decreasing Epo, we can
conclude that B of a NEASLD at Epo < 2 keV slowly in-
creases with decreasing Epo, but that B of a given NEASLD
at Epo > 2 keV can still be looked upon as constant. Third, λ

and B of a NEASLD at Epo > 10.0 keV equal λphl and Bphflat

of a NEASLP, respectively.
Diamond materials with hydrogen adsorption surfaces,

which are also NEA semiconductors and may be NEASLDs,
have been extensively studied experimentally over the past few
decades, especially with regard to secondary electron spectra
and δ .[57–59] From Subsection 2.5 we know that when the val-
ues for δ at Epo≥ 10.0 keV of a given NEASLD are not known
we cannot obtain its parameters such as λ , m, and Epom by the
new SEE model developed here. So far, nobody has measured
or calculated δ at Epo ≥ 10.0 keV of NEA diamond with large
λ , so we cannot research NEA diamond in this work. If δ of
NEA diamond at Epo ≥ 10.0 keV with large λ is measured or
calculated in the future, the new SEE model developed here
can be used to research NEA diamond with large λ .

5. Conclusion
Based on the R parameters calculated by the ESTAR pro-

gram, the fact that λb(Z, Epo) at Epo < 50.0 keV is less than
λ of a NEASLD, experimental δ values and existing and de-
duced formulae for SEE and backscattered electrons, meth-
ods for obtaining m and λ and calculating δm, Epom, B at
Epo > 10.0 keV and δ1.0−100.0 of a NEASLD are presented.
According to the comparison between the calculated δ1.0−20.0

of NEA Si, AlsGa1−sAs and GaAs and experimental ones, it
can be concluded that δ1.0−100.0 of NEASLDs calculated with
the method presented here agree well with experimental val-
ues.

Comparing the values of m and n(Epom) for NEASLDs
obtained here and those of insulators and NEASs obtained by
other authors, we can be conclude that m values obtained here
for NEASLDs are consistent with those in our former study.
From the course of obtaining desirable λ values in this study
and the fact that the λ obtained here agree well with those
obtained by other authors, we can conclude that the method
presented here for obtaining λ of NEASLDs is correct. Thus,
because λ of a NEASLD is equal to λphl and the relative er-
rors in λ of NEASLDs obtained here are less than those in λphl

of NEASLPs obtained by data analysis, we conclude that the
method presented here for obtaining λphl of a NEASLP from
λ of a NEASLD is a more accurate method.

Because the methods of obtaining m and λ of NEASLDs
are concluded to be correct, the facts that n(Epom) and formula

for R obtained here are correct and the calculations for Epom

and δm, the methods presented here for calculating Epom and
δm must be correct. Thus, since only one assumption is made
in the course of deducing Eqs. (21) and (22) and the conclu-
sions that the methods for obtaining m and λ and calculating δ

with Eqs. (21) and (22) are correct, the only assumption, i.e.,
that δb+100η% can be written as Eq. (14), must be correct.

Since it is concluded that Eq. (18) is correct and all
parameters excluding B in Eq. (18) are calculable, B of
NEASLDs can be calculated with Eq. (18). Thus, since the av-
erage values of B calculated for NEA GaAs and Al0.2Ga0.8As
are approximately equal and correspond to Bphflat, the state-
ment that B of a NEASLD at Epo > 10 keV is equal to Bphflat

has been proven correct, and the method presented in this work
for calculating B of a NEASLD can be used to calculate Bphflat.
Therefore, since the method of calculating B can be used to
calculate Bphflat of all NEASLPs, we can conclude that the
method presented here for calculating Bphflat by calculating B
is a more widely applicable method.

Three peculiar surface characteristics of SEE from
NEASLD were found. First, λb(Z, Epo) at Epo < 50.0 keV
is less than λ of the NEASLD. So more accurate formulae for
δ1.0−100.0 of a NEASLD should be deduced from the new SEE
model but cannot be deduced from old SEE model. Second, B
of a NEASLD at Epo < 2 keV slowly increases with decreasing
Epo, but B at Epo > 2 keV still can be looked on as a constant.
Third, λ and B of a NEASLD at Epo > 10.0 keV are equal to
λphl and Bphflat of a NEASLP, respectively.

Because only one assumption was made when stating that
B of a NEASLD at Epo > 10 keV equals Bphflat, which has
been proved to be true, the assumption that fth at γ > [(hγ0 +

2.4×10−20 J)/h] of a NEASLP is independent of Eobtainp for
the case Eobtainp > (hγ0 +2.4×10−20 J) must also be correct.
Therefore, because only one assumption was also made when
stating that fth in a NEASLD is the same as that in a NEASLP
produced by photons with hγ > (hγ0 +2.4×10−20 J), we can
conclude that the statement that fth in a NEASLD is the same
as fth at γ > [(hγ0 + 2.4× 10−20 J)/h] of a NEASLP is also
correct.
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