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CMOS-compatible RF/microwave devices, such as filters and amplifiers, have been widely used in wireless com-
munication systems. However, secondary-electron emission phenomena often occur in RF/microwave devices based on
silicon (Si) wafers, especially in the high-frequency range. In this paper, we have studied the major factors that influence
the secondary-electron yield (SEY) in commercial Si wafers with different doping concentrations. We show that the SEY
is suppressed as the doping concentration increases, corresponding to a relatively short effective escape depth A. Mean-
while, the reduced narrow band gap is beneficial in suppressing the SEY, in which the absence of a shallow energy band
below the conduction band will easily capture electrons, as revealed by first-principles calculations. Thus, the new physical
mechanism combined with the effective escape depth and band gap can provide useful guidance for the design of integrated

RF/microwave devices based on Si wafers.

Keywords: secondary-electron yield, doping concentration, escape depth, Si wafer

PACS: 79.70.4q, 85.40.Ry, 61.85.4+p, 81.05.Ea

1. Introduction

Secondary-electron emission, known as a secondary-
electron avalanche, refers to the phenomenon of elec-
trons escaping from the surface of materials when parti-
cles are bombarded with a certain initial energy.l'! A high
secondary-electron yield (SEY) is required for scanning elec-
tron microscopy, particle accelerators and micro-channel plate
detectors.[*~1% However, it results in performance degradation
or even permanent damage in satellite microwave components
and accelerators.!!!=14) Thus, research on suppression of the
SEY has received considerable attention.

Most researchers have concentrated on surface treatment
techniques,[15‘19] such as the formation of grooved,[20‘22]
fibrous?3241 and micro—porous[zsl structures. However, the
SEY increases after surface treatment of the sinusoidal rip-
pled surface!?®! and the larger triangular grooves.!?’-?81 An-
other approach involves coating with low-SEY materials in
RF/microwave equipment. Luo et al.l*”! discovered an ultra-
low SEY by coating a one-atom-thickness graphene film,
which has good electronic and thermal conductivity. 3! How-
ever, the complexity of the high-quality-transfer graphene pro-
cess and the weak adhesion to the substrate greatly limit the
practical applications of graphene films. B/N doped-silicon
(Si) wafers are suitable candidates for RF/microwave devices
due to their tunable conductivity, low cost, chemical stabil-
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ity and easy-to-scale fabrication process. Meanwhile, strained
silicon technology involves the use of various means to physi-
cally stretch or compress silicon crystals, which increases car-
rier (electron, hole) mobility and enhances transistor perfor-

[2631,32] 1n addition, Dionne ef al. have pro-

mance in turn.
posed a semi-empirical model to describe the dependence of
the initial electron transmission depth on the initial electron
energy 33! using first-principles calculations, which is espe-
cially suitable for analyzing the conductive mechanism of Si
wafers with different doping concentrations.

In this paper, we have demonstrated the SEY suppression
phenomenon in silicon wafers with different doping concen-
trations, and have proposed a physical mechanism based on
conductivity and band gap using first-principles calculations.
An unexpected finding is that the effective escape depth A of
the inner secondary electrons is negatively correlated with the
conductivity of the silicon wafer. The optimal N-doped silicon
wafer has a minimum SEY coefficient of 1.98 and a minimum
band gap (Eg) of 0.511 eV from first-principles calculations.

2. Experimental detail

Silicon wafers with different concentration ranges of
dopant were purchased from Virginia Semiconductor. The
square resistance of the samples was tested using a four-probe
resistance system. After the square resistance was obtained,
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the resistivity of the Si wafers was calculated using the for-
mula p = R x ¢t (where ¢ stands for the thickness of the Si
wafers). Figure 1(a) shows the SEY test system and its equiv-
alent circuit diagram. We applied a bias voltage of +500 V to
the bottom of the samples, and then shot an electron beam of
a certain energy with an electron gun. The total electron beam
I, was measured. A bias voltage of —20 V was applied on the
bottom of the samples, and the current /; was measured, except
for the secondary-electron beam. Then, the SEY of the sam-
ples was obtained using the formula in Refs. [34-37]. In the
test process, the SEY curves were measured multiple times to
ensure consistency and integrity, to avoid the effects of charge
effects on the SEY

5= (,—1L)/I,. )

Here, the structure optimization and energy-band structure
calculations of doped Si wafers were completed using the
CASTEP module in Material Studio software,®3! which is
based on the generalized gradient approximation (GGA) with
the Perdew—Burke—-Ernzerh (PBE) function. The calculated
concentration was evaluated at low, medium, and high ACC
concentrations (0.781%, 1.562%, and 3.125%) in samples us-
ing mean data provided by the manufacturer in ranges of (0%—
1%, 1%—2%, and 2%—4%).

For all the calculations, the ultra-soft pseudopotentials
were used. The cut-off energy of 220 eV was assumed in
the plane-wave basis set. For the k-point integration, we used
a 2 X 2 x4 mesh for the cubic unit cell of Si, and struc-
ture relaxation was performed until the convergence criteria
of 2.0 x 107> eV/atom. The maximum stress was 0.1 GPa,
and the maximum ionic displacement was 0.002 A. Here, the
spin polarization was not taken into consideration in the cal-
culations.

3. Results

Figures 1(b) and 1(c) show the SEY curves of doped Si
wafers of different types and concentrations as a function of
the primary electron energy Ey from 0 to 1600 eV at the nor-
mal incident. As the B-doped concentration increases, the dp
gradually becomes low in Fig. 1(b), yet they are almost the
same in medium and highly doped Si wafers. The suppres-
sion process of the SEY in B-doped Si wafers is instability, in
which the effect induced by the doped holes may exceed that
of the same number of doped electrons. As the N-doped con-
centration increases, Fig. 1(c) shows the continual decline of
Om in N-doped Si wafers. The effects induced by doping con-
centrations of Si wafers principally include two modes: elec-
trical conductivity and electron—impurity scattering. The lat-
ter is beneficial in suppressing the SEY. There is a net electron
flow from the emission samples into the vacuum when & is
greater than 1, in which a certain conductivity inside the sam-

ples will supplement the lost electrons. 34!

The variation trend is related to the escape depth A of
internal secondary electrons, and A obeys the law of power
exponent absorption among the electron multiplication pro-
cess based on the electronic cascade model.[?33831 A semi-
empirical theory (Dionne model) of SEY to describe the SEY
curve is as follows: [33-36:401

1-n

§= B(AnM‘/"(df)n(l 0 )

E,
B 0.74
Em =23(AA)%74, “)
dm = E/(An). ®)

Here, B is the escape probability, defined as the constant with-
out any surface treatment; E, is the required activation energy;
A is a constant characteristic of the material, directly due to the
right doping ratio below 5%; n (1.35 for semiconductor*!) is
the power exponential decay factor depending on the material;
dy, represents the maximum!4?! relative to the initial electron
energy Eg. Here, A ™!, described as the secondary-electron ab-
sorption coefficient or inverse mean free path, is ascribed to
conductivity in the Dionne model. The fitting curves of N-
doped samples, as shown in Fig. 1(c), are in accord with the
experimental results. Therefore, the escape depth A is the only
factor to affect the value of 6 in Eq. (2). Thus, we can calcu-
late the value of A from the experimental results of the SEY
curves, as shown in Table 1, where E, is the energy as the
maximum yield coefficient 8, occurs. Here, the value of A is
in the same order of magnitude as the penetration depth.3%+!

In our work, Fig. 2(a) shows the conductivity values of
N-doped silicon wafers with different concentrations from
15 S/m to 1666 S/m. Figure 2(b) reveals the trend of &y and
the effective escape depth A with the conductivity of N-doped
silicon wafers. As the conductivity increases, the value of 8y
decreases from 2.53 to 1.98, and the corresponding value of
A decreases from 9.1 to 4.0. Statistical analysis reveals that
there is a negative correlation between &, and the conductivity
of the material (especially semiconductor materials). There-
fore, to obtain a lower SEY, one can focus on materials with
higher conductivity. Scattering between electron phonons and
impurities may reduce the escape depth of internal secondary
electrons, which is the main cause of secondary-electron en-
ergy loss. Previous studies have discussed the effects of dop-
ing concentrations, and their results show a similar trend to
ours. [44]

However, the B-doped Si wafers show a little mismatch-
ing compared with the N-doped samples. This is probably
caused by the transformation of the scattering mechanism, in
which a small number of carriers are effective enough to mod-
ulate the SEY of B-doped Si wafers. This infers that electron—
hole scattering is the main channel of energy loss.
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Fig. 1. (a) A schematic diagram of the secondary-electron emission test system. (b) SEY curves of Si wafers with different B-doping concen-
trations, in which the black triangles, cyan circles, and purple squares represent low, medium, and high concentrations, respectively. (c) SEY
curves of Si wafers with different N-doping concentrations, in which the black circles, cyan rhombus, and purple pentagons represent low,
medium, and high concentrations, respectively. The solid points show the measurement results, and the solid lines show the fitted curves from

the Dionne model.
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Fig. 2. (a) The conductivity o as a function of different N-doped con-
centrations in Si wafers. (b) The average escape depth of inner sec-
ondary electrons versus the conductivity of doped Si wafers.

For a quantitative description of the SEY, the Monte Carlo
method combined with scattering cross-section calculations
would be the primary option.[*3] However, because of the
low doping concentration of our samples in the range be-
tween 0.781% and 3.125%, the doping systems (B(N)-doped
Si wafers) constructed for the Monte Carlo simulations would
be too large to properly account for the electron scattering by
the impurities, which is computationally costly. Therefore, we
theoretically studied the physical mechanism of N substitu-
tion in Si using first-principles calculations, and then experi-
mentally investigated its effect on the structural and electrical
properties. Here, the density of states, charge distribution, and
the band structure were investigated using the density func-
tional theory (DFT) method. The band structures of N-doped
Si with three concentrations are shown in Figs. 3(a)-3(d). The
theoretical calculation of the actual size of the semiconduc-
tor band gap involves the excited state theory. Generally, the
quasi-particle GW correction of the band gap is needed. Here,
the corrected band gap of pure Si by the scissor operation is
1.12 eV. It is consistent with the actual observation value. [46]
In our work, the highly doped sample is an indirect band-gap
semiconductor. Here, the valence band maximum (VBM) lies

at the G point, whereas the conduction band minimum (CBM)
is located at the Q point, which is not at the high-symmetry
points of the first Brillouin zone. Table 1 shows that the op-
tical band gap decreases with the increasing N doping con-
centration, which is favorable for suppressing the SEY. The
band-gap results are approximately 1071 meV, 872 meV, and
611 meV for the slight, moderate, and heavy-doped concen-
trations, respectively.

To clearly see the change in band gaps for Si super-cells
with different N-related defects, the Fermi level is set to zero
in these band structures. There is an unambiguous relationship
between E,; and impurity size, and the discrepancy may be at-
tributed to the different levels of electron impurity scattering
from the phonon lattice vibrations. Therefore, this will induce
restrictions on the escape depth of internal secondary electrons
with kinetic energy less than the band-gap energy. In this sim-
plified model,*”! reducing the bandgap width will not only in-
crease the capture of electrons, but will also increase the prob-
ability of internal secondary-electron excitation. It increases
the collision probability between the secondary electrons and
the valence electrons in doped samples, in which the excitation
of the core-shell and valence electrons in an inelastic scatter-
ing event consumes the kinetic energy of the energetic moving
electron. Thus, inhibiting the SEY of doped samples is a com-
plex impact process based on a combination of several factors.
According to the test results of secondary-electron yields and
the fitting results of the escape depth, electron traps are more
likely to capture electrons due to the absence of shallow en-
ergy bands, and it should be the main factor to inhibit the SEY

in doped samples.

Table 1. Secondary-electron parameters of Si samples.

Sample Concentration (%) Om En (eV) A (1079 m) o (S/cm) E; (eV)
low concentration 0.781 2.53 148 9.91 18 1.071
N-doped medium concentration 1.562 2.14 141 6.16 779 0.872
high concentration 3.125 1.98 138 4.00 1666 0.611
B-doped medium concentration 1.562 1.965 177 4.31 1093 0.710
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Fig. 3. Bands and structures of the super-cells with different N-doped levels: (a) pure Si, (b) low concentration, (¢) medium concentration,
(d) high concentration. Atomic geometry of super-cells with different N-doped levels after geometry optimization. Purple and green spheres
indicate Si and N atoms, respectively. TDOS and PDOS of the super-cells with different N-doped levels: (e) low concentration, (f) medium

concentration, (g) high concentration.

The computed partial density of states (PDOS) and total
density of states (TDOS) are shown in Figs. 3(e)-3(g). The
whole bands shift to the lower energy side with the increase
in doping concentrations, and the impurity bands contributed
by doped atoms are under the conduction band. Thus, this
indicates a narrow band gap. Here, E; values of 0.971 eV,
0.772 eV, and 0.511 eV are in good agreement with the com-

putational results. The work function can be calculated as

follows: 148!

¢ = Evac — EF, (6)

where Eyac and Ef are the vacuum energy and Fermi energy,
respectively. Therefore, N doping will inevitably cause a de-
crease in the Fermi energy level, leading to an increase in the
work function in the escape work. The surface barrier plays a
significant role in the secondary-electron emission; thus, it re-
sponds to the suppression of the escape of secondary electrons
as the N-doping concentration increases.

As shown in Figs. 3(e)-3(g), the impurity level will be
formed in the bandgap of Si crystal when N is doped. With
the increase in the doping concentration, the peak of the impu-
rity energy level gradually increases. Meanwhile, with the in-
crease in the Si doping concentration, the degeneracy is elim-
inated and the width of the impurity peak expands. When the
impurity energy level is close to the bottom of the conduc-
tion band, the valence electrons are more easily excited and

likely to produce intrinsic scattering. Meanwhile, the elec-
trons easily develop into free electrons to move in the con-
duction band of the high N-doped concentration, as shown in
Fig. 3(g). Moreover, the electronic cascade process only ex-
cites the electrons in the valence band to the vacuum level. As
a result, electron traps are more likely to capture electrons due
to the absence of shallow energy bands below the conduction
band. This will lead to the suppression of the SEY because of
the difficulty of excitation from the impurity level. The top of
the valence band and the bottom of the conduction band play
a key role in interpretation of the suppression of the SEY.

2.6

1.1f .
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S 0.9t B
] &
~—~ w
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Fig. 4. The band energy gap E,, the maximum value of SEY 8y, and a
function of the different mean free path A of N-doped Si.
Figure 4 shows the dependency relationship among E,,
Jm and the effective escape depth A. The high N-doped Si has
arelatively low E, of 0.511 eV and the lowest A of 4 x 10°m
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which is favorable for suppressing SEY. In general, the im-
purity energy level of N-doped Si is close to the conduction
band, and it could be considered as an electron trap by the
first-principles methods. It reduces the escape depth A of the
internal secondary electrons, in which case the kinetic energy
is less than the bandgap energy due to the added electron—
electron scattering.

4. Conclusion

We have shown that the secondary-electron yield of
doped Si wafers depends critically on the doping types and
concentrations. The secondary-electron yield is slightly sup-
pressed by electron-impurity scattering, and the kinetic cas-
cade emission process is promoted by the supplement of elec-
trical conductivity. The physical mechanism of secondary-
electron emission in Si wafers will provide guidance in the
applications of high-power space RF/microwave devices.
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