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Abstract

Secondary-electron-emission processes under electron bombardment play an important role in the performance of a
variety of electron devices. While in some devices, the anode and the grid require materials that suppress the secondary-elec-
tron-generation process, the crossed-field amplifier (CFA) is an example where the cathode requires an efficient secondary-
electron-emission material. Secondary-electron-emission processes will be discussed by a three-step process: penetration of
the primary electrons, transmission of the secondary electrons through the material, and final escape of the secondary
electrons over the vacuum barrier. The transmission of the secondary electrons is one of the critical factors in determining
the magnitude of the secondary-electron yield. The wide band-gap in an insulator prevents low-energy secondary electrons
from losing energy through electron—electron collisions, thereby resulting in a large escape depth for the secondary electrons
and a large secondary-electron yield. In general, insulating materials have high secondary-electron yields, but a provision to
supply some level of electrical conductivity is necessary in order to replenish the electrons lost in the secondary-electron-
emission process. Our secondary-emission study of diamond demonstrates that the vacuum barrier height can have a strong
effect on the total yield. The combined effect of a large escape depth of the secondary electrons and a low vacuum-barrier
height is responsible for the extraordinarily high secondary-electron yields observed on hydrogen-terminated diamond
samples.

1. Introduction

Secondary-electron-emission processes under
electron bombardment play an essential role in vac-
uum electronic devices. The materials used in the
devices may need to be judiciously selected in some
cases to enhance the secondary-electron emission
and in other cases to suppress the emission. In
microwave and millimeter wave power tubes, low
secondary-electron-emission materials are desirable
for depressed collectors in order to ensure a high
efficiency in the energy conversion. Low-emission
materials are also sought for coating the grids and
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the tube walls to prevent RF vacuum breakdown. On
the other hand, high secondary-electron-emission
materials are desirable for grids in electron multipli-
ers and for cathodes in crossed-field devices, which
is the area of our interest.

Crossed-field devices, e.g., magnetrons and
crossed-field amplifiers (CFA), have established a
long history of applications in radar systems. Their
advantages include high efficiency, low cost, low
voltage, and compactness. Consequently, they also
find wide applications in microwave cooking, indus-
trial processing, and radiation therapy equipment [1].
More recent applications are found in the generation
of plasma for precision etching and in highly-effi-
cient electric lighting. Exotic applications [1] are
being explored for the generation of gigawatt-power

0169-4332 /97 /$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.

Pl S0169-4332(96)00729-5



252 A. Shih et al. / Applied Surface Science 111 (1997) 251-258

microwaves using a magnetically-insulated-line-
oscillator (MILO) concept, and for beaming power
(wireless power transmission) using an electroni-
cally-steerable-phased-array-module (ESPAM) con-
cept. A good knowledge of secondary-electron-emis-
sion processes are crucial to the design of these
devices. In some applications, e.g., AEGIS CFA’s,
only limited materials are available which have suffi-
ciently high secondary-electron yields to satisfy the
device’s needs.

One of the major current challenges to crossed-
field devices (CFD’s) is noise reduction. The re-
quirement on the signal-to-noise ratio becomes more
stringent in radar applications, which demand high
resolution and fast response for small and close-to-
gether targets in a cluttered environment. In mi-
crowave-oven applications, a potential interference
with the neighboring band allocated to the new
‘wireless’ services calls for a reduction in the side-
band noise of the magnetrons. At present, CFDs are
much noisier than coupled-cavity traveling-wave
tubes, although in principle they should have compa-
rable noise characteristics [2,3]. Both experimental
and theoretical efforts are pursuing noise reduction
in CFDs with vigor. A thorough understanding of the
secondary-electron-emission processes is essential to
the success of these efforts. The secondary-electron-
emission characteristics of the cathodes are found to
have a major effect on the signal-to-noise ratio [4,5].
In particular, numerical simulations and experimental
results have demonstrated that a very high electron
emission (primary or secondary) would cause the
transition of the CFD to a low noise state [5].

Secondary-electron-emission is a complex pro-
cess, and theoretical treatments are numerous. Earlier
treatmentis have been reviewed by Dekker [6] and by
Hachenberg and Brauer [7]. More rtecent theoretical
developments are summarized by Devooght et al. [8].
While the earlier models produced an overall agree-
ment with experimental observations as good as the
more elaborate later models, the main problem was
the lack of justification for the simplifying assump-
tions [8]. These theories were able to predict most of
the important characteristics of the secondary-elec-
tron emission, such as the secondary-electron yield
as a function of primary-electron energy and the
energy distribution of the secondary electrons. All of
the theories predict well only the functional depen-

dence (but not the magnitude) of the emission, ex-
cept in the simple case of Al, which is close to the
assumed free-electron picture [9]. We will discuss
the secondary-electron-emission process in a mostly
qualitative manner, as done by Jenkin and Trodden
[10], and will support the discussion with our obser-
vations. The discussion of the secondary-emission
process is organized according to the distinct steps
used in all of the theories. The final step, which
involves the overcome of the vacuum barrier, was
considered to play only a minor role in the sec-
ondary-electron-emission process. However, the sec-
ondary-electron-emission behavior observed on dia-
mond demonstrates the important role of the vacuum
barrier.

2. Primary electron penetration and internal sec-
ondary electron generation

The theories treat secondary-electron emission as
occurring in three distinct steps: (1) production of
internal secondary electrons by kinetic impact of the
primary electrons, (2) transport of the internal sec-
ondary electrons through the sample bulk toward the
surface, and (3) escape of the electrons through the
solid-vacuum interface.

The primary electrons are assumed to travel in a
straight-ahead path, slowing down through collisions
with electrons and ions and transferring kinetic en-
ergy to internally generated secondary electrons.
Most of the theories treat the energy loss according
to the ‘power law’,

dE A

dx E" ()
where E is the energy of a primary electron at a
depth x, and A is an arbitrary constant. N(x), the
number of the secondary electrons produced in the
layer d x, is assumed to be equal to the energy loss in
the layer dE divided by the average excitation en-
ergy B. Thus,

NCOd dE
. = —— 2
(x)dr=~— )
A straight forward derivation [10] leads to
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and
n+1
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where R is the maximum penetration depth and E,
is the initial energy of the primary electrons.

The best fit for the value of n was found to be
0.35, as determined by electron transmission mea-
surements in Al,O; [11] as well as by fitting the
‘reduced yield curves’ [6] taken from many materi-
als. A quantum mechanical calculation [7] derived an
approximate value of n = 0.39, which is fairly close
to 0.35. The value obtained for n is valid over the
energy range between 300 eV and 3 keV for the
theory and 300 eV and 7 keV for the experiments.

Eq. (3) reveals the increasing importance of sec-
ondary-electron production near the end of the pri-
mary-electron path and Eq. (4) points out that the
penetration depth of the primary electrons increases
with increasing energy. The former fact is clearly
shown in Fig. !, which can be understood on a
physical level by considering a simple description of
the primary electrons moving through the solid. At
high primary energies, the high-velocity electrons
have a relatively short time to interact with the
lattice electrons, and the internal yield per unit length
is low. As the primary electrons lose energy, the
interaction time increases and so does the yield. The
combined effect is that as the primary-electron en-
ergy increases, the internal secondary electrons origi-
nate deeper beneath the surface.

The transport of secondary electrons through the
material is modeled by either a single-scattering

N(x)
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Fig. 1. The production rate of internal secondary electrons as a
function of distance along the primary-electron path.
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Fig. 2. Changes in the secondary-electron yield with incident
angle 6. Normal incidence is at 8 = 0°. The data were taken on a
clean molybdenum sample.

process or by a diffusion process which involves a
large number of scattering events. Some later models
explicitly take into account the electron-cascade pro-
cess, which is the electron multiplication that occurs
during the slowing-down of the internal secondary
electrons. In all of the models, the escape of the
internal secondary electrons is described by an expo-
nential decay law with a characteristic escape depth
X..

Based on the penetration-depth (R) and escape-
depth ( X,) concepts, the shape of the secondary-elec-
tron yield curve as a function of the primary energy
is easily explained [10]. At very low primary ener-
gies for which R << X, the internal secondary elec-
trons escape efficiently, and due to the small primary
energy only a few secondary electrons are created.
Since the number of internal secondary electrons
generated increases with primary energy, the ob-
served yield also rises with primary energy. At very
high primary energies for which R > X, the expo-
nential nature of the escape process causes the de-
crease in the number of internal secondary electrons
that escape to be more rapid than the increase in
generation of internal secondary electrons. Conse-
quently, the observed yield decreases with primary
energy. The yield has a maximum value at a primary
energy for which R = X_. The resulting energy de-
pendent yield curve is bell shaped, as commonly
observed on most materials. An example is shown in
Fig. 2 of yield curves taken on a molybdenum
sample.
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A similar qualitative discussion can be made about
the variation in yield with incident angle. If the
primary beam is incident at an angle 6 to the
surface, the maximum penetration depth is reduced
by a factor cos@ relative to that at normal incidence
(8 =0), assuming a straight-ahead path for the pri-
mary beam. Consequently, the yields are larger at
more oblique angles, and the enhancement in yield is
more apparent at the higher primary energies for
which R > X_. The family of yield curves shown in
Fig. 2 were taken at various # on a clean molybde-
num sample [12]. E,,.. the energy at which the
maximum yield occurs, increases with 6: E_ . =
490, 520, 550, 580, and 660 eV for # =0, 22.5. 40,
50, and 60°, respectively. Since E ,, occurs at an
energy for which R cos@ = X, a larger 6 results in a
larger R. Since the penetration depth R and the
primary energy E are related by Eq. (4), a larger 6
results in a larger £, as well.

X

3. Transport of internal secondary electrons

In general, a primary electron with a reasonably
high energy generates many internal secondary elec-
trons. However, high secondary-electron yields are
not always observed because most of the internal
secondary electrons lose enough energy through col-
lisions with electrons and ions to fall below the
vacuum level. The energy-loss mechanisms for inter-
nal secondary electrons differ in metals and insula-
tors. In metals, the secondary electrons lose energy
by interacting with conduction electrons, lattice vi-
brations, and defects. The kinetic energy of a sec-
ondary electron must be at least Er + ¢ when it
reaches the surface in order to escape. Er and ¢ are
the Fermi energy and the work function of the metal,
respectively, and the minimum escape energy Ep + ¢
is typically about 10 eV. This large minimum escape
energy and the high collision probability due to the
large number of conduction electrons result in the
small secondary-electron yields found with metals.
The maximum yield 6,,, for a metal is on the order
of unity, and it varies between 0.5 (for Li) and 1.8
(for Pt) [6).

In insulators, the minimum kinetic energy for a
secondary electron to escape is the electron affinity
X, the difference between the vacuum level and the

conduction-band minimum. The electron affinity is
typically on the order of an electron volt for insula-
tors. Since there are few conduction electrons in
insulators, the secondary electrons lose energy
through the excitation of valence electrons into the
conduction band. The wide band gap prevents sec-
ondary electrons with kinetic energy less than E,,
from participating in such electron—electron colli-
sions. For these electrons, electron—phonon and elec-
tron—impurity collisions are mainly responsible for
the energy loss. Because of the absence of electron-
electron scattering, the secondary electron loses much
less energy as it moves through material and the
escape depth becomes large. Therefore, in general,
the yields are high in insulators [6]. For example,
Omax 18 0.8 for NaCl and 25 for single-crystal MgO
[6).

When the secondary-electron-yield coefficient ex-
ceeds one, the number of emitted secondary elec-
trons exceeds the number of arriving primary elec-
trons. Consequently, there is a net electron flow from
the emitting sample into vacuum, and some level of
electrical conductivity is necessary in the sample in
order to replenish the lost electrons. Otherwise, sam-
ple charging will decrease the secondary emission
yield to I. Different approaches have been used in
practice to provide electrical conductivity. In oxi-
dized beryllium, only a top 10-20 A thick layer is
composed of BeO, beneath which metallic Be sup-
plies the electrical conductivity. MgO /Au cermet is
composed of a mixture of Mg and Au micro-crystal-
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Fig. 3. Effect of electrical conductivity on the secondary-electron
yield from diamond.
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lites of about 50 A diameter, with the Au particles
providing the conducting path [13]. In diamond,
appropriate dopants are used to provide the neces-
sary electrical conductivity. Fig. 3 compares the
secondary-electron-yield curves from N-doped and
B-doped diamond samples. N is a deep donor in
diamond, and at room temperature N-doped diamond
samples are insulators. Fig. 3 shows that the sec-
ondary-electron yields from the N-doped diamond
are very low. In contrast, B is a shallow acceptor in
diamond, and therefore B-doped diamond samples
are conductive. The three B-doped samples studied
here have electrical resistivities between 50 Q c¢m
and 170 k) cm, and all three as-received samples
showed comparably high yields. The yield curve
taken from one of the samples is shown in Fig. 3.

4. Escape of secondary electrons over the vacuum
barrier

Most of the theories do not explicitly treat the
escape process at the solid-vacuum interface. A phe-
nomenological approach by Bouchard and Carette
[14] found that the potential barrier at a solid-vacuum
interface controls the final shape of the secondary-
electron energy distribution. This model and other
theories do not regard the vacuum-barrier height as
having a strong impact on the magnitude of the
yield. For example, Jenkins and Trodden [10] argued
that “‘most of the secondary electrons have energies
greater than 10 eV. For this reason, we should expect
that changes of the order of a volt in the work
function of the surface would have only a small
effect on the secondary emission coefficient”’. Fur-
thermore, they provided experimental evidence of Na
adsorption on W, which reduced the work function
by nearly 3 eV but increased the yield by only 60%.
However, the results of secondary-electron emission
studies on diamond disagree with the conventional
wisdom. We will show below that hydrogen-termina-
tion of diamond lowers the vacuum level by 1.45 eV
but enhances the secondary-electron yield by more
than an order of magnitude.

Recent investigations have found very high sec-
ondary-electron yields from hydrogen-terminated di-
amond samples [15-18]. Malta et al. [18] found a
yield as high as 86 from a (100) diamond surface.

Our study reveals that two of the key reasons for the
extremely high secondary-electron yields from H-
terminated diamond surfaces are: (1) the presence of
a wide-band gap in diamond (5.47 eV) which allows
low-energy secondary electrons to have large escape
depths, and (2) a very low or even negative electron
affinity at the surface which permits a large concen-
tration of secondary electrons residing near the bot-
tom of the conduction band to escape. These premises
are supported by the analysis of the secondary-elec-
tron-yield data and the secondary-electron-energy-
distribution spectra taken on diamond samples as
presented below.

All of the diamond samples were grown by chem-
ical vapor deposition (CVD) on Si substrates and
then lifted off in a free-standing form. All samples
were acid cleaned to remove surface impurities such
as Si and non-diamond carbon. Most of the diamond
samples that we studied were subjected to a 30-min
hydrogenation process at 20 Torr hydrogen pressure,
600 W microwave power, and 800°C sample temper-
ature. Hydrogenated diamond samples are H-
terminated {19].

Fig. 4 shows an energy distribution curve (EDC)
of the secondary electrons emitted from a H-
terminated diamond sample. The measurement tech-
nique has been discussed in an earlier paper [20]).
The energy of the secondary electrons is measured
relative to the Fermi level Ep of the sample. The
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Fig. 4. Secondary-electron EDC of an as-received hydrogenated,
B-doped, diamond sample. The data was taken at a primary
electron energy of 1000 eV. The sharp peak is larger in spectra
taken from samples with a saturated hydrogen coverage or in
spectra taken with higher primary electron energies.
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diamond sample used in the illustration is a B-doped
sample, which has a Fermi level above but near the
valence band maximum E,. The conduction band
minimum E_ is an energy E,  above E,, where
E,,,. the band gap energy, is 5.47 eV for diamond.
The position of E, in Fig. 4 was determined by a
method described previously by Shih et al. [21].

Photoemission EDCs from diamond have been
shown to contain a high concentration of ‘‘quasi
thermalized secondaries in the lowest conduction
band” [22]. This high concentration of low-energy
electrons is also present in the electron-stimulated
secondary-electron distribution from diamond. They
are called quasi-thermalized electrons because the
energy width, although narrow (FWHM > 0.5 eV),
is much larger than that expected for fully thermal-
ized electrons (0.025 eV). These electrons are piled
up just above E_ as showed in Fig. 4. They represent
a large fraction of the total emitted secondary elec-
trons, and in some cases over 90% of the emitted
electrons are contained in the sharp peak. When the
vacuum level falls near or below E_, these electrons
can escape, resulting in a high secondary-electron
yield. The vacuum level is ordinarily at the energy
where the emission onset occurs, except in the case
of a negative electron affinity (NEA) when the vac-
uum level can be below the emission onset energy.
Fig. 4 shows that the emission onset occurs below E_
for the H-terminated diamond sample. This observa-
tion indicates the presence of a NEA on at least part
of the surface.

H-termination of diamond is essential for the low
electron affinity and is consequently crucial to the
high secondary-electron yield. In Fig. 5, the sec-
ondary-electron EDC from a H-terminated diamond
sample is compared with that from the same sample
after heating at 1000°C for 15 min. The heating is
sufficient to desorb a large fraction of the surface
hydrogen. Accompanying the hydrogen desorption,
the vacuum-barrier height increases by about 1.45
eV and is too high for the guasi-thermalized elec-
trons to escape, resulting in a disappearance of the
sharp peak in the EDC. Simultaneously, the sec-
ondary-electron yield drops precipitously. Fig. 6
shows the secondary-electron yield curves taken on
the same sample before and after heating.

The other important factor for the large yield is
the large escape depth of the low-energy secondary
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Fig. 5. Change in the secondary-electron EDC of a H-terminated,
B-doped, diamond sample after a 1000°C heating. Curve A is the
EDC taken from the H-terminated sample, and curve B is the
EDC taken from the sample after the heating. The 1.45 eV rise in
the vacuum level due to the heating prevents the high-concentra-
tion of low-energy secondary electrons from being emitted.

electrons because of the absence of electron—electron
scattering. The ‘turn-off’ of electron—electron scat-
tering 1s demonstrated in Fig. 4. In the enlarged part
of the EDC, an abrupt change in the emission inten-
sity occurs at the energy E. + E,, . Below E. + E,,,
only electron—phonon and electron—impurity scatter-
ings can occur, resulting in a large escape depth and
relatively high emission intensities. Above E. + E,, .,
electron—electron scattering occurs which results in a
small escape depth and a drop in the emission inten-

sity.
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Fig. 6. A large reduction in the secondary-electron yield from
diamond occurs with hydrogen desorption.
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The quasi-thermalized electrons constitute a dom-
inant portion of the secondary electrons emitted from
H-terminated diamond samples. The low kinetic en-
ergy of these electrons may be responsible for the
unusuaily large escape depth which is revealed by
the unusually high E_,,. Earlier we discussed that
the maximum secondary-electron yield occurs at an
energy for which R = X,. A large X, means a large
R, which in turn means a high £ ... E . occurs at
about several hundred eV for most metals and at
about 1000-2000 eV for most wide-band-gap mate-
rials [7]. For H-terminated diamond, the yield contin-
ues to rise over the 0 to 3000 eV energy range used
in the measurements (see Fig. 6).

B impurities are introduced in the CVD diamond
samples to provide the required electrical conductiv-
ity. Since electron—-phonon and electron—impurity
scatterings are the main energy-loss mechanisms for
the low-energy secondary electrons, an excessively
high impurity concentration may reduce the escape
depth and the yield. Fig. 7 compares the yield curves
taken on diamond samples with different B-doping
levels. The higher yield curves are typical for low or
moderately B-doped diamond samples which have a
resistivity between 50—170 k{} c¢m and are transpar-
ent. The lower yield curve is taken from the highly
B-doped sample which appears black and opaque
and has a resistivity between 50-170  cm. We
have not studied any sample with a resistivity be-
tween 170 ) cm and 50 k) cm,
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Fig. 7. Effect of the B impurity level on the secondary-electron
yield from diamond.

5. Summary

Secondary-electron-emission processes have been
discussed using a three-step process: (1) generation
of internal secondary electrons during the slow-down
of primary electrons, (2) transport of the internal
secondary electrons through the material, and (3) the
final escape of the electrons over the vacuum barrier.
A consideration of the penetration depth of the pri-
mary electrons and its relation to the escape depth of
the internal secondary electrons explains the depen-
dence of the secondary-electron yield on the energy
and the incident angle of the primary electrons. An
examination of the scattering events experienced by
the internal secondary electrons explains the differ-
ence in yield found for a metal and an insulator. The
presence of a wide band gap allows a large escape
depth for the low-energy secondary electrons, but it
also depletes the number of conduction electrons
available to sustain the emission process. Examples
of measures employed to supply electrical conductiv-
ity were given.

Diamond provides an opportunity to explore a
possible novel secondary-electron-emission process;
the novel characteristics are manifested by the dis-
tinctive sharp feature in the secondary-electron EDC
and by the exceedingly high yields. The final step,
which involves the overcome of the vacuum barrier,
was previously considered to play only a minor role
in the secondary-emission process. However, a high
concentration of quasi-thermalized secondary elec-
trons is present above the conduction-band minimum
of diamond. Hydrogen-termination on diamond sur-
faces lowers the vacuum barrier height to near or
below the conduction-band minimum which releases
a flood of low-energy secondary electrons and boosts
the total yield tremendously. The low electron affin-
ity at the surface and the large escape depth of the
secondary electrons are responsible for the extraordi-
narily high secondary-electron yields from H-
terminated diamond samples.

The potentially rapid degradation in the yield
from H-terminated diamond due to electron and ion
impingement prevents the wide application of dia-
mond in actual devices [16]. However, the knowl-
edge gained from the secondary emission study of
diamond points to the possibility of using other high
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secondary-yield materials, namely wide band-gap
materials with low electron affinities.
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