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Abstract — Amorphous silicon based microchannel plates are
being developed to overcome performance limits of conventional
microchannel plates. They offer a new flexibility and ease of
fabrication. A comprehensive AMCP model is being constructed
to analyze the performances of AMCPs. It includes Monte Carlo
simulation of secondary electron emission distribution as a
function of energy and angles and finite element analysis
multiphysics software to compute electron trajectories. The paper
presents the results of Monte Carlo simulations of secondary
emission functions in silicon and the high secondary emissive
material Al2O3 . We discuss the gain and potential performance as
a function of geometry of such devices. The validity of the
Eberhardt model for the analysis of AMCPs is also addressed.

I. INTRODUCTION

Developments in nanofabrication have enabled a new
generation of microchannel plates based on amorphous silicon
(AMCPs) [1,2]. Like in a conventional microchannel plate,
incoming electrons are accelerated in the electric field of the
channels. Every time an electron hits the channel wall,
secondary electrons are created. Passing through the channel,
an electron is multiplied by a device specific factor, its gain.
There are two different theoretical approaches to describe the
multiplication process in MCPs. Historically, the first model
was assuming discrete dynodes [3,4]. It was recently further
developed into a transmission line model [5]. The transmission
line models were developed to describe MCPs under irradiation
with an electron pulse. The second approach is to follow the
trajectory of every electron with Monte Carlo modeling. Monte
Carlo models for MCPs have been developed since 1971 [6],
and are used to simulate MCPs for single photon detector
applications, to calculate the gain, deduce timing properties [7]
and the influence of different coatings on the signal to noise
ratio [8].

II. MODELING ELECTRON TRAJECTORIES

Electron multiplication in microchannel plates is driven by
two factors: the electric field and the secondary emission
coefficient. A schematic drawing of an AMCP and the
interaction at a channel wall are shown in Fig. 1. We use a finite
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element method to model the electric field of AMCPs
depending on the channel geometry. The goal of this model is
to analyze AMCP behavior for high aspect ratio AMCPs
currently being developed. More generally, it enables us to
investigate the effect of various channel geometries on AMCP
gain and timing properties. We are modeling the secondary
emission based on a Monte Carlo approach as described in [9].
At each interaction of an electron with the channel wall,
secondary electrons are emitted according to a probability that
depends on the energy and the impact angle of the incoming
electron. The number of emitted electrons, their emission
angles and energies are drawn from probability distributions.
These probability distributions strongly depend on the
incoming electron energy and its angle.
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Fig. 1. Schematic drawing of amorphous silicon based microchannel plate
and emission of electrons from an electron interacting with the channel wall,
creating an electron cloud.

Energies of secondary electrons are generally low, normally
defined as electrons with energies below 50 eV. For a standard
AMCP sample in standard operating conditions, a maximum
outgoing energy of up to 40 eV for electrons exiting the channel
was measured [10]. This means the average energy of electrons
hitting the channel wall will also be in the low energy range.
Both, measurements and calculations of the secondary yield in
this energy range are challenging and not known from
literature. Measurements are very sensitive to the surface
composition and roughness. For the simulation, we are using a
Monte Carlo model for electron scattering. Measurements and
model results are fitted for all incoming energies and angles.
The relative yield for different angles of incidence is
determined from the electron scattering model.
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Measurements of the energy distribution of the emitted
electrons let us determine the secondary emission probability
and the probability density function for the electron energy of
the outgoing electron. The angular distribution of the emitted
secondary electrons is assumed to be a cosine distribution in the
polar direction and isotropic in azimuthal direction [11].

III. BACKSCATTERED VS. EMITTED ELECTRONS

Measurements of electron emission energies and electron
yield were done at the electron emission analysis facility at
ONERA Space Lab, described here [12,13]. The emitted energy
distribution was measured on a thin layer of amorphous silicon
(a-Si:H) of 17 nm thickness, on a Si wafer. Fig. 2 shows the
energy spectra for different incoming electron energies that
were collected using the hemispherical electron energy
analyzer. The spectra have been normalized to compare the
different incoming energies of 13.5 eV, 43.5 eV, 93.5 ¢V and
193.5eV.
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Fig. 2. Normalized electron emission spectra of a-Si:H measured at 45°
incidence for incoming electron energies of 13.5 eV, 43.5 eV, 93.5 eV and
193.5 eV. The backscattering probability is higher for lower incoming electron
energies.
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Fig. 3. Backscattering probability of a-Si:H depending on the incoming
energy. As the amount of secondary electrons created tends towards O for
energies closer to 0, the backscattering probability for 0 eV has been defined as
1.

The fraction of backscattered electrons becomes smaller with
higher electron energies. For our purpose of AMCP modeling,
we separate electrons in 1) elastically backscattered electrons
and 2) primary and secondary electrons that are (re-)emitted
from the material. This distinction is made because elastically
backscattered electrons reverse their direction whereas the
emission angles for electrons emitted from the material follow
a cosine distribution [14]. As we are looking at low energies
here, the conventional definition of secondary energies being
all energies below 50 eV [15] is clearly not valid. We define the
backscattered electrons as the electrons with energies similar to
the energy of the incoming electron E;;, . The number of
backscattered electrons Ngg is then

Ein+15 eV
Nm@0=f NEYdE (1)
Ein—15 eV

where N(E) is the number of electrons per emission energy.
We define emitted electrons accordingly as all electrons with
lower energies than E;;, — 1.5 eV and their number Ngg as

Em—15eV
Mﬂm# NE)AE (2)
0

As the amount of inelastically backscattered electrons is low at
low energies, most of the emission stems from secondary
electrons. We calculated the backscattering probability
NBS (Ein)

PBS(Ein) B Ntotal (Ein). (3)
Fig. 3 shows the data points and the fit function for the
backscattering probability

Pgs(Ein) = a-ePPin 4+ c-e?Fin (4)
a, b, c and d are fit parameters, and the function was chosen to
fit the data points. The parameter values for all fits in this paper
can be found in the appendix. We added the backscattering
probability of Pgs(0 eV) = 1, as the secondary yield tends to 0
as the electron energy tends towards 0 eV [16]. At these
energies, electrons are either backscattered or absorbed into the
material. Using the fit function, the backscattering probability
can easily be determined at each impact, depending on the
incident energy.

IV. ELECTRON EMISSION YIELD

The total emission yield of the a-Si:H layer and of a 8§ nm
AlOx layer on Si has been measured with the method described
in [12]. The electron yield measurements are shown in Fig. 4.
The yield was measured for normal incidence, defined as 0°
incidence. A coating of the channel walls with the alumina layer
clearly improves the electron yield of AMCPs.

In AMCPs, electrons are accelerated in the electric field of
the channels. When they reach a channel wall, the incident
angle is significantly higher than 0° (with a maximum of almost
90°). For this reason, we used an electron scattering model in
addition to the measurements to determine the electron yield at
different incident angles. The electron scattering simulations
are similar to the model described by Mao et al [17], with
modifications to include inner-shell ionization [18,19] and
electron-phonon interaction below 100 eV [18-20]. The



calculated total electron yield of Si and Al,O3 are shown in Fig.
5 for incident angles of 0° and 80° and energies up to 500 eV.
We use the calculated total electron yield curves of silicon to
extrapolate the angular dependence of the electron emission
yield of a-Si:H. The same parametrization can be done for AlOx
using the backscattering probability of energy emission spectra
of the AlOx sample.
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Fig. 4. Experimental electron emission yield, measured at 0° incidence at the
ONERA Space Lab.
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Fig. 5. Simulated electron emission yield of Si and AlLO; at angles of
incidence of 0° and 80°.

We parameterize the electron yield curves according to [21]
and [9]. The maximum yield at 0° is §,,,4, = 1.08 at an energy
of Eax = 135.6 eV. With this, we fit the following equation:

. 1 1-e*E
8(E,, 0°) = Smax * 1—ex ' En—1 5)
r

with E, = E/E,,,,. From here, the yield at higher angles of
incidence is calculated using the formula
1 1-— e—x~(cos€)°'85~E}1

O(E, 0) = 8(Er, 09 e

(6)

1— e *E

The fits for angles of 0°, 30° and 60° are shown in Fig. 6. As

the graph shows, the model describes the calculated yields very
well.

The measured electron yield of a-Si:H was fitted to a

modified model from [21], adding a constant fit parameter a for
the backscattered yield:
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Fig. 6. Fitted electron emission yield for simulated data at 0°. The emission
yield at higher angles has been deduced from the fit at 0° with the formula given
in equation (6).
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Fig.7. Fitted electron yield curve with different angular dependencies to fit

the electron yield curves at higher angles of incidence. For the model a value of
m was chosen, from the results of the calculated yield curves. The

backscattered electrons have been removed according to equation (4).

The yield curve at higher angles was then approximated with
the factor ——— R should be deduced from
(cos@)*

measurements at higher angles of incidence. Fig.7. shows the
fits with this model for 0° incidence and also at higher incidence
angles, assuming a behavior similar to the calculated yield.
Additionally, we removed backscattered electrons according to
equation (4).

where x



Thus, we chose the following dependencies to model the
emission yield at higher angles:

_bE
052 1—-¢e 17 1

8, 6) = (a+ b En-1 .(cosﬂ

)0.6) ' (1 - PBS(E)) (8)

From the yield value, the actual number of emitted electrons

is chosen from a Poisson distribution with
(Sx
fx,8) = Fe_‘s, x=0,...,N. (9)

The expected value § is the electron yield, and we fixed the
maximum number of emitted electrons to 10.

The overall yield, even at an angle of 80° is lower than
expected from AMCP measurements that were fitted to the
Eberhardt model with a value of § = 1.7 [2]. This can be due to
the surface morphology in AMCP channels that could be
beneficial for secondary emission. As the channels are etched
using a Bosch process, the channels are not perfectly straight
and show scalloping.

V. EMISSION ENERGY DISTRIBUTION

The emission energies of the secondary and inelastically
backscattered electrons follow the distributions shown in Fig. 2
and depend on the incoming electron energy. As the emitted
electron energies lie mostly between 0 eV and 40 eV, the
emission spectrum for an incoming electron with 43.5 eV is
used for the probability distribution of emitted electrons. For a
number of secondary electrons N, the condition YN_, E,, < Ej,,
has to be met, where E,, is the energy of the emitted electrons 1
... N, and Ej, is the energy of the incoming electron. The
probability density function used for the emission energy and
the corresponding cumulative distribution function are shown
in Fig. 8.
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Fig. 8. Probability density function (PDF) and cumulative distribution
function (CDF) for the emission energy of a secondary electron. The PDF is
drawn from the emission spectrum at 43.5 eV incidence as this corresponds to
the energy of electrons in the channel.

VI. ELECTRON TRAJECTORIES

We calculated electron trajectories in a 2D COMSOL model
for one microchannel. Using the angular distribution, we show

the angular and energy spread of electrons emitted from one
point in the channel, shown in Fig. 9. The geometry of the
microchannel corresponds to an AMCP sample with a channel
diameter of 6.6 um. The emission point is located at (0,0) and
the channel entrance placed 5 um above. The total channel
length is 89.9 um. The results shown here are calculated for an
electric field of 5.5%10° V/m. The emission angle was randomly
chosen from a cosine distribution. In Fig. 9. we used the energy
emission spectrum shown in Fig. 8. To evaluate the impact
angle distribution, we chose two energy values from the energy
emission spectrum.
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Fig. 9. Electron trajectories of 1000 electrons in a 2D microchannel,
simulated with the finite element software COMSOL. The electron energies are
random values from the emission spectrum of Fig. 8 and their emission angles
are random values from a cosine distribution. The color chart shows the electron

energy in eV.
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Fig. 10. Electron impact point and angular spread for depending on the emission
energy of electrons of 5 eV and 20 eV.

Fig. 10 shows the distribution of the impact angle for the two
emission energies, 5 eV and 20 eV and the position relative to
the emission point. The impact positions and angles are widely
spread for both energies. Fig. 11 shows a 2D simulation for
emitted electrons with energies between 1 eV and 50 eV,
emitted normal to the surface. The average impact energy is
higher for a lower emission energy and vice versa. In general,



for a wide range of emission energies between 7 eV and 50 eV,
the impact energy is around 50 eV and the distance traveled
under 10 pm. This shows that there is an average of impact
energies and distance travelled in the channel, which is the basic
assumption of the Eberhardt model. However, the trajectories

Appendix
TABLE 1. FIT PARAMETERS

Backscattering probability equation (4): Pgg(E;,) = a - e?Bin + ¢ - e@Ein

. . . . Parameter Value
in a 2D channel, merely represent a maximum for trajectories . 09338
in the 3D channel. In the 3D case, the azimuthal emission is b -0.05092 [1/eV]
random and for a fixed energy and polar angle, so the impact c 0.07154
location can take all values up to the maximum shown in Fig. d 0.001085 [1/eV]
11.
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Fig. 11. 2D simulation of electrons emitted normal to the surface in a
microchannel with emission energies from 0-50 eV. At very low energies the
electrons travel up to several tens of pum and arrive with a high impact energy.
Higher energy electrons above 5 eV arrive with an energy similar to their
emission energy and travel under 20 um.

As a next step, the secondary yield and the energy emission
distributions will be implemented in a 3D model to predict gain
and timing of AMCPs for different geometries.

VIL

Electron trajectories in AMCPs can be modeled using
emission statistics from measured and calculated data. The
results shown here set the basis to gain a complete
understanding of the benefits and the limits of this modeling
approach. Additionally, the electron yield at low energies below
50 eV has to be measured at different angles of incidence for a
comprehensive model, as this plays an important role in
determining the gain of a microchannel. Simulations at low
energies show the angular dependence of the electron yield,
although the absolute yield value is underestimated. As gain
values of AMCPs up to 100 have been measured [1,10], we
expect the average emission yield of low energy electrons
inside the channel to be higher than 1. Implementing these
results in a 3D model of a microchannel will let us compare the
approach presented here with measurements and the gain model
of Eberhardt. Furthermore, we will be able to calculate the
AMCP gain and timing properties, e.g. the transit time and the
timing jitter, for various channel geometries.
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