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Abstract

Emission of electrons in diamond experiments based on
the promising diamond-amplifier concept [1] was recently
demonstrated [2]. Transmission mode experiments have
shown the potential to realize over two orders of magni-
tude charge amplification. However, the recent emission
experiments indicate that surface effects should be under-
stood in detail to build cathodes with optimal properties.
We have made progress in understanding secondary elec-
tron generation and charge transport in diamond with mod-
els we implemented in the VORPAL particle-in-cell com-
putational framework. We introduce models that we have
been implementing for surface effects (band bending and
electron affinity), charge trapping, and electron emission
from diamond. Then, we present results from 3D VOR-
PAL diamond-vacuum simulations with the integrated ca-
pabilities on generating electrons and holes, initiated by en-
ergetic primary electrons, charge transport, and then emis-
sion of electrons from diamond into vacuum. Finally, we
discuss simulation results on the dependence of the elec-
tron emission on diamond surface properties.

INTRODUCTION

High-average current and high-brightness electron
beams are needed in advanced applications such as ultra-
high Free-Electron Lasers, electron cooling of hadron ac-
celerators, and Energy-Recovery Linac light sources. To
address the high requirements in these applications, a
new design for a photoinjector with a diamond amplifier
was proposed [1] and is currently being actively investi-
gated [2, 3].

The new photoinjector concept has important advan-
tages [1] (such as the ability to generate high-average cur-
rent, high-brightness electron beams while providing a very
long life time) compared to existing metallic and semi-
conductor photocathodes. The idea of its operation is to
first generate a primary beam of electrons (accelerated to
about 10 keV) using a conventional photocathode and in-
ject them into diamond. The energetic primary electrons
scatter inelastically in diamond, generating secondary elec-
trons. These electrons, and their related holes, relax their
energies initially by producing more electron-hole pairs.

*The authors wish to acknowledge the support of the U.S. Depart-
ment of Energy (DOE) under grants DE-SC0004431 (Tech-X Corp.),
DE-AC02-98CH10886 (BNL), and DE-SC0005713 (Stony Brook Uni-
versity).
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When the energy of these free charge carriers reaches close
to the energy gap of diamond, further relaxation of their
energy is dominated by scattering with phonons.

In applied electric field, the generated electron and hole
clouds drift in opposite directions and are separated. The
secondary electrons are transported towards a diamond sur-
face with a negative electron affinity (NEA) used to im-
prove emission. Over two orders of magnitude charge am-
plification (number of generated secondary electrons emit-
ted relative to the number of primary electrons used as in-
put) was already demonstrated [2, 4] experimentally.

Investigation of the phenomena involved in using dia-
mond for generation of amplified electron beams via simu-
lations requires modeling of secondary electron generation,
charge transport, and electron emission. Here, we con-
sider emission of electrons from diamond with both neg-
ative and positive electron affinity (PEA). Moreover, we
implemented a model for band bending near the diamond
emission surface and show that this effect leads to impor-
tant changes in the electron energy distribution near the
emission surface.

SIMULATIONS

First, the simulations involve modeling generation of
(secondary) electrons in the conduction band and holes in
the valence band. These processes are initiated by inelastic
scattering with highly energetic primary electrons injected
into the diamond surface opposite to the emission one.
The free electrons and holes relax their energies via inelas-
tic scattering (creating more charge carriers and/or emis-
sion/absorption of phonons). The electrons drift (in applied
field) towards the NEA surface. We have described in detail
the models we implemented for secondary electron genera-
tion and charge transport in a previous study [5]. The final
phase consists of modeling the effects near the diamond
emission surface — propagation through the band bending
region, reflection at the surface, and emission of electrons
into vacuum. We implemented a simple emission model
based on a stair-step surface potential: V' (z, y, z) = 0, for
x < 0and V(z,y, z) = x(y, z) for z > 0. The emis-
sion surface is at 2 = 0 and x(y, 2) is the electron affinity
measured relative to the bottom of the conduction band at
the surface. This is a starting choice to include the elec-
tron affinity in the emission since the resulting quantum
mechanical problem can be solved analytically leading to
expressions that are straightforward to evaluate. The prob-
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ability for emission, P,, for this model is given by

P=4 /1ECO>§2(O(>/<1+ 1E(:()>§2(a)>2,

where F is the kinetic energy of a conduction band electron
(also measured with respect to the same level as x) and «
is the angle between the momentum of the electron and the
normal to the diamond surface. This model allows studying
both NEA and PEA effects. For NEA, P, approaches unity
quickly when F increases above zero and « decreases be-
low 7 /2. For PEA (e.g. of x = 0.5 eV), there is a region of
energies and angles for which electrons are only reflected.
The angle of refraction of the emitted electron is sin 5 =

VE/(E — x)sina with § is also measured with respect

to the normal to the surface. The amplitude of the emitted
electron’s momentum is given by \/2m. (E — x).

We consider the band-bending region by introducing an
additional field in the simulation confined within a region
of the emission surface. The depth of this band bending
region has been estimated from experiments [6] (and refer-
ences therein) to be of the order of 0.1 gm with the magni-
tude of the band bending approximately equal to 0.36 eV.

RESULTS

We present results from VORPAL simulations on the ef-
fects of band bending and electron affinity on the energy
distribution of electrons near the emission surface of dia-
mond. The simulation domain has lengths of 0.63 x 3.67 x
3.67 pm (with cell lengths of 0.0124 x 0.1183 x 0.1183
pm, 51 x 31 x 31 total number of cells) along the z, ¥,
and z axes, respectively. This domain consists of diamond
with length (along x) of 0.6 pm followed by a vacuum re-
gion of 0.03 pm. Following the approach in the diamond
emission mode experiments [2], we set up the simulations
to maintain a given potential difference along the (z) length
of the simulation domain using the feedback algorithm in
VORPAL. We selected a potential difference such that the
applied field in vacuum is 5 MV/m and in diamond is 0.88
MV/m (the dielectric constant of diamond is approximately
5.7).

The simulations proceed in 3 phases. First, we run for
6000 time steps to establish the desired potential difference
across the diamond-vacuum simulation domain. We model
diamond as a scalar dielectric using VORPAL’s multi-field
dielectric updater. In the second phase, we introduce a few
(3 to 5) 2.7 keV primary electrons from the left boundary
of the simulation domain (at x,,;,) that start to produce
secondary electrons and holes. This phase continues for
about 1 ps leading to around 700 to 1000 total electrons.
We use a time step of 8.3 x 1077 s to resolve the impact
ionization scattering rate in this phase.

Visualization of VORPAL particle data allows us to
monitor the electron-hole generation processes (shown in
the top two plots in Fig. 1 from a test simulation with pri-
mary electrons (yellow balls) entering into diamond from
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the left side of the simulation box and initiating the cre-
ation of secondary electrons (blue) and holes (red)).

After secondary electron generation completes, we
dump the simulation state and restore to execute the third,
charge-transport, phase. This phase is dominated by
electron-phonon and hole-phonon scattering. The first and
third stages are run with a time step of 3.7 x 10~!7 s. Dur-
ing the third phase, electrons drift (shown in the bottom
left plot in Fig. 1) towards the vacuum region under the ap-
plied field while holes move to the opposite diamond sur-
face and are extracted from the simulation when they cross
it. When the electrons reach the emission surface of dia-
mond, they are reflected or emitted into vacuum (a snapshot
from the emission phase is shown in the bottom right plot in
Fig. 1 with the electrons in vacuum colored in orange). We
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Figure 1: Visualization of electrons and holes at given
times of a VORPAL simulation demonstrate primary elec-
tron injection, charge generation, and transport in diamond
followed by electron emission in vacuum.

considered how electron affinity and band bending affect
electrons near the diamond emission surface by measuring
electron energy spread at different surfaces (with constant
x values).

In Fig. 2, we plot energy histograms for one surface in
diamond that is approximately one cell before the emis-
sion surface (left column of plots) and for the energies with
which the electrons are emitted in vacuum (right column of
plots).

Without band bending and with NEA of y = —0.1 eV
(top two plots), the electrons reach the diamond emission
surface (top left plot) with average kinetic energy (E}) of
0.12 eV that is essentially equal to their (E}) in bulk dia-
mond (0.11 eV in these simulations). When emitted, their
(E}y) is 0.23 eV (top right plot). This increase is consis-
tent with the y = —0.1 eV NEA used. The two middle
plots are from a simulation with the same parameters and
in addition the band bending is turned on. The (Fj) at
the last cell before emission has now increased to 0.27 eV.
Note that the max increase could be 0.36 eV but electrons
also emit optical phonons while moving in the band bend-
ing region. After emission, their (E}) increases to 0.41 eV
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which is somewhat higher than the magnitude of the NEA
but within one standard deviation of it. Wang et al. [4] re-
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Figure 2: Energy distribution of electrons at two surfaces
(see text) from three different simulation cases: (i) NEA of
x = —0.1 eV and no band bending (top row), (ii) same
NEA and with band bending (middle row), and (iii) for
PEA of xy = 0.5 eV and band bending (bottom row).

cently developed a model that provides an explanation for
the time evolution of the emission gain and of the electric
field in diamond. The standard deviation for the energy dis-
tribution of electrons in diamond close to the emission sur-
face was considered a fitting parameter in their model. A
value of 0.12 4+ 0.01 eV was obtained when the model was
fitted to experimental data. This value is consistent with the
standard deviation from our simulations (shown in the left
middle plot) and is likely due to the band bending since the
standard deviation in the simulations without band bending
(top left plot) is approximately twice smaller.

Finally, we plot results from a simulation with band
bending and PEA of x = 0.5 eV (bottom row of plots).
Note that there are many more electrons in the energy his-
togram that is one cell before the emission surface in di-
amond (bottom left). This is due to the high number of
electrons that are frequently reflected at the emission sur-
face. These electrons cross the VORPAL history surface
diagnostic multiple times and are recorded every time they
cross. Since they do not have sufficient energy to be emit-
ted, they are trapped near the surface. Only a small number
of electrons are emitted (bottom right plot) and their (E})
is now decreased to 0.077 eV. These results are consistent
with the electron affinity and band bending values used.
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SUMMARY

We reported here initial results from VORPAL simula-
tions on electron emission from diamond. The simula-
tions are based on algorithms we recently prototyped to
model electron emission, band bending, negative and pos-
itive electron affinity. The results from these simulations
confirm that it is of importance to include all of these ef-
fects when investigating electron emission from diamond.

Note, however, that the emission model we investigated
is based on a simple stair-step potential does not take into
account the effects of applied field and image charge. We
are considering how to add such capabilities based on the
Airy function approach for the calculation of the transmis-
sion probability [7] in a future development. Moreover, we
are also investigating the addition of a thin triangular bar-
rier to the potential to describe the dipole layer at the sur-
face. Such a barrier was previously proposed by Orlov et
al. [8] for emission from GaAs. They estimated the width
of the activation (Cs,0) layer to be 0.7 nm with the height
of the triangular barrier equal to the electron affinity of a
clean GaAs surface.

In a future study, we will add modeling of surface rough-
ness effects and how well results from simulations with
the implemented models compare to available experimen-
tal data.
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