Spacecraft Charging Technology Conference 2014 - Poster 144

Defects Density of States Model of
Cathodoluminescent Intensity and Spectra of Disordered SiO2
USU Materials Physics Group

Amberly Evans Jensen and JR Dennison
Utah State University, Logan, UT 84332-4414
Phone: (435) 363-4704, E-mail: amb.eva@aggiemail.usu.edu

Introduction

Abstract

Experimentation

The space environment includes a dynamic mix of particle species,
charged and neutral plasmas, electric and magnetic fields, radiation,
and physical debris. Spacecraft interaction with the space plasma
environment can include a myriad of problems, but the focus here is
unwanted electron-induced luminescence. Such cathodoluminescence
can produce a stray light background in space-based astronomical
observatories. The open structure of some observatories exposes large
areas of optical elements and surrounding support structures to
electron fluxes and also permits stray light to enter the optical path of
the telescope. The magnitude of cathodoluminescence will be
significantly affected by the environmental conditions, in particular the
energy spectrum of impacting electrons and temperature. Groundbased experimental tests of disordered SiO2 optical coatings were
conducted to determine the extent and nature of cathodoluminescence
under simulated space conditions. The cathodoluminescence intensity
depended on current density and electron energy, sample thickness,
and material temperature as predicted by a physics-based model.

Electron beam measurements have shown that disordered SiO2 exhibits
luminescent behavior, which varies with incident beam energy (Eb) and
current density (Jb), sample temperature (T) and wavelength (λ). A
simple model based on the electronic band structure and defect density
of states—initially used to explain electron transport in highly
disordered insulating materials—has been extended to predict the
relative cathodoluminescent intensity and spectral radiance for
disordered SiO2 as a function of these variables. Insulating SiO2 has a
band gap of ~8.9 eV. Hence thermal excitation from the valence to
conduction band is highly improbable; excitation is through collisions
of the incident high energy electrons. For visible and near-IR (NIR) light
to be emitted, there must be other states within the forbidden band gap
for electrons to occupy. These localized defect or “trap” states of
disordered SiO2 are due to structural or substitutional chemical defects.
The data were fit with the proposed model using saturation dose rate
and mean shallow trap energy as fitting parameters, which can be
compared with results from independent experiments.
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Figure 1. Block diagram of
instrumentation to collect
cathodoluminescence data,
the
charging
surface
voltage,
and
electrode
current induced by electron
beam
bombardment.
Instrumentation includes:
VIS and NIR video cameras,
an SLR CCD still camera,
and
UV/VIS
and
IR
spectrometers a for optical
measurements and picoammeters, Pearson coils,
and a storage oscilloscope
for current measurements.

Model
Figure 2. For cathodoluminescence
to occur in SiO2, there must be states
for the electrons to reside in within
the band gap: localized defect or
“trap” states. In disordered SiO2,
these energy states within the
forbidden band are due to defects in
the crystalline structure or chemical
defects from possible substitutional
dopants.
When
valence
band
electrons are excited into the
conduction band by the high energy
incident electron radiation, there are
now ‘closer’ (in energy) trap states
that the electrons can relax to.

Figure 3.
Modified
Joblonski diagram for
cathodoluminescence.
Shown are the extended
state valence (VB) and
conduction (CB) bands,
shallow trap (ST) states
at εST within ~kBT below
the CB edge, and deep
trap (DT) distributions
centered at εDT. Energy
depths are exaggerated
for clarity.

To describe the luminescent behavior that disordered SiO2 exhibits under electron beam bombardment, we start
with band theory of ordered materials. This theory describes the filling of electronic energy levels and the
classification of solids as conductors, semiconductors and insulators. It defines the Fermi level, the (weakly)
temperature-dependent chemical potential, as the energy for 50% probability of filling a state. This familiar model
for semiconductors, with an effective Fermi level used to describe the filling of trap states under an applied field or
stored charge, is the basis for the model presented here. The model for the observed temperature dependent
electron-induced luminescence phenomenon is based on band theory of HDIM. The luminescent intensity, Iγ, is
proportional to the number of available states and the transition rates for each energy level depicted in the
modified Joblonski diagram of Figure 3. Fits shown below provide values of εST, and Ḋsat.

Figure 4. Range and dose rate of disordered SiO2 as a
function of incident energy using the continuous slow-down
approximation. This energy dependent range is used in Eq.
(2) to model the cathodoluminescence intensity behavior.

Equation (1) predicts that the luminescence intensity Iγ scales with Jb, Eb, T, and λ .

(1)
Equation (2) models the dose rate (absorbed energy per unit mass
per unit time) shown in Fig. 4.

(2)

Jb incident current density
Eb incident beam energy
T temperature
λ photon wavelength
qe electron charge,
Ρm mass density
L sample thickness
R(EB) material range.
εST shallow trap energy
Ḋsat saturation dose rate
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Figure 7. The spectral radiance of SiO2 as a function of sample temperature.
These show that as temperature decreases, the spectral radiance will increase
exponentially until it reaches the peak temperature, TST = (εST / kB ), and begins to
decrease. (a) 60 nm sample with εST = 4 meV and TST = 67 K. (b) 80 µm sample
with a εST = 1 meV and TST = 17 K.
(a)

Figure 5. Spectral radiance versus beam current density. Each
color is a set of data taken at a different beam energy. The start
of a bend over in the fits show the saturation effect that results
from a higher current density beam, when trap states fill, limiting
the number of states electrons can decay into. (a) For the ~80
µm thick sample of SiO2, penetration occurs at ~118 keV beam
energy (see Figure 4) . Thus, the beam is nonpenetrating and the
dose rate is independent of range. The fits provide a value for
Ḋsat of 600 ± 25% Gy/s. (b) For the ~60 nm thick sample of SiO2,
penetration occurs at ~1.3 keV beam energy. Thus, the beam is
penetrating and the dose rate is dependent on range. (This
explains why 5keV data have a greater spectral radiance than
the 25 keV data, as seen in Figure 4 (a)). Here, Ḋsat is 4·103 ± 45%
Gy/s.

Figure 6. Spectral radiance versus beam energy at 10 nA/cm2. The
green curve models the spectral radiance when the energy-dependent
range is less than the material thickness; all power is deposited into
the sample. The blue curve models the spectral radiance when the
energy-dependent range is greater than the material thickness. The
vertical purple dotted line is the energy at which the range is equal to
the thickness of the sample, the penetration energy. These curves were
created using the range function (Figure 4) and Eqs. (1) and (2). The
expected luminescent behavior follows the solid portions of the
curves. (a) For the ~60 nm sample, the penetration energy is ~1.3 keV,
the range is greater than the sample thickness and spectral radiance
decreases as energy increases. (b) For the ~80 µm sample, the
penetration energy is ~118 keV, the range is less than the sample
thickness and spectral radiance increases with energy.
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Figure 8. Spectra measured as a function of temperature have two peaks centered
at approximately 500 nm and 645 nm and an additional shoulder at ~455 nm.
Peaks are fit with a Gaussian to determine peak intensities and widths. The
change in each peak intensity is indicative of the occupation of its trap states as
sample temperature varies. (a) A ~60 nm sample cooled to ~160 K. (b) A ~80 µm
sample cooled to ~55 K.

Conclusions
Low intensity cathodoluminescence was observed for disordered SiO2 thin films under low intensity incident electron irradiation. A model based on multilevel
peaks in the disordered DOS explains the intensity versus current density, energy and temperature trends. As the current density increased, the luminescent
intensity increased until it reached a saturation level. This saturation level was determined and then used in analysis of energy-dependent data. When the
range was less than the sample thickness, at sufficiently low energy beam, the luminescent intensity increased linearly with energy. Once the range
exceeded the sample thickness, the intensity fell off with increasing energy. The model extends to the temperature-dependent behavior of the
cathodoluminescence. With increasing temperature, the overall intensity initially increases and then falls off exponentially. The observed number and
wavelengths of the observed peaks were consistent with previous room temperature observations. The intensity and peak positions of the primary peaks
observed in the visible region were measured as a function of temperature from ~55 K to ~280 K. This model is being extended to other types of materials,
and by doing so, it becomes an integral component in understanding the behavior of spacecraft in the space environment.

Figure 9. Temperature-dependent behavior
of red, 645 nm, and green, 500 nm,
spectral peaks, normalized to the most
intense peak value. Both peaks initially
decrease with increasing T; the red
appears to level out at high temperatures
while the green peak starts to increase as
temperature approaches 165 K.
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