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ABSTRACT

An investigation of the optical and electronic properties of amorphous silicon dioxide by means of a combination of reflection electron energy loss spectroscopy
(REELS) and secondary electron-electron energy loss coincidence spectroscopy (SE2ELCS) is presented. Optical constants for a-SiO, were extracted from the REELS
measurements and a band gap of 9.1 eV was determined by deconvolution of multiple scattering and fitting the differential inverse inelastic mean free path with a
model energy loss function (ELF). The coincidence measurements allow to determine the surface barrier height and the electron affinity was determined to be 0.8 eV.
Furthermore, the coincidence measurements show that even in the case of an insulator, plasmon decay is the main mechanism for generation of secondary electrons.

1. Introduction

Insulators constitute a class of materials of special interest regarding
particle induced electron emission, in particular electron induced
emission of slow electrons [1]. Owing to their high yield for secondary
electron emission such materials play an important role in e.g. particle
detection [2,3] and plasma display devices [4,5]. The interaction of low
energy electrons with insulating materials is also of great technological
and fundamental importance in the case of photoresist materials in
electron beam lithography since it is responsible for the proximity effect
or biomaterials such as DNA for studies connected with radiation da-
mage.

The interaction of low energy electrons with such materials as well
as the emission of secondary electrons from insulators is special in two
respects, both connected with their electronic structure: (1) due to the
presence of a band gap in insulators, or, in other words, the absence of
unoccupied states above the valence band maximum, electrons with
energies smaller than the band gap cannot induce an inelastic process in
an ideal defect-free insulator. In consequence, the mean free path for
inelastic electron scattering is very high compared to that of e.g. a
metal, particularly at low energies of special importance for the sec-
ondary electron cascade; and (2) the escape over the surface barrier is
commonly assumed to be governed by the electron affinity y, rather
than the inner potential U;, as in the case of a metal. Both of the above
effects lead to large values of the secondary electron yield (SEY) for
insulators, i.e. the number of emitted electrons per incident primary
electron.
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In the present work, a method is described to determine the above
parameters for a non-crystalline insulator by using single and double
electron spectroscopy. It is shown that the electron affinity y, energy
band gap E,, height of the surface barrier U, optical constants and the
inelastic mean free path (IMFP) can be retrieved in-situ, by using the
same equipment for all measurements and without breaking the va-
cuum. Since electrons are used as the probing particles, the method is
very surface sensitive and therefore is ideal to distinguish the influence
of surface defects. To eliminate multiple (or plural) scattering from the
raw data, deconvolution algorithms are employed to achieve a clear
separation of surface and bulk scattering and to determine the bulk
optical properties as well as the electron inelastic mean free path.

The mechanism of secondary electron production in SiO, is in-
vestigated by means of the double differential coincidence yield. It is
found that this proceeds via the incoherent excitation and decay of
(multiple) plasmons each of which decays into a single secondary
electron.

Amorphous SiO, was chosen as an example of application since SiO,
is an extremely important material in microelectronics, and is used in
the vast majority of semiconductor devices as the gate dielectric. Silicon
dioxide is also widely used in glass, ceramics industry, optical fibers. In
particular, the presence of defects in SiO, is important for metal-oxide-
semiconductor (MOS) devices since they can cause a dielectric break-
down. Such defects can be identified rather trivially by using the
methodology described in the following sections.
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Fig. 1. Schematic view of the SE2ELCS spectrometer.

2. Experiment

The sample was a 100 nm thick amorphous silicon dioxide film
thermally grown on an amorphous Si-substrate. Reflection electron
energy loss (REELS) measurements were performed using a
Thermofisher Microlab 310F instrument. The REELS measurements
were made in two different kinematic conditions: one more bulk sen-
sitive, with the sample being in the flat position (incidence angle 0°,
detection angle 60° with respect to the surface normal) at 3000 eV in-
cident energy and the second more surface sensitive where the sample
was tilted by 20° (incidence angle 20°, detection angle 80° w.r.t. the
surface normal), at 500 eV incident energy. Further experimental de-
tails can be found in references [6] and [7]. Electron-electron coin-
cidence measurements were performed using the SE2ELCS (secondary
electron—electron energy loss coincidence spectroscopy) spectrometer
at the Vienna University of Technology. The schematic view and the
geometrical configuration of the SE2ELCS spectrometer are given in
Fig. 1. The sample is irradiated with a continuous beam of electrons at
very low currents (in the sub-pA range) and having the energy spread of
0.6 eV. Note that the plane of incidence and the plane of detection
enclose an angle of 35° at an incidence angle of 60° with respect to the
surface normal. After the interaction with the surface, back reflected
electrons are detected with the hemispherical mirror analyzer (HMA).
The axis of the entrance lens describes an angle of 60° with the surface
normal. As the second detector, a time-of-flight (TOF) analyzer is used,
which due to its’ sensitivity at low energies is used to collect the sec-
ondary electrons coming out of the sample. The TOF analyzer consists
of a drift tube and the detector is a stack of two multi-channel-plates
(MCP) and a hexagonal delay line anode (DLA). During the measure-
ment the TOF analyzer records all events with a time resolution of
about 60 ps, while the energy observed by the HMA is scanned from the
incident energy down to several eV. The overall tim resolution of the
coincidence measurements is of the order of a few nanoseconds, de-
termined by the flight time spread of the scattered electrons in the
HMA. During a separate calibration measurement, an arrival time
spectrum in the HMA is recorded using a pulsed electron beam. In this
way, the flight time of electrons from the sample to the channeltrons is
determined for each energy used in the coincidence measurements.
Using such calibration measurements allows one to operate a coin-
cidence measurement with a continuous beam, in this way increasing
the coincidence count rate considerably. The gain in performance can
be estimated on the basis of Poisson distribution. Assuming that 0.1
electrons per pulse sufficiently reduce the probability for electron pairs
to be emitted in the primary pulse, the gain is almost a factor of 100. In
the case of the coincidence measurements, the pass energy of the HMA
is set to 200 eV, maximizing the transmission and leading to the energy
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Fig. 2. Energy diagram of an insulator. ) - electron affinity, E, — band gap. An
electron, having received AE energy through an inelastic collision is liberated
from the solid with E, being the kinetic energy outside the solid. Note that in
the following the binding energy Ej is counted from the top of the valence band.

resolution of 5eV. All measurements are performed in ultra high va-
cuum, maintaining a pressure of 2-10~'®mbar over the whole mea-
surement duration (typically several weeks for the coincidence mea-
surements).

3. Determination of the band gap and electron affinity

The method used in this work to determine the electronic structure
parameters, relies on the fact that different energy levels are probed by
a (singles) reflection electron energy loss measurement compared with
a coincidence measurement [8] (see Fig. 2). In the case of an insulator,
the conduction band is separated from the valence band by the energy
gap E,. Since the least bound electron resides in the top of the valence
band in the solid, the lowest energy needed for it to leave the solid is
equal to the height of the surface barrier U; = x + E; (provided that the
bottom of the conduction band is below the vacuum level, i.e. for a
positive electron affinity). In the above, y is the electron affinity or the
energy difference between the bottom of the conduction band and the
vacuum level. Since in an undoped, defect-free insulator there are no
possible electron states in the band gap E,, the lowest energy loss
possible is equal to the band gap, which is represented by the promo-
tion of an electron from the top of the valence band to the bottom of the
conduction band. This scenario can be seen by conducting a Reflection
Electron Energy Loss measurement which is often used to determine the
band gap of insulators [9,10]. However, this is only valid if the material
is perfectly clean, has no defects or dopants. Otherwise, additional
states may appear in the band gap and transitions with lower energies
become possible. In contrast, in the (e,2e)-coincidence experiment two
electrons are always detected. In other words, only if the slow electron
liberated by an energy loss of the fast electron is also detected, a co-
incidence count (i.e. detection of an electron pair) is recorded. From the
schematic energy diagram in Fig. 2 the energy balance in an (e,2e)
coincidence experiment is described by:

Ey = Ey — (E1 + E3) — (x + Ey) (@D)]

where E, is the energy of the incoming electron. Note that Eq. (1)
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implies that the energy sum E; + E, of an electron pair in an (e,2e)
coincidence spectrum determines the binding energy scale of the bound
solid state electron before ejection.

The lowest energy loss for which coincidences start to appear is
determined by the minimum energy AE sufficient for the emission of the
second electron with zero binding energy, which is then emitted with
an energy E, above the vacuum level:

Ey= AEpin — X — By =0 @

Therefore the lowest energy loss recorded in the coincidence ex-
periment is determined by the height of the surface barrier (U; = AE,;,)
rather than the band gap and the electron affinity can be retrieved from:

X:Ui_Eg:AEmin_Eg 3)

4. Determination of optical constants

The susceptibility of the solid to become polarized by an external
perturbation is described by the dielectric function e¢(w, q) where hw
and fq denote the energy and momentum transfer in an inelastic col-
lision. In the following we use atomic units # = e = 1. This quantity can
be retrieved by energy loss measurements, since they sample the energy
loss function (ELF) Im(—1/¢) of the solid. However, REELS is domi-
nated by multiple scattering, which needs to be eliminated from ex-
perimental data. Furthermore, the measured spectra always contain
both bulk (infinite medium) and surface scattering (taking place at the
vacuum-solid boundary), therefore it is also necessary to properly dis-
tinguish bulk and surface contributions. This is done by measuring two
loss spectra y;(E) and y»(E) under different kinematic conditions such
that the relative importance of surface and bulk scattering is sig-
nificantly different in the two spectra. Since the probability for surface
excitations depends on the electron energy E and the polar surface
crossing angle 0 as [11]:

Pt
*7 JEcos6’ (@)

this can be achieved by choosing appropriate energies and/or geome-
trical configurations. The method described in Ref. [12] then consists of
first eliminating multiple scattering using the Tougaard—-Chorkendorff
deconvolution algorithm [13]:

T
ylﬂjz(T) = yl,z(T) - ‘/(: yl,z(T - Tl)yl*(T/)dT/ 5)

The resulting spectra y*(T) and y;’(T) are so called “effective” cross
sections for inelastic scattering for energy loss T. The single scattering
loss distributions can then be derived by using the bivariate reversal
method [11] yielding for the single scattering distributions:

w(T) = wey; (T) + uoy; (T) + uny ® y;(T) 6)

where u; are coefficients which are different for bulk and surface
components. Further details can be found in Ref. [11].

The upper panel in Fig. 3 shows the REELS measured with 500 eV
(red curve, more surface sensitive) and 3000 eV primary energy (blue
curve, more bulk sensitive). A Lucy-Richardson deconvolution algo-
rithm [14] was applied to both spectra to eliminate the instrumental
broadening of the elastic peak. The elastic peaks of the spectra have
been removed and the intensity normalized by its area. Both spectra
exhibit characteristic plasmon peaks at around 22 eV energy loss and
the double plasmon losses at 40-45eV loss. At lower energy losses,
several peaks/shoulders can be seen, especially in the surface-sensitive
spectrum, however the locations of the peaks are difficult to determine.

The bottom panel in Fig. 3 shows the loss spectra after deconvolu-
tion of multiple scattering by the Tougaard-Chorkendorff (TC) decon-
volution algorithm [13], as evidenced by the significant decrease of
intensity above 25 eV (the multiple scattering region of the spectrum).

Fig. 4 shows the result after applying the bivariate reversal
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Fig. 3. Upper panel: energy loss spectra, in absolute units, after the subtraction
of the elastic peak and normalization to the area of the elastic peak; lower
panel: energy loss spectra after TC-deconvolution to eliminate multiple scat-
tering.

algorithm to separate bulk scattering from surface scattering. The top
panel shows the differential surface excitation probability (DSEP), or
the distribution of energy losses in a single surface crossing, in com-
parison with the surface loss function

m(e—l)2 _ —Im(_—l),
€ @)

= 4Im

e(e+1) 1+¢
where data for e(w, q) were taken from Palik's book [15]: The second
term in Eq. (7) describes the bulk part of surface excitations and is
commonly referred to as the Begrenzung's effect, due to which the in-
tensity of bulk excitations is suppressed in the vicinity of the surface.
This is seen as the negative excursion of the surface loss function in the
upper panel of Fig. 4.

It can be immediately seen in the DSEP spectrum that the loss fea-
tures between 5 and 20 eV energy loss are more pronounced and their
energies can be easily determined, in contrast to the loss spectra before
and after TC deconvolution (Fig. 3).

The energies of these features have been determined and are given
in Table 1. There is a good agreement of the position of the energy loss
peaks with Palik's data with the exception of the two peaks G1 and G2
at an energy loss of 5.3 eV and 7.3 eV. Such losses have been observed
before and have been attributed to oxygen-related defects [16], due to
which additional states in the bandgap appear [17]. The sharp peak at
10.6 eV energy loss (denoted “E”) is commonly known as an excitonic
peak. However, in Ref. [18] it was argued that this peak has partly
interband character. The next three peaks T1, T2 and T3 at 12.3eV,
13.6 eV and 17.3 eV respectively were attributed to interband transi-
tions [19]. The bottom panel of Fig. 4 shows the differential inelastic




V. AstaSauskas, et al.

T3 DSEP ——
T l Palik ——
0.04 ¢ l i
2 003} G2l/ i
c
; G1
5 002} .
o
o
2 0.01 | R
0 AA
\//'v M
| 1 1 1 1 1 1
- P " DIMFP ——
0.04 \L Palik —— |
T3
003 R
‘_'> T2
@
o T
[T - -
L 002 c
=)
0.01 | y
0 — A T T I I I T T

0 10 20 30 40 50 60 70 80
Energy Loss T (eV)

Fig. 4. Upper panel: differential surface excitation probability compared with
the scaled surface loss function; Lower panel: normalized differential inelastic
inverse mean free path on an absolute scale compared with the scaled energy
loss function according to Palik's book [15]. G(1,2) — band gap states, E — ex-
citon, T(1,2,3) - interband transitions, P — plasmonic excitation.

Table 1
Energies of loss features in the DIIMFP and DSEP.

Loss feature Bulk (eV) Surface (eV)
G1 - 5.3

G2 - 7.3

E 10.6 10.6

T1 12.7 12.3

T2 15.2 13.6

T3 17.9 17.3

P 22.3 -

inverse mean free path W}, which describes the probability of a specific
energy loss event for all momentum transfers. It can be calculated by:

1 -1
-1 d
q m[s(w, q)] 1

1
Wy (w) = P
0

S
q

(8)
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interband transitions with slight shifts of 0.4-1.6 eV. The maximum of
the DIIMFP corresponds to the plasmon excitation at 22.3eV as ob-
served by other authors [18,19].

It has to be noted that just by using the loss spectra or TC-decon-
voluted data it is very difficult to determine the energy or location
(surface or bulk) of transitions occurring in the solid. However, the
bivariate reversal method used here is able to extract this information.

The DIIMFP was fitted by using the Drude-Lindhardt model [20,21]
which describes the dielectric function by a set of oscillators having
amplitudes A;, binding energies w; and damping parameters I';:

Ai(@? — o)

(@2 — w?)? + T2w? )

al, ) =¢e— ),

i

Z A,EC{)
(@ — Wl + T2

@, ¢) = —
i

(10$)
where ¢; is the real (dispersive part) and e is the imaginary (absorp-
tive) part of the dielectric function. Flat bands were assumed, i.e. no
dispersion of the resonance frequencies w;(q) = w0). The experimen-
tally determined DIIMFP was fitted with the model dielectric function
by using Egs. (8)-(10) and minimizing the y-square difference between
the model and experiment with a nonlinear optimisation algorithm
[22]. The determined fit parameters A;, I'; and w; are given in Table 2
and the resulting fit is shown in Fig. 5.

Note that the model summarized by Egs. (9) and (10) merely serves
as a mathematical interpolation of the experimental data in Fig. 5. Care
should be taken when attempting to associate any physical process with
the values of the retrieved parameters.

The inelastic mean free path (IMFP) A has been determined by using
the Penn [23] and Mermin [24] models and integration of the DIIMFP.
The results are given in Fig. 6 where it is compared with the values
estimated by the TPP-2M formula [25]. The determined IMFP values
agree reasonably well with the TPP-2M formula, with a maximum de-
viation of around 10 percent.

5. (e,2e) coincidence measurements of plasmon decay in SiO,

The results of the coincidence measurements are given in Fig. 7. The
colorscale of Fig. 7b represents the intensity of correlated electron pairs
consisting of two electrons that have interacted with each other. During
the inelastic interaction, part of the incident energy is transferred to
solid state electrons. If this energy transfer to the secondary electron is
sufficient to overcome the potential barrier, it can be liberated from the
solid. Thus each electron pair consists of the scattered electron (having
energy E;) and the emitted secondary electron (having energy E,). Note
that the E; scale is uniform while the E, scale is converted from flight
times — therefore the energy resolution deteriorates quickly above
20 eV. It has been shown in Fig. 2 that a constant binding energy cor-
responds to a diagonal line on which E; + E; = const. The red line in
Fig. 7 corresponds to zero binding energy, while the green dashed line
indicates the sum energy being equal to the incident energy.

The comparison of the singles electron energy loss spectrum of SiO,
with the single and double differential spectra (w.r.t. energy loss in
Fig. 7a and energy loss and energy E of the second electron in Fig. 7b)
clearly illustrates the important role of the plasmon in the context of the

where g, = VE + JE — hw. In the case of insulators with flat bands
plasmon dispersion is assumed to be weak, which makes it possible to
directly compare the resulting DIIMFP with the energy loss function
(ELF) Im(—1/e(w, q)) (e.g. the one reported in by Palik) after scaling.

It is evident that the shape of the DIIMFP is much different from the
DSEP and the band gap states G1 and G2 are no longer visible in the
bulk. Such result confirms the hypothesis that such states are caused by
defects near the surface. As in the case of the DSEP also the DIIMFP
contains the excitonic level (even though less intense) and the three

Table 2

Optical constants of SiO, as fit parameters for Egs. (9) and (10).
A; (eV?) I; (eV) w; (eV)
235.66 4.7 14.3
3250.99 11.2 21.2
589.27 5.9 24.4
967.66 12.1 31.7
1659.71 23.4 43.9
41723.28 446.4 117.0
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Fig. 6. Inelastic mean free path (IMFP) of SiO, according to Penn model [23]
(dotted line) and according to Mermin [24] (dashed line) compared with the
results of the TPP-2M formula [25].

elementary excitations of the solid state electrons. As discussed above in
the context of Figs. 3-5, the intensity in the loss spectra for energy
losses AE < 30eV is almost entirely made up by surface and bulk
plasmon excitation. The existence of the plasmon (even in the case of an
insulator) is evidenced by the zero in the real part of the dielectric
function at w, = 22.3eV for the oscillators specified in Table 2 and
describes a short-lived (the plasmon peak has quite a substantial width)
collective oscillation of a number of solid state electrons (of the order of
10), in accordance with the “momentum exciton”-model proposed by
Ferrell [26], i.e. a coherent superposition of a number of electron-hole
pairs which together constitute the plasmon.

While the analysis of the singles electron energy loss spectrum
clearly demonstrates the existence of the plasmon as the main ele-
mentary excitation in SiO,, the results of the coincidence measurements
presented in Fig. 7 allow some conclusions to be made concerning its
decay: in the range of energy losses AE < 30 eV, mainly corresponding
to single inelastic scattering events, the main intensity in the double
differential data in Fig. 7b is provided by a feature parallel to the red
line, corresponding to emission of solid state electrons from near the
valence band maximum (see Fig. 2 and Eq. (1)). The range of binding
energies involved in this single scattering feature the emission is seen to
be approximately 4 eV, being of the order of the width of the first va-
lence band. This implies that the energy loss experienced by the
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Fig. 7. (a) Comparison of the (singles) reflection electron energy loss spectrum
(REELS, red curve) with the e2e-coincidence spectrum for arbitrary energies of
the second electron E,; (b) the (e,2e) double differential coincidence spectrum
of SiO, overlayed with the REELS spectrum. The arrow denotes the onset of
coincidences or the emission of the least bound electrons from the top of the
valence band. The solid red line indicates the zero binding energy and the
dashed green line corresponds to E; + E; = E,.

scattered electron is transferred to a single solid-state electron which
escapes as a secondary electron. If the energy would be transferred to
more than one electron, no reasonable energy sharing model would be
able to explain a rather sharp peak along the binding energy scale (or
energy sum scale E; + E,, see Eq. (1)), such as seen in the single scat-
tering feature. Similar observations have earlier been published for Al
[27-29] as well as for Ag and Si [30].

Furthermore, for larger energy losses AE > 30¢€V, i.e. in the mul-
tiple scattering range the number of coincidences is seen to increase
with increasing energy loss in Fig. 7a, while the energies of the ejected
electron (seen in Fig. 7b) correspond to the plasmon energy w, minus
the height of the surface potential barrier, as per Eq. (1). This implies
that multiple plasmon excitation predominantly proceeds via a Markov-
type process [28], i.e. excitation of a double plasmon is incoherent and
consists of successive excitation of single plasmons along the trajectory
of an electron each of which decays via emission of a single electron
with E; = w, — U;. This is in contrast to coherent double plasmon ex-
citation and decay, where a double plasmon would be coherently ex-
cited in a single inelastic collision and — provided the entire energy loss
would again be transferred to a single escaping electron — this would
give rise to intensity in the (e,2e)-spectrum just below the red diagonal
also for energy losses AE > 30 eV, in extension of the single scattering
feature.

In Fig. 8, the onset of the DIIMFP (shown in Fig. 5 is compared with
the onset of coincidences (black curve in Fig. 7a). The numerical values
of the onsets of the DIIMFP and the coincidence yield were determined
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with the DIIMFP. The onsets of the spectra were determined by doing a linear fit
of the lowest energy loss feature, disregarding (blue dashed line) and including
(green solid line) the exciton at 10.6 eV.

by a linear fit of the ridge representing the lowest energy loss. Since the
band gap is assumed to be a bulk property, the onset of the DIIMFP
rather than the loss spectrum is used to determine the band gap value of
9.1 eV (the values are in the range of 8-9 eV in the literature [31,32]).
Note, that the inclusion or exclusion of the excitonic loss feature does
not influence the determination of the band gap (see Fig. 8).

Using this procedure allows one to disregard the surface defect
states and determine the value of the band gap more accurately. As
discussed previously, the onset of the coincidences correspond to the
height of the surface barrier of the material. The electron affinity ) then
can be retrieved by using Eq. (3) (taking the difference between the
onsets of the DIIMFP and the coincidence spectrum). The retrieved
value of 0.8 eV agrees with the results found in the literature of 0.75 eV
[33], 0.9 eV [34]. It has to be noted that the fitting procedure, used for
the determination of the onsets produces a rather large error, which
may exceed 100% in the value of y.

6. Conclusions

It has been shown that by taking two reflection electron energy loss
(REELS) spectra, applying deconvolution algorithms [13,14] and the
bivariate reversal method [11] it is possible to determine the optical
constants and to distinguish the loss features associated with the pre-
sence of defects on the SiO, surface. The band gap determined from the
differential inverse inelastic mean free path (DIIMFP) was 9.1 eV and is
in a good agreement with values found in the literature [31,32]. The
inelastic mean free path (IMFP) has been determined using the re-
trieved optical constants by using the Penn [23] and the Mermin [24]
models and integration of the DIIMFP and is in a reasonable agreement
(10 percent maximal deviation) with the TPP-2M formula [25]. The
existence of plasmon is evidenced by the zero in the real part of the
dielectric function at ® = 21eV. The coincidence measurements
showed that the energy loss experienced by the scattered electron is
transferred to a single solid-state electron mainly through plasmon
decay. A Markov-type [28] successive excitation of single plasmons is
seen from the multiple scattering region of the coincidence spectrum.
By taking the difference of the onsets of coincidence spectrum and the
DIIMFP the electron affinity has been determined to be 0.8 eV.
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