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Primary electron energy (E,) dependent change in target current was studied on a grounded Au
film in the range of 40 to 3500eV. The current jumped suddenly from a negative to a positive
value at ~650¢€V with increasing E,,, while it disappeared in reverse sweep and with increasing
substrate temperature. Detailed analysis suggests that E, dependent surface charging plays a
pivotal role in flashover. Prior to critical E, in the forward sweep, a gradual shift of a double peak-
like structure towards high kinetic energy region in the secondary electron spectra also confirms
surface charging effect. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803484]

. INTRODUCTION

Incident electron-induced charging of insulators in vac-
uum can lead to multipacting, errors in lithography, and sur-
face flashover. So far, it is known that electrons fired at a
dielectric target in vacuum either become caught in traps,' or
escape from the irradiated volume to the ground via sample
holder, or eject secondary and backscattered electrons.’
When electrons are trapped, negative charges are accumu-
lated in the bulk, while positive charges are formed on the
surface through the ejection of secondary and backscattered
electrons.>” This difference in charge creates an electric
field, which can sometimes be strong enough to de-trap the
embedded electrons.* This so called “space charge” can be
affected by many variables such as energy of the injected
electrons,5 time,6 temperature,7 defect concentration,8 sam-
ple thickness,” and atmosphere.'” The space charge is
directly related to the amount of secondary electrons escap-
ing per incident electron, also known as the secondary elec-
tron yield (SEY). When plotted against energy, it typically
has a bell-like shape to which has been assigned a universal
formula.'' However, there are several unanswered questions
that are impeding the advancement of many important appli-
cations under electron bombardment, including spacecraft
charging,'? e-beam lithography,'? and electron microscopy.*

Generally, the SEY reaches a value of 1 at two critical
energies, usually labeled as E1 and E2 (E2 > E1).” Below
E1 and above E2, the surface potential is negative. However,
between these two values it is positive, due to the holes left
behind while electrons are escaping from the material. The
E2 value can often shift as a function of excess charge.’
When examining the SEY of various elements, there is a
great deal of discrepancy in the experimental data.'* Many
of these discrepancies were due to the presence or absence of
oxide growth and carbon contamination on the surface of
various elements,15 causing an increase in the SEY. Given
the right circumstances, a sudden change in polarity can
occur in insulating materials, leading to either surface flash-
over'® or dielectric breakdown.'” This can be due to
electron-electron cascades, governed by defects in the mate-
rial and adsorbed gas on the surface.'® Polarons in the
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dielectric material were also considered to be trapped in the
sites of low susceptibility, while the surface breakdown
(flashover) was modeled in the light of both charge de-
trapping and sudden relaxation of energy of polarization.'® If
the electron-induced charge buildup and/or the scattering of
charges in defect sites can play a decisive role in insulators,
what will be the impact on the emitted secondary electrons
from the sample surface? In fact, the knowledge of charge
relaxation in insulators under electron irradiation is crucial
for several applications, especially when a thin layer of
conductive material is needed for obtaining the surface mor-
phology of an insulating material in scanning electron mi-
croscopy.® Now the question is what will happen if such a
metallic film on an insulating layer has been exposed to a
continuous beam of electrons with increasing energy? Will
the probability of polarity shift still exist if the electron pene-
tration depth is much smaller than the thickness of the metal-
lic film?

In this paper, we investigate the electrical property of
Au film grown on a quartz substrate. In particular, we moni-
tor the change in target current with increasing and decreas-
ing primary electron energy (E,) in the range of 40 to
3500eV, called forward and reverse sweeps, respectively, in
an ultrahigh vacuum (UHV) chamber. We have seen a sud-
den change in polarity at 650eV in the forward sweep,
whereas such intriguing phenomenon disappears in reverse
sweep and with increasing substrate temperature.
Chemically inert Au surface is chosen to exclude the effect
of surface contamination. We have also monitored the corre-
sponding secondary electron emission (SEE) spectra to
understand the charging behavior as a function of E, espe-
cially the relative contribution of the surface and bulk charg-
ing properties and the role of defects.

Il. EXPERIMENT

All experiments were performed in the IMPACT facil-
ity' at the Center for Materials Under Extreme
Environments (CMUXE) at Purdue University. The sche-
matic of the experimental setup used for the present study is
given in Fig. 1. Here a 300 nm thick Au layer grown on a

© 2013 AIP Publishing LLC
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FIG. 1. Schematic view of the sample holder in IMPACT chamber. The
1 x 1 cm? sample is held on by a metallic clamp, which is grounded from
the body of the copper target holder through the picometer. Sputtering was
performed at a 0° rotation while XPS and SEE were performed at 45° from
the Z axis.

1 x 1 cm? quartz substrate was bombarded by a continuous
electron beam with a SPECS EQ-22 electron gun in the
UHV chamber (base pressure of ~3 x 10~° Torr). The elec-
tron gun emission current was kept constant throughout the
experiment at 1 pA, while the Wehnelt voltage was set at
2V. The maximum electron flux reaching the sample was
~5x 10" electrons/cm®s. Each sample was held on a
grounded target holder using a metallic clamp, at the very
edge of the surface (see Fig. 1). Prior to electron exposure
with E, in the range of 40 to 3500¢eV, the Au surface was
sputter cleaned by 1keV Ar". The surface contamination
level was verified by using x-ray photoelectron spectroscopy
(XPS), with an Al-K,, source (hv = 1486.65eV), while emit-
ted photoelectrons were collected at 45° from the sample
surface and analyzed by a SPECS Phoibos-100 hemispheri-
cal electron analyzer (HEA) with an energy resolution of
0.85eV. For XPS, the binding energy scale with respect to
the measured kinetic energy (KE) was calibrated using silver
Fermi edge. Emitted electrons were analyzed by the HEA,
where it took about 2min 45s to record a SEE spectrum
with a pass-energy of 4 eV. The primary electron energy was
only changed at the end of each scan. The target current was
measured in series with a grounded Keithley-6485 pico-am-
meter, with a rise time of 8 ms. The current measurements
were taken at the end of each SEE scan. The error in the
measured current, through several measurements, was found
to be about =7%.
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FIG. 2. (a) Current profiles of freshly sputtered Au film grown on quartz,
taken with forward (from 40 to 3500eV) and reverse (from 3500 to 40eV)
sweeps. (b) Calculated penetration depth of injected electrons on Au, assum-
ing constant energy loss with material where the constants taken from la-
beled references.

lll. RESULTS AND DISCUSSION

The forward and reverse current profiles of the Au layer
as a function of E; in the range of 40 to 3500€V are dis-
played in Fig. 2(a). As can be seen, a sudden change in polar-
ity (flashover) has been recorded at 650eV during the
forward sweep. However, the flashover is absent in the
reverse sweep. We should note here that the sample was
sputter cleaned too by 1keV Ar' before taking the reverse
sweep. The recorded current is associated with the leakage
current directly from the target material and the image dis-
placement current from the metallic target holder.”®
However, the leakage current should be dominant because
we took the current measurements in a steady state condi-
tion.”’ In order to understand the observed flashover in the
forward sweep, the experiment was also performed without
the metallic clamp. Here, we did not find any flashover, indi-
cating that the sudden change in surface polarity is strongly
related to the leakage current from the top Au layer. All the
recorded data were found to be repeatable.

Because the metal-dielectric interface is about 300 nm
under the Au surface, it would be beneficial to know the pen-
etration depth of the injected electrons into the Au layer. The
penetration depth of electrons was modeled using the
assumption of constant energy loss,

R =CE!, (1)

where R is the penetration depth in nanometers, E,, in keV, n
is a fitting constant, and C depends on the material density.
The model was checked for three different constants,' >
where the E;, dependent calculated penetration depths are
exhibited in Fig. 2(b). As discerned, the maximum penetra-
tion depth of the 3500eV electrons is about 40 nm from the
Au surface. This was also confirmed by using the CASINO
Monte Carlo electron code.?* This implies that the Au/quartz
interface does not have a direct effect on the flashover. To
test whether or not the interface was the deciding factor,
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FIG. 3. Current profiles of freshly sputtered Au film grown on quartz as a
function of Ej, in forward (from 40 to 3500 eV) sweep, compared to a sample
which has not been sputter cleaned.

similar experiments were performed on graphite and silicon
substrates. Interestingly, the flashover effect was also seen in
both samples, but it only occurred after sputter cleaning the
surface by 1keV Ar" as the one observed for Au in Fig. 3.
Although the flashover curve seems to be universal in the
forward sweep, the critical E, and the curve shape were dif-
ferent in each material. It is clear that there is some other
mechanism behind flashover. Is the observed flashover then
controlled by the atomic number, Z, of the material? A recent
model by Cazaux” which takes the radial dispersion of elec-
trons into account based on the atomic mass uses the factor,

k= % — 0.5070022) Q)

where z. is the most probable energy dissipation depth, and
(Z) is the mean atomic number of the material. The k
describes electron cascades confined in an elliptical area
under the surface. According to the equation, a low Z mate-
rial, such as carbon, should have a long major axis extending
into the depth, while a high Z material like Au will be spread
out along the surface in a semi-circle. In other words, the Z
dependence indicates that a low atomic number material will
have an electron cascade that extends deeper into the mate-
rial than that of a high Z material such as gold. As the flash-
over was found on both carbon and Si (see Fig. 4), we can
discard the contribution of Z.

Since the Ar™" sputter cleaning was found to be indispen-
sable for observing the flashover (Fig. 3), it is quite possible
that the surface defects and/or roughness can take part in
trapping charges needed to initiate flashover. It has earlier
been shown that the flashover of dielectrics is directly related
to the roughness of the surface: the lower the roughness, the
higher the breakdown potential of the material—so less
chance of getting flashover.?® Since the 1keV Ar' ions are
sufficient enough to damage the surface crystalline structure,
we believe that the localized change in the surface chemical
property in the ion beam induced defects can play a signifi-
cant role to trap electrons. Indeed, the active defect centers,
especially vacancies can react locally with oxygen and/or
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FIG. 4. Current profiles of freshly sputtered C and Si as a function of E, in
forward sweep (from 40 to 3500eV).

carbon atoms via electron-induced dissociation of residual
hydrocarbons and water molecules. More careful analysis of
the surface is therefore needed for detailed understanding
(will be discussed in the following).

Why does the flashover not occur in the reverse sweep
[Fig. 2(a)]? This can be explained in the following way:
because the scan starts at the maximum Ej, most of the
incoming electrons can penetrate deep inside the bulk. When
the injected electrons travel through the bulk material, they
can encounter several atomic sites. Because of the collision
with the orbital electrons, a large number of secondary elec-
trons can be produced. These freshly created secondary elec-
trons can be multiplied further when they move towards the
surface in cascades, and thereby give a large SEY. This in
turn creates a large positive potential at the surface. As the
E, was reduced gradually, electrons that could have been
trapped in the defect centers are instead attracted to the posi-
tive surface. The negative charge layer in the bulk can also
repel the low energy electron towards the surface, which as a
result can initiate rapid recombination of electrons to the
holes near the surface and lower the landing energy of
incoming electrons.” Soon after crossing the critical E,
(650eV for Au), electron trapping effect becomes superior
over hole generation near the surface, showing a slight dip in
the current profile [Fig. 2(a)]. However, the electron trapping
is not as large as in the case of the forward sweep because of
the existence of a large number of holes, and therefore no
flashover occurs.

Because of the compatibility to Fig. 2(a), a surface sen-
sitive SEE spectroscopy technique was employed in both
forward and reverse sweeps in order to follow the change in
surface property. Here the SEE spectrum was recorded for
every measured point in Fig. 2(a). The secondary electron
distribution with KE was measured up to 60 eV, so that each
spectrum can take into account both pure secondary and
some backscattered electrons.

Typical forward sweep SEE spectra of the sputter
cleaned Au film were displayed in Fig. 5, where each scan
took ~2min 45s. We show only for E, in the range of 40 to
1000 eV for better projection of the impact of surface flash-
over. Each spectrum is characterized by two main features:
(i) inelastically scattered electrons and (ii) pure secondary
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FIG. 5. SEE spectra of Au film in forward sweep up to 1000eV for clarity,
where each spectrum takes 2 min 45s. The inset shows the variation of the
inelastic peak intensity with increasing E,, while T indicates the flashover
point.

electrons. The change in the inelastic peak intensity with
respect to Ej, is exhibited in the inset of Fig. 5. It shows that
the peak intensity increases gradually up to ~200eV, fol-
lowed by a sharp rise in intensity up to 260 eV before attain-
ing the flashover at 650eV with a monotonic decrease in
intensity. The intensity again jumps to its highest value at
700eV, followed by a decrease in intensity with further
increase in E,. Close inspection reveals a tail beside the
inelastic peak extending towards high KE region below
150eV.

Following the slow disappearance of the tail above
150 eV, a weak but clear secondary electron peak originating
at ~4.3eV KE can be observed when E, was increased to
200eV. The 4.3eV peak was found to intensify and shift to
~10eV prior to become weaker with further increase in E,
above 230eV, provided a new peak was found to evolve at
~15eV KE at 230eV. Interestingly, the peak at ~15eV KE
again split into two with increasing E; above 260eV, and
continuously moves towards high KE region. The final posi-
tions of those peaks right before the flashover were 27.8 eV
and 45.1eV KE, while some fine structures can also be
resolved (see Fig. 5). As the flashover occurs at 650eV, the
peaks were found moving rapidly to the lower energy side
with reduced intensity, accompanied by a sudden appearance
of a strong peak at ~4.3 eV KE from 700eV onward.

Looking to Fig. 5, slow movement of the secondary
electron peaks towards high KE region with increasing E;, up
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to 650eV can be assigned to surface charging by free elec-
trons.> Due to the positive charging of the Au surface above
650 eV, it seems that the secondary electrons are involved in
partial neutralization of the surface potential by recombining
with holes. Low KE electrons are known to be associated
with surface and bulk plasmons, while low energy incident
electrons are favorable for surface plasmon excitation.”’
Note that the plasmons excited by electron energy losses
decay via creation of electron-hole pairs, acting as a source
of SEs.?” The depth of the volume plasmon excitation which
is expected to be comparable to the escape depth of SEs is
associated with the volume band structure. On the other
hand, the surface plasmon decay is mainly related to the sur-
face band structure. Moreover, the cascades of higher-order
secondaries for the surface and bulk in plasmon decay differ
in magnitude and thus cause different peak broadening.”’
Due to close proximity of the surface and bulk plasmon loss,
one can, however, expect overlapping of these peaks and so
to see a broad band at energies corresponding to the surface
and volume plasmon energies in a SEE spectrum as the one
demonstrated both experimentally and theoretically for
Al(100) substrates with 100eV electron bombardment.?’
Although the appearance of the secondary electron peak at
~15eV and above is not clear at this moment, we can assign
the 4.3eV KE peak as an outcome of the decay of long
wavelength surface and volume plasmons via near vertical
interband transition.”’?® A similar peak has also been
observed previously in polycrystalline metals,> while Joy
found the Au peak to reside at 5 eV.’® Interestingly, the
appearance of a weak shoulder related to the volume plas-
mon loss (at ~10eV) has been reported adjacent to the rela-
tively strong surface plasmon peak (at ~5eV) in a typical
SEE spectrum from a 100eV electron bombarded Al sur-
face.?’ Therefore, the onset of the continuous shift of the
4.3 eV peak towards 10eV KE right before the evolution of a
new peak at ~15eV with increasing E;, up to 230eV (Fig. 5)
is possibly associated with the increasing contribution of the
SE yield due to volume plasmon decay over surface plasmon
decay with increasing electron trapping near the surface (dis-
cussed above). On the other side, continuous increase in
inelastic peak intensity up to 230eV E, is most likely related
to the increase in interaction of surface atoms with injected
electrons, while the gradual decrease in inelastic peak inten-
sity above 230eV E, up to the flashover, and even after the
flashover seems to be associated with the recombination of
inelastically scattered electrons with the holes which were
left behind on the surface due to emission of SEs with KE
above 15eV (inset, Fig. 5). The contamination on the Au
surface was found to be negligible after taking the SEE scans
by XPS, implying that the flashover is not related to the
adsorbed water or hydrocarbons on the surface. Therefore,
we can rule out the Auger de-excitation process®' on Au.
The origin of the SE peak near 15eV for E, above
230eV (inset, Fig. 5) can be due to the increase in electron
trapping near the surface, forcing the secondary electrons to
gain extra energy upon escape due to Coulomb repulsion. In
other words, the electrons buried just beneath the surface at
low E, (<E1) may act as a barrier, causing incoming elec-
trons above it to reduce their landing energy, and cause them
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to scatter from the surface with higher energy due to the re-
pulsive force. Generally this effect was seen above E2;* but
in this case, it also occurs before E1 where the surface is also
negative. Meanwhile, electrons below the negative surface
layer are directed further into the bulk and ultimately
towards the interface, as proven by using the non-conducing
clamp (stated above). With increasing E,, the formation of
an electron barrier due to trapping electrons near the surface
will be more pronounced, and thus possibly allowing more
inter-band transitions,”® needed for explaining the observed
fine structures in the pure secondary electron region (Fig. 5).
This is also why the electrons are accelerated with progres-
sively higher KE with increasing E,, as indeed the peaks
constantly gain energy. When the flashover occurs, accord-
ing to the model given in Ref. 16, we can explain the
observed fact in the light of escape of trapped electrons at
once along the surface to the ground via the clamp. This as a
result increases inelastically scattered electrons as shown by
the sudden rise in peak intensity in Fig. 5 (inset). Finally, the
escaped electrons leave behind a temporary positive charge
which recombines with internal cascade electrons as E, is
further increased. Moreover, the gradual reduction of the
plasmon peak intensity above flashover E, can be assigned
to the increasing loss of emitted SEs due to electron-hole
recombination at the surface (Fig. 5).

As expected, when performing a reverse sweep [see Fig.
2(a)], we did not see any extra secondary electron peaks,

Inelastic Peak Height
Intensity (arb. units)

0 200 400 600 800 1000
Primary Electron Energy (eV)

20 30 40
Kinetic Energy A(\eV)

50

FIG. 6. SEE spectra of Au film in reverse sweep, showing from 1000eV for
better projection, where each spectrum takes 2 min 45 s. The inset shows the
change in the inelastic peak intensity with decreasing E,,.
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except for the 4.3 eV peak as the one seen after the flashover
in the forward sweep (see Fig. 5). We found a similar phe-
nomenon when we increased the substrate temperature to
100 °C (Fig. 6), where the corresponding current profile as a
function of E, is almost similar to the case of reverse sweep
[Fig. 2(a)]. In both the reverse and high temperature cases,
there was an increase in inelastic scattering up to about
500eV, followed by a gradual decrease in intensity (Fig. 6).
Compared to the discussion for Fig. 2(a), the initial increase
in inelastic peak intensity can be explained in the framework
of surface negative charge induced repulsion of incident
electrons, whereas the decrease in intensity can be explained
in terms of electron-hole recombination near the surface
with increasing E,,.

Now the question comes, at high temperature, why do
we not see any flashover? Thermal phonons often generated
in a material with increasing temperature and can take part
in interaction with electrons. Since the increased temperature
on metals decreases the conductivity due to electron-phonon
interaction, we can expect a similar phenomenon on Au
film at 100 °C. It seems that the secondary electrons are ran-
domly scattered inside the Au film when interacting with
thermal phonons, and thus cannot allow the electrons to be
trapped. Hence, it is not possible for the electrons to escape
suddenly at 100 °C—a prerequisite for the flashover.

IV. CONCLUSION

We have shown a sudden change in polarity (flashover)
with increasing incident electron energy E, in the range of
40 to 3500eV on a grounded Au film. The flashover was
only seen in forward sweep, but not in the reverse sweep. As
the 300nm thick Au film was grown on a quartz substrate,
the target current was examined by replacing the metallic
clamp with a bad conductor at the edge of Au surface. The
absence of flashover in the later case implies that the flash-
over is a surface phenomenon rather than bulk. This is also
supported by the calculated maximum penetration depth in
Au for electrons in the range of 40 nm for 3500 eV. Further,
SEE spectroscopy also confirms strong contribution of the
surface on the observed flashover in forward sweep, showing
the negative surface charging mediated continuous shift in
spectra and change in spectral shape up to the flashover point
at E,=650eV. However, this effect was not observed in
reverse sweep, and also for forward sweep at 100°C sub-
strate temperature, showing only a single peak at ~4.3eV
KE for E, higher than 230eV. The disappearance of the
flashover has been discussed in terms of screening of second-
ary electrons through recombination with holes near the sur-
face in reverse sweep, while the temperature induced
electron-phonon interaction seems to control the overall
mechanism.
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