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Abstract. The surface of an insulating material irradiated by a beam of low energy electrons charges
positively if the yield of secondary electron is greater than unity. For such a dynamical equilibrium, the
thermodynamic properties have been investigated by measuring the surface potential in response to a
temperature oscillation of the material. It is shown that an oscillation amplitude of 0.4 K at 530 K induces
an oscillation of the surface potential of about 0.5 volts. The frequency dependence indicates a monotonous
decrease in the response with decreasing frequency, extrapolating to zero at zero frequency. We propose
that this modification of the surface charge is driven by the temperature dependence of a gas of charged
particles in equilibrium with the vacuum level.

PACS. 73.20.-r Electron states at surfaces and interfaces — 61.14.Hg Low-energy electron diffraction
(LEED) and reflection high-energy electron diffraction (RHEED) — 68.60.Dv Thermal stability; thermal

effects

1 Introduction

The surface charging of insulating materials irradiated
by an electronic bombardment is of considerable inter-
est in many areas of physics and technology. It is related
to important domains such as electron beam lithography
and scanning electron microscopy [1]. For these fields the
charging effect limits the resolution and is considered as
a drawback to be suppressed or at least minimised. A
considerable amount of effort has been devoted to the
experimental and theoretical investigations of secondary
electron emission from the surface of insulating materials.
The problem has been treated by both classical electro-
static calculation [2] and Monte-Carlo simulation [3]. If
we consider the evolution of the surface charging process
as a function of the beam primary energy, three domains
must be considered [4]. Below the first threshold value
FE.1 the primary particle energy is too low, thus the num-
ber of secondary electrons per incident electron reemitted
by the surface is smaller than one, so the surface charges
negatively, more or less to the beam energy. In between
FE., and E., the second threshold energy, the yield of
secondary electrons is greater than one and the surface
charges positively [5,6]. Above E.q, the surface charges
negatively. Our present study will be limited to the sec-
ond region, more precisely just above E.;, where there
is a good agreement between experiments and theoretical
models [4] to claim that under electron irradiation the sur-
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face reaches an electrostatic equilibrium, with a positive
charge located in the topmost surface atomic layer of the
insulating material. Here we will focus on the thermody-
namic properties of the positively-charged irradiated layer,
in equilibrium with the beam. We will limit our investi-
gation to the low-energy range, typically 60-100 eV, and
unfocused conditions, i.e., where the primary beam pene-
trates only the first atomic layers and the beam diameter
is of the order of the millimetre. We are concerned by
thermodynamic properties because we would like to know
if such a dynamical electrostatic equilibrium is only the
result of a mean static density of trapped charges, where
individual contributions accumulate to form the surface
potential, or if the formation of the positive layer gives
rise, at least transitorily, to a two-dimensional gas of elec-
trons in thermodynamic equilibrium. It is clear that the
direct effect of a temperature change on individual parti-
cles with kinetic energy or potential energy of the order
of 1 eV (typical for secondary electrons) can be safely ig-
nored, however the situation is different for a free electron
gas having a low density in thermal equilibrium. To ad-
dress this question, we have investigated the electrostatic
response of the irradiated insulator to a periodic thermal
excitation of the order of a few tenths of Kelvin.

2 Experiment

The thermodynamic measurement presented here is based
on the simultaneous measurement of the sample tempera-
ture and of the sample surface charge. Let us first describe
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how the sample temperature is modulated. The thermal
excitation is performed by infrared heating of the sample-
holder. The latter acts as an electrostatic shield and is tied
to the ground potential to avoid any direct electrostatic
coupling with the insulating sample. A sine wave function
of time for the thermal time evolution has been chosen
in order to detect non-linearity and to use the thermal
phase shift as a tool to analyse the thermal response. The
heating device working in UHV has been described else-
where [7]. It is able to raise the sample mean temperature
between 400 and 600 K, and the heating power can be ad-
justed in order to produce a temperature oscillation whose
amplitude, typically from 0.1 to 0.5 K, can be chosen in-
dependently of the frequency. The sample temperature is
measured using a thermocouple, which is spot welded di-
rectly to the sample-holder.

Let us now describe how we measure the surface charge
of the sample irradiated by a low-energy electron beam.
Basically, we use a low-energy electron diffractometer that
provides both the beam to irradiate the surface (typically
100 eV) and a phosphorus screen to image the diffracted
beam. The diffraction pattern is monitored using a video
camera. The video stream is digitised in phase with the
thermal excitation. The time evolution of the diffraction
pattern is numerically analysed in order to build a new
image, whose pixel intensity I is proportional to the os-
cillation amplitude for each pixel [8]. So, for a given pixel
of row i and column j, I;;(t) = (I;;) + 01 sin(wt+ei;),
where the pulsation w = 27 f is that of the excitation. The
frequency f has been tuned between 0.06 and 0.23 Hz in
the present study.

The method we use to evaluate the surface charge has
been described elsewhere: it consists in analysing the os-
cillatory part of the diffraction pattern in response to a
periodic thermal excitation [9]. Let us recall how it is used
here to analyse the surface potential. If we consider the im-
pact of a surface potential on the diffraction pattern, we
must combine the diffraction process [10] with the beam
deviation caused by the surface potential. The diffraction
process quantises the component of the diffraction vec-
tor K = koyut — kin that is parallel to the surface, while
the deviation conserves its perpendicular component. So
the position of a given diffraction spot is absolutely not
affected by a surface potential exhibiting an axial symme-
try. However the diffraction occurs at a different energy
so that the intensity of a given diffraction spot, which is a
function of the electron wavelength, is indeed affected by
the surface potential [9]. So any oscillation of the surface
potential will lead to an oscillation of the spot intensities.
In turn this spot intensity oscillation is used here to moni-
tor accurately any variation of the surface potential under
beam irradiation.

The thermodynamic investigations have been per-
formed on a muscovite mica sample (thickness 0.1 mm)
cleaved in air and introduced into the analysis chamber
within 10 min. The vacuum condition of the experiment
corresponds to a pressure a few 10710 Torr. The temper-
ature oscillation 7" was between 0.1 and 0.5 K, around a
mean temperature of 530 K. The working frequency was
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Fig. 1. Thermal response of the diffraction pattern. The 3D
view displays the oscillatory part of the diffracted intensity,
01, in the case of the surface of muscovite mica. The grey level
indicates the amplitude of the oscillation: darker shades of grey
correspond to larger oscillations, while white shade indicates
no oscillation. The maximum amplitude is about 3 grey levels,
for the (2, —1) spot, representing about 8% of the corresponding
mean peak. Ten diffraction spots are indexed by their Miller
indices. This oscillation pattern is the response of the insulating
surface to a small temperature oscillation (67" = 0.4 K, peak).

tuned between 0.06 and 0.23 Hz. The electron beam was
adjusted to about 80 eV in order to be just above the
threshold F.q, in a region where the secondary electron
yield is slightly greater than unity, so the surface charges
positively. The beam current is kept constant and its value
is fixed in the order of 0.5 pA (density about 50 uA /cm?).

3 Results

Figure 1 displays, in a 3D view, the image of the oscil-
lation amplitude of the diffracted intensity in response to
the thermal excitation. The diagram displays a shape very
similar to a standard LEED (Low Energy Electron Diffrac-
tion) pattern, however it rather represents the oscillation
of the intensity, 6/. Surprisingly a small temperature os-
cillation, i.e., 0T = 0.4 K, produces a significant evolution
in the LEED intensity. For instance, the maximum ampli-
tude ¢7is found for the (2,~1) spot, and represents about
3 grey levels, i.e., 8% of the corresponding (I). More gen-
erally, the intensity oscillation is about one order of mag-
nitude below the intensity of the mean diffraction spot. It
is worth noting that the background between the peaks
is very low, because inelastic electrons generally display
only a very weak energy dependence.

Note that each diffraction peak displays a specific re-
sponse, because the oscillation amplitude is related to the
derivative I /OF of a given Bragg spot intensity as a func-
tion of the beam primary energy [9]: I = I(E+4e(V) +
edV) = (I) +edV (t)0I/OFE, where V is the (positive) sur-
face potential, the sum of a constant term and a sinu-
soidal one. So the oscillatory behaviour of the diffraction
intensity is directly related to the oscillation of the surface
potential.
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Fig. 2. Intensity oscillation as a function of the derivative of
the diffraction intensity with respect to the energy. The oscil-
lation amplitude of the diffraction spots of Figure 1 is plotted
versus the I /OF of each (h,k) spot (in absolute value). The
ten spots provide a common determination of the surface po-
tential oscillation: from the slope of the fitted right line, we
obtain a value of 0.55 V, produced by the 0.4 K temperature
oscillation (peak values).

In order to accurately evaluate the amplitude of the
latter, we can exploit all the Bragg spots of a single diffrac-
tion pattern. To this end, we have plotted in Figure 2 the
intensity oscillation for the ten Bragg spots of Figure 1,
as a function of the derivative of their intensity, in abso-
lute value, with respect to the beam primary energy. We
obtain a good linear relationship, from which we can calcu-
late the oscillation of the surface potential: §V = 0.55 V.
So a 0.4 K temperature oscillation causes a 0.55 V surface
potential evolution, at the excitation frequency of 0.23 Hz.
Moreover, the phase shift measured between the tempera-
ture oscillation and the intensity oscillation indicates that
the surface potential increases as the temperature is in-
creased.

In order to study the origin of this new thermo-electric
effect, we have investigated how the amplitude of the sur-
face potential oscillation evolves with the frequency of the
thermal oscillation, for a fixed mean temperature, here
T = 530 K. The result is presented in Figure 3, where
the oscillation amplitude of the surface potential is dis-
played as a function of the frequency, in the range 0.06 to
0.25 Hz for a constant temperature oscillation 67 of 0.4 K.
The positive slope indicates that the thermo-electric effect
increases with the thermal frequency and extrapolates to
zero at zero frequency. So we are faced with a dynamical
effect that shows up only when the system it driven out of
thermal equilibrium. It must be noted that such a diver-
gence of the response with the increasing frequency should
reach a limit, however the latter is beyond the scope of
this paper. In addition, the same thermo-electric effect has
been observed in another insulating material: SrTiOg [11].
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Fig. 3. Oscillation amplitude of the surface potential as a
function of the excitation frequency. The amplitude of the tem-
perature oscillation is kept around 0.4 K, for a mean surface
temperature of 530 K. The response decreases as the frequency
is lowered: no response is observed at zero frequency. Lines are
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Fig. 4. Evolution of the electrostatic potential at the surface
of an insulator. The sample is bombarded by a wide low-energy
electron beam, establishing in the steady state a positively
charged region. Located close to the topmost atomic layer, it
results in a positive surface potential that tends to freeze the
secondary electron emission, keeping dynamically the emission
yield to unity. As the sample temperature is modulated, an
oscillation of the surface potential is observed at the same fre-
quency.

4 Discussion

Previous electrostatic investigations [2] have clearly shown
that an irradiated surface accumulates the negative
charges of the beam, and close to the surface, positive
charges left by the emission of secondary electrons. In
the unfocused condition of our experiment, the irradiated
volume is obviously two-dimensional, as depicted in Fig-
ure 4. This can be evaluated by comparing the penetra-
tion depth (about 1 nm at 80 e¢V) to the beam diameter
(about 1 mm). In insulating materials all these charges are
trapped. Their binding energy is well above the phonon
energy (40 meV) so they can hardly respond to a small
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0.4 K (0.03 meV) temperature evolution. Yet our ther-
modynamic investigation indicates a potential change in
response to such a small thermal oscillation. Therefore,
as proposed in the introduction, it appears that the large
thermo-electric effect arises from an assembly of “free”
charged particles in some form of equilibrium. So we are
faced with a low-density two-dimensional gas of charged
particles. We must consider a thermal equilibrium with
the phonon temperature, and also an energy equilibrium
with the vacuum level.

Another point is linked to the dynamics of the surface
charge evolution: thanks to our phase shift information, we
observe that the potential increases as the temperature is
increased. This results from a change in charge density ei-
ther as an increase in the number of positive charges or as
a decrease in the number of negative charges. This last hy-
pothesis is the most reasonable, if we are to consider both
the better mobility of negative charges and the require-
ment of a thermal equilibrium, for which a temperature
increase produces a reduction in the number of particles
by evaporation towards the vacuum level. At very low fre-
quency, the effective mobility of the positive charges is
sufficient to cancel out the variation in the density of the
electronic gas, so the thermo-electric effect tends to zero.
These negative charges are probably located in the poten-
tial wells formed by the positive charges, but far enough
from the surface (in the vacuum) to be free to move in two
dimensions. It is well known that such “image states” have
binding energies much smaller than typical work func-
tions, and possibly of the same order of magnitude as
the temperature [12]. It is clear that a precise descrip-
tion of this new phenomenon requires more experimental
and theoretical investigations.

5 Conclusion

When a beam of low-energy electrons irradiates the
surface of an insulating material, a dynamical electro-
static equilibrium is reached if the yield of secondary
electron emission is greater than unity. The surface
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charges positively in order to adjust to unity the effective
yield by trapping the secondary electrons. The thermo-
dynamic properties of this dynamical electrostatic equi-
librium have been investigated by oscillating the surface
temperature of an insulator. A relationship between the
surface charge and its temperature evolution has been dis-
covered. A small oscillation of the surface temperature in-
duces a significant modification of the surface charge, e.g.,
a modulation of 0.4 K around 530 K induces a 0.55V os-
cillation amplitude for the surface potential. This charge
evolution can be roughly understood if we consider a low-
density two-dimensional electron layer, which is main-
tained close to the surface by the positive layer. The fre-
quency dependence shows that such an effect disappears
at zero frequency. In fact at low frequency the slow pos-
itive carriers are able to cancel out the fast evolution of
the electrons.

We thank C. Noguera, M. Bernheim and G. Blaise for fruitful
discussions.
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