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Abstract—This work describes research on how zinc oxide (ZnO) crystals behave when bombarded with low-
energy electrons (up to 600 eV). The key finding is that the energy of the electrons strongly affects what hap-
pens on the surface of the ZnO. We have identified specific electron energies that cause negative charge to
build up on the surface, remove existing charge, and create gaps where oxygen atoms used to be. It was deter-
mined that depending on the energy of electrons, it is possible to tune the surface charge, which can be used
for technological purposes. This knowledge could be crucial for developing new methods of creating thin
films and two-dimensional structures made from ZnO, by controlling the charge of the surface.
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INTRODUCTION

Surface charging phenomena under electron irra-
diation are pivotal in understanding the dynamic
interactions between electron beams and materials,
especially in the fields of materials science, nanotech-
nology, and electron microscopy [1]. When a material
is exposed to an electron beam, the incident electrons
can be absorbed, transmitted, or reflected by the
material’s surface, leading to the accumulation of
electrical charge [2]. This process is influenced by the
material’s conductivity, electron affinity, and the
energy of the incident electrons. Surface charging can
significantly affect the physical and chemical proper-
ties of the material, leading to various applications and
implications in scientific research and industrial
applications.

As we all know, protons and electrons are the basis
of catalysis processes [3, 4]. Depending on the energy
value, electrons, interacting with molecules, can stim-
ulate various desorption and dissociative processes
[5—7]. The predominance of one process over another
depends on the energy of the electron [8]. Therefore,
electron energy is extremely important for revealing

models and mechanisms of various processes [9].
However, the process of determining the threshold of
various mechanisms is very difficult in the condensed
phase, since multiple scattering leads to the formation
of reaction cascades (for example, desorption, dissoci-
ation, charging, the formation of radiolysis products,
recombination, etc.). The advantage of low-energy
electrons is that (0—100 eV) it is possible to highlight
the transition boundaries of processes, including the
control of surface chemistry processes, in which a
large number of secondary electrons are observed. The
formation of negative and positive particles on the sur-
face is also important, in addition to the fact that
research on them is rather scarce, since these pro-
cesses cover most of the expected dissociative pro-
cesses, as well as the processes of synthesis of new
molecules, desorption and sputtering. In real systems,
everything is not so simple and to establish the contri-
bution to the observed chemical activity, in the low-
energy regime we can isolate, prioritize and carefully
study these individual processes.

In our work on the study of surface states, we dis-
covered charging of the surface of semiconductors and
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dielectrics (ZnO, LiF, CuO) upon irradiation with
low-energy primary electrons [10, 11]. Domestic and
foreign works have shown that this phenomenon with
the energy of primary electrons below 100 eV has not
been studied [12].

Since the ZnO crystal is a promising material and
is very actively studied due to its optical and lumines-
cent properties [ 13—15], we needed interest in the phe-
nomenon of charging the surface of ZnO crystals
when irradiated with electrons with an energy of 1—
1000 eV by the method of total current spectroscopy to
understand the structure of electronic states and the
nature of chemical bonds on the surface of zinc oxide.
This phenomenon of secondary electron emission [16]
from ionic crystals and the accompanying charging
effect when exposed to electron radiation has been
studied for many years [17], but many aspects of this
multifaceted phenomenon are still not understood and
require further research [18]. Based on the latter cir-
cumstance, we can say that the study of problems of
charging the surface of crystals has not only scientific,
but also a lot of practical significance, for example, for
analytical electron probe research techniques [19, 20],
electron lithography [21], and space technology [22],
in many modern space technologies [23—25].

This manuscript investigates the mechanisms gov-
erning surface charge accumulation in polycrystalline
and single-crystal zinc oxide (ZnO) under electron
irradiation. The emphasis lies on elucidating the fun-
damental physical processes involved, exploring the
factors that influence charging behavior, and outlining
strategies to mitigate associated undesirable effects. By
offering a critical analysis of recent advancements and
highlighting the remaining challenges, this work aims
to contribute to a deeper understanding of electron-
material interactions within ZnO. This knowledge will
pave the way for the development of novel methodol-
ogies to control and harness surface charge across
diverse scientific and technological domains, includ-
ing the potential exploitation of negative surface
charge for the targeted growth of crystals and films.
Previously, using total current spectroscopy [26], we
studied the energy dependences of defect formation in
ZnO crystals [10]. This paper presents the results of a
further study of the kinetics and temperature depen-
dences of the formation of negative charging and
defects on the ZnO surface under electron irradiation.
The thresholds for charge formation were determined
and an attempt was made to explain the mechanisms
of the ongoing physical process.

MATERIAL AND EXPERIMENTAL METHODS

For the experimental realization of total current
spectroscopy in its simplest configuration, a measur-
ing circuit as depicted in Fig. 1 is indispensable. A
focused monokinetic electron beam (part 1 of Fig. 1)
is directed towards the sample surface utilizing an
electron-optical system (part 2 of Fig. 1). Within the
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region between the forming system and the planar
sample (part 5 of Fig. 1), electrons traverse in a homo-
geneous retarding field, reaching the sample with an
energy dictated by the displacement potential (Uj).
The primary electron current (/;) is established by the
magnitude of the current generated between the elec-
tron gun’s cathode and the sample under investiga-
tion. Upon interaction of primary electrons with the
target, a fraction of them is reflected, yielding a cur-
rent of secondary electrons (/,), while the remainder
penetrates the target, contributing to the overall cur-
rent passing through the sample (/). Thee quilibrium
of currents is expressed as follows [26]:

1, =1+1,. (1

As the magnitude of the retarding field above the
sample changes, the relative potentials of the electro-
static system remain constant. Consequently, the pri-
mary electron beam retains its focus, and the current
I, remains constant in magnitude [27, 28].Taking this
fact into consideration, it can be inferred that the magni-
tude of the secondary electron current /, can be assessed
by measuring the current in the target circuit /:

I=1-1, I =const 2)

By applying a small (0.1—0.2 V) sinusoidal voltage
with a frequency of ® = 1000 Hz to the cathode unit,
it is possible to modulate the primary beam in energy,
and using the synchrodetection system (6-part of Fig. 1)
to isolate the first derivative of the current in the sam-
ple circuit. Then the expression for the current balance
will be written as:

I _dd, -1, __dl,
dE dF dE

p p p

=S(E)). 3)

Surface cleanliness was monitored using SIMS and
total current spectra. To measure the temperature on
the target surface, a chromel-alumel thermocouple
was used in the temperature range (20—1000°C).

To obtain total current spectra, an electron beam
(part 1 of Fig. 1) with an energy of 0 X 100 eV (current
~10~% A, half-width of the energy distribution of the
electron beam 0.3 eV) is directed onto the surface of a
zinc oxide crystal.

The technique has an ion gun operating on an ion-
ization mechanism to use surface cleaning and ion
etching of samples [29]. All studies were carried out at
room temperature. The working vacuum during the
research was 1078 Torr.

The interpretation of the spectra of the total current
of zinc oxide was carried out on the basis of the energy
diagram of the formation of the fine structure shown
in Fig. 2. When the energy of the primary electron
beam becomes high enough to excite various defects,
the probability of primary electrons leaving the solid
decreases, and a peak appears in the total current
spectrum curve at the corresponding energy position
of the defect. The primary peak in the total current
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Fig. 1. Electrical circuit of the total current spectrometer, /—electron Bgun, 2—electron-optical system, 3—ion gun, 4—evapora-
tor, 5—substrate, 6—electronics for recording the integral current 107° A.

<«
“—> |« )
M £ 1 N,
1 “ h
—6 0 jv/

Fig. 2. Energy level diagram responsible electron transitions for the zinc oxide total current spectra fine structure.

spectra indicates the vacuum level and in all spectra
the reference point is chosen (zero in Fig. 2). Also, for
convenience, shifts in the total current spectra due to
changes in the potential and work function of the sur-
face are not taken into account, since the level of
defects relative to the vacuum level does not change.

Each current spectrum was recorded using a fixed
set of ion irradiation doses. The primary peak in all
curves indicates the beginning of the counted exci-
tation energy of defects.

In this case, the occurrence of defects, their disap-
pearance or their transformation into other types of
defects was judged by changes in the intensity (%) and
half-width of the corresponding peaks (Fig. 2).

The studies were carried out in films and single
crystals of ZnO, under irradiation with slow electrons,
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up to a certain dose (D = 1.5 X 1013 el/cm?) and energy
(0—600 eV). The formation of defects and their effect
on the negative charging of the surface of ZnO crystals
were investigated. A detailed description of total cur-
rent spectroscopy methods is given in references [11,
30-32].

RESULTS AND DISCUSSION

Comparative studies were carried out and the total
current spectra of poly and single ZnO crystals were
obtained (Fig. 3). The first peak in the total current
spectrum (peak o) is called the “primary”. It appears
if the energy of the primary electron beam becomes
equal to the energy position of the minimum of unoc-
cupied electron states (DOUS—Density of Unoccu-

2024



S314

dl/dFE, rel. units

SHAROPOV et al.

0 10

20 E, eV

Fig. 3. Total current spectra of poly (/) and single crystals (2) of zinc oxide.

pied States), and the probability of electron penetra-
tion into the solid appears [33, 34].

As can be seen from the total current spectra, at
electron energies of 4.2 eV (peak o), the excitation of
interband transitions begins for both samples, which
indicates the transition of electrons from the potential
barrier to the conduction band, or in other words, the
electrochemical potential, or also called electron
affinity (for metals—work function). The difference in
the total current spectra of the two samples is that the
intensities of the peaks at 3.5 eV (Fig. 3, peak y) and
8 eV (peak 0) are more weakly reflected in polycrystal-
line ZnO. There is also a weak formation of several
peaks at excitation energies of 10, 16, 22 eV, which,
according to data obtained from studies using ab initio
calculations based on density functional theory
(DFT), is shown in Fig. 4. As you can see, this figure
more clearly represents the excitation of interband
transitions from the total current spectra of zinc oxide
crystals. As can be seen, the total current spectra show
in more detail the band gap, electron affinity energy or
surface work function (primary peak energy), unoccu-
pied states above the Fermi level, and local states.
Some peaks are consistent with the energy states of
bands in the near-surface region observed in DFT calcu-
lations [35]. For example, according to DFT calculations
and total current spectra, we see that the first peak
(Figs. 3 and 4, peak 7) at an electron energy of 7.5 eV in
the energy axis (relative to the primary peak—3.2 €V) is
associated with the excitation of O2p electrons—states
from the occupied valence band to unoccupied states in
the conduction band, that is, the transition of an elec-
tron from the top of the valence band (VBM-valence
band maximum) to the bottom of the conduction
band of the zinc oxide sample (CBM-conduction
band minimum). The second 6 peak at 10.5 €V proba-
bly results from electron excitation of small O2p states
from the lower energy of the occupied valence band to
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the free conduction band. The third largest peak € at a
photon energy of 16 eV (relative to the primary peak—
12 eV) is attributed to the excitation electron from the
3d states of Zn from the occupied valence band to the
unoccupied conduction band.

Thus, the occurrence of peaks at an energy of 3.5 eV
(Fig. 3, peak ) relative to the primary peak shows the
band gap—E,. It is also clear from the spectrum that in
the band gap there is a peak at an energy of 1.8—2.0 eV
(Fig. 3, peak B), which shows the presence of local
states—oxygen vacancies on the surface of the sample.
Also, from the spectrum we can say that on a polycrys-
talline sample this peak is wider (peak B—oxygen
vacancies) than on a single-crystalline zinc oxide. This
indicates a high concentration of surface defects of
oxygen vacancies.

Analysis of the total current spectra of two crystals
shows that, in a polycrystalline sample, the intensity of
the peaks is very weak, due to electron scattering in the
polycrystalline lattice. Also, the peak at an energy of
7.5 eV in the total current spectrum of single-crystal
ZnO shows the presence of oxygen atoms at the inter-
face with the surface, which indicates the polar orien-

tation (0001) of ZnO [36, 37].The basal planes of the

crystal (0001) and (0001 ) are polar. The (0001) plane
corresponds to the surface bounded by zinc cations
(Zn—Z7Zn0), the (0001) plane—by oxygen anions (O—
ZnO) [38] (Fig. 5).

In previous work examining the energy depen-
dence of zinc oxide, we showed that each resulting
total current spectrum shifts toward higher energies,
indicating the formation of a negative charge on the
surface of the zinc oxide [10]. Figure 6 shows several
spectra from previous work to explain the current data.
Curve 7 shows the spectrum of the total current of zinc
oxide without irradiation. Curve 2 shows the spectrum
of the total current of zinc oxide after irradiation with
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Fig. 4. Comparison of total current spectra of zinc oxide crystals with DFT calculations (/—polycrystal, 2—single crystal).

Fig. 5. Structure of the polar surface of ZnO: (0001). Zinc atoms are represented by gray spheres, oxygen atoms by red spheres [39].

electrons with an energy of 10 eV. In this case (within
one minute) a dose = 1.5—108 el/cm? is collected on
the sample. This dose was sufficient to saturate the
charging on the surface, since increasing the dose did
not lead to other noticeable changes on the surface of
the sample. As noticeable, the spectrum has shifted to
the right by about 5 eV. Further, an increase in energy
by 20 eV (curve 3) leads to a shift in the spectrum by 9—
10 eV. And so on, before irradiation at energies of
115 eV, the surface potential increases to 43 eV. Fur-
ther, when irradiated with electrons with an energy of
120 eV, the surface potential drops sharply to 18—20 eV
and decreases to 7—8 eV at irradiation energies of
150 eV. Further, with an increase in the energy of the
primary electrons, the potential of the surface of zinc
oxide does not decrease or increase. The thick dashed
arrow shows the direction of shift of the primary peak.

JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES Vol. 18 Suppl. 1

This is the value of the generated potential of the sur-
face of zinc oxide.

Figure 7 clearly shows the dependence of the
change in the negative surface potential of poly and
single-crystalline zinc oxide samples on the energy of
electron irradiation.

As can be seen, the value of the negative charge
accumulated on the surface increases to 43 eV, after
the irradiation energy of the primary electrons 120 eV
begins to fall, but the negative potential on the surface
does not disappear and remains at the level of 7 eV.

It is also clear from the figure that the negative
potential on the surface of poly and single crystal zinc
oxide behaves differently. More negative potential
accumulates on a polycrystalline sample than on a sin-
gle-crystalline sample. This is probably due to the
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Fig. 6. Total current spectra of single-crystal zinc oxide
under irradiation with slow electrons. Curves: /—total cur-
rent spectra of the cleaned surface of zinc oxide single
crystals after annealing at a temperature of 400°C; 2—total
current spectra when irradiated by electrons with energy
E;,—10 eV; 3—20 eV; 4—40 eV; 5—50 eV; 6—75 eV; 7—
100 eV; §—120 eV; 9—130 eV; 10—150 eV.

crystallographic orientation of atoms and their clusters
on the surface or morphology. Taking morphological
patterns of the surface of poly and single crystal zinc
oxide can bring some clarity to the effects we observed
associated with the accumulation of potential on the
surface.

In previous Figs. 3, 4 and 6, we mentioned the for-
mation of oxygen vacancies (3 peak) upon electron
irradiation. From the obtained total current spectra, it
became clear that pre-radiation vacancies are

¢

40 o Polycrystal ZnO
a Monocrystal ZnO

20 +
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observed on the surface of zinc oxide and their forma-
tion after irradiation with electrons. If we trace their
kinetic, energy and temperature dependence, we get
the following Figs. 8—10.

Figure 8 shows the energy dependence of the rela-
tive intensity of the 2.0 eV peak—an oxygen vacancy
on the surface of a ZnO crystal on the energy of elec-
tron irradiation. As can be seen, before irradiation
with electrons with an energy of 20 eV, the intensity of
the vacancy peak does not increase significantly. This
indicates the existence of pre-radiation defects on the
surface of zinc oxide. With an increase in energy by
20 eV, there is a sharp jump in intensity by about
2 times, which can be attributed to the formation of
vacancies due to electron irradiation. The energy
region of the site can be divided into two: 1 and 2
region of electron irradiation. The first region involves
vacancies that already exist (pre-radiation) on the sur-
face of zinc oxide; here the electron energy is not
enough to create vacancies.

In the second region of the irradiation section,
both pre-radiation and vacancies formed during irra-
diation with electrons with an energy of 20 eV are
involved. Further, an increase in the energy of electron
irradiation does not lead to an increase in the forma-
tion of oxygen vacancies, which indicates the thresh-
old for the formation of oxygen vacancies on the sur-
face of the zinc oxide crystal. Thus, it is clear from the
graph that an irradiation energy of 20 eV for zinc oxide
is the threshold for the formation of defects on the sur-
face; below this energy, electrons cannot create elec-
tron-hole pairs.

Figure 9 shows the temperature dependence of the
relative intensity of the 2.0 eV peak—an oxygen
vacancy on the surface of a ZnO crystal. As can be
seen, with an increase in temperature from room tem-
perature to 300°C, the intensity of the 2.0 eV peak does
not change noticeably, which is not a characteristic
behavior for vacancies. A similar situation was
observed by Hoffman in his studies [40], where grown
bulk ZnO crystals annealed in vacuum in zinc and
oxygen vapor were characterized using optical and
magnetic resonance spectroscopy. Experiments
showed that the concentration of residual carriers is

80 100 120

140 E, eV

Fig. 7. Dependence of the change in the negative potential of the surface of poly and single crystal ZnO on the energy of electron

irradiation.
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Fig. 8. Energy dependence of the relative intensity of the 2.0 eV peak—oxygen vacancy on the surface of a ZnO crystal under elec-

tron irradiation.

due to residual oxygen vacancies in the material.
Annealing samples at a temperature of about 1000°C
reduces the concentration of H donors and oxygen
vacancies by one order of magnitude. Photolumines-
cence and DLTS results suggest emission at 2.45 eV
(green band) and a donor level at 530 meV below the
conduction band, which is associated with a doubly
charged oxygen vacancy. The results indicate negative
charging of oxygen vacancy defects predicted by theo-
retical calculations.

From the temperature dependence we can say that
oxygen vacancies are not annealed up to 300°C.

4
2+
0 100 200 300
T,°C

Fig. 9. Temperature 7' dependence of the relative intensity
of the 2.0 eV peak—oxygen vacancy on the surface of a
ZnO crystal.

hy/h

Figure 10 shows the kinetics of the relative intensity
of the 2.0 eV peak—an oxygen vacancy on the surface
of a ZnO crystal. As can be seen, the intensity of the
2.0 eV peak—oxygen vacancy—drops by two times
within 4 h, by five times within 8 h, and then the kinet-
ics of vacancies does not change noticeably.

Only in this way can the concentration of oxygen
vacancies on the surface be reduced, but it is impossi-
ble to completely remove vacancies from the surface.

Thus, it is clear from the graphs that the detected
peak of 2.0 eV in the total current spectrum actually
belongs to oxygen vacancies on the surface of the zinc
oxide crystal. It reacts very stable to temperature and
annealing time.

Our experiments show that in the case of electron
irradiation of the ZnO surface in the energy range 1 <
E <20 eV, negative charging of the surface occurs due
to dissociative processes occurring below the ioniza-
tion and excitation thresholds, which can only occur
due to dissociative electron attachment. In this case,
the formation of a negative charge due to the capture
of electrons by pre-radiation oxygen vacancies. This
process is considered temporary and resonant; during
relaxation, the electron is simply ejected, leaving the
hole in an excited state. It should be noted that the for-
mation of charging on the surface occurs at energies
below the energy of the sample band gap; this is prob-
ably due to pre-radiation vacancies.

Vy-ZnO

8 16 24
t,h

Fig. 10. Kinetics of the relative intensity of the 2.0 eV peak—oxygen vacancies on the surface of a ZnO crystal.
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Fig. 11. Two-layer model of surface charging during elec-
tron bombardment of a semiconductor target.

The increase in the concentration of vacancies on
the surface of zinc oxide at irradiation energies of 20 eV
(Fig. 8) may be associated with the ionization poten-
tial of oxygen and zinc atoms. Experimentally deter-
mined [41—44], to displace an atom from a cell node
from the volume, at least energy must be expended:

Edisp = 3E'ipa (4)

here Ej;, is the energy expended for displacement the
atom, E, is the ionization potential of the atom (Table 1).
On the surface (20.4 eV) this value is two times less
than in the bulk (13.6 X 3 =40.8), since the strength of
the attachment of an atom in a lattice site depends on
the number of bonds, and on the surface some of them
are broken. In other words, E,; is less than the thresh-
old displacement energy Ey;,, which characterizes the
formation of post-ionization defects in the volume. It
seems that the electron energy is sufficient to break the
bonds of the ZnO cluster into positive Zn* and nega-
tive O~ ions, which leads to the formation of a double-
layer charge on the surface. The results show that the
formed double-layer charging region on the outer side
of the surface is covered with negative oxygen ions
(Fig. 11).

We know that ZnO is a partially ionic crystal, and
therefore its double layers consist of positively nega-
tively charged Zn and O ions. To date, a two-layer
model of surface charging under electron bombard-
ment of a dielectric target has been developed [16, 19,
45], according to which, a layer of positive or negative
charge is formed due to the emission of secondary
electrons. It is also clear from our data that the ZnO

(0001) substrate has a surface with high reactivity (the
surface is limited by oxygen ions), which, when irradi-
ated with electrons, leads to the formation of an addi-
tional charge barrier layer, creating a potential.

Table 1. Ionization levels of zinc and oxygen (eV)

Ionization potential, eV Zn O
1 9.39 13.6
2 17.9 35.1
3 39.7 54.9
4 59.5 77.4
5 82.6 113.9
6 107.9 138.1
7 133.9 739.2
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CONCLUSIONS

The influence of low-energy electrons (£ = 0—600 eV)
on the surface of zinc oxide crystals has been studied.
In our opinion, low-energy electron irradiation of the
surface of zinc oxide crystals stimulates three types of
dissociative processes that occur directly as a result of
inelastic collisions of electrons with surface anions and
cations. These reactions cause physical and chemical
processes through dissociation, breaking and forma-
tion of bonds, and atomic and molecular rearrange-
ment of the surface of the sample. As shown, the
energy of the primary electron is of paramount impor-
tance and can determine what types of primary pro-
cesses can be activated on the zinc oxide surface.

In the first case, in the energy range 1 eV < E <
20 eV, negative charging of the ZnO surface occurs due
to dissociative electron attachment to pre-radiation
oxygen vacancies.

In the second case, in the energy range 20 eV< E<
120 eV, an increase in negative charging is observed
due to the breaking of the bonds of the ZnO cluster
into positive Zn* and negative O~ ions, which leads to
the formation of a two-layer charge on the surface, on
the outer side of the surface covered with negative oxy-
gen ions. The energy threshold for the formation of an
anion vacancy (~20 eV) on the ZnO surface was deter-
mined.

In the third case, at energies above E > 120 €V, the
negative charge on the ZnO surface decreases, possi-
bly due to oxygen ESD and other secondary electronic
processes.

The data obtained from the presented work can be
used to control ions and chemical reactions at the
molecular level, as well as to obtain epitaxial two-
dimensional thin-film heterostructures using surface
potential [46]. It is safe to say that if the surface is
charged during film growth, it will have a very large
impact not only on the morphology of the deposited
surface, but also on the structural perfection of the
resulting films [47].
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