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This study delves into the phenomena surrounding the emergence of negative charge accumulation on the
surface of zinc oxide (ZnO) crystals upon exposure to low-energy electron irradiation within the range of E= 0 +
600 eV. We demonstrate the critical significance of the primary electron energy in dictating the initial processes
initiated at the ZnO surface. Energy thresholds governing both the genesis and elimination of surface charge,
along with the formation of oxygen vacancies on the ZnO surface, are elucidated. Our findings reveal that
irradiation instigates distinct dissociative pathways contingent upon electron energy, engendering diverse
physical and chemical transformations via bond dissociation, desorption, and atomic and molecular restructuring
of the surface. These insights serve as pivotal groundwork towards advancing the fabrication of epitaxial films,

facilitating the controlled generation of two-dimensional structures predicated on surface potential modulation.

1. Introduction

Surface charging phenomena under electron irradiation are pivotal
in understanding the dynamic interactions between electron beams and
materials, especially in the fields of materials science, nanotechnology,
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 properties of
the material, leading to various applications and implications in scien-
tific 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 stimulate various desorption [5] and dissociative
processes [6-8]. The predominance of one process over another depends
on the energy of the electron [9]. Therefore, electron energy is
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extremely important for revealing models and mechanisms of various
processes [10]. 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, dissociation, 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 surface is also important, in
addition to the fact that research on them is rather scarce, since these
processes cover most of the expected dissociative processes, as well as
the processes of synthesis of new molecules, desorption and sputtering
[11]. In real systems, everything is not so simple and to establish the
contribution 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 discovered charging of
the surface of semiconductors and dielectrics (ZnO, LiF, CuO) upon
irradiation with low-energy primary electrons [12,13]. Domestic and
foreign works have shown that this phenomenon with the energy of
primary electrons below 100 eV has not been studied [14].

Since the ZnO crystal is a promising material and is very actively
studied due to its optical and luminescent properties [15-17], we
needed interest in the phenomenon 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 [18] from ionic
crystals and the accompanying charging effect when exposed to electron
radiation has been studied for many years [19], but many aspects of this
multifaceted phenomenon are still not understood and require further
research [20]. Based on the latter circumstance, we can say that the
study of problems of charging the surface of crystals has not only sci-
entific, but also a lot of practical significance, for example, for analytical
electron probe research techniques [21-23], electron lithography [24],
and optoelectronic technology [25], in many modern space technologies
[26-29]. Among Si [30], GaN, ZnO [31], SiO, [32], TiOs, InP [33] and
GaP etc; Zinc oxide has wide band gap (3.37 eV), large exciton binding
energy and is radiation resistive [34]. Because of these instrinsic prop-
erties ZnO has been applied in detection of UV radiation, space com-
munications [35], pollution, water purification, defense applications
[36,37].

This manuscript investigates the mechanisms governing surface
charge accumulation in polycrystalline and single-crystal zinc oxide
(ZnO) under electron irradiation. The emphasis lies on elucidating the
fundamental physical processes involved, exploring the factors that in-
fluence charging behavior, and outlining strategies to mitigate associ-
ated 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 in-
teractions within ZnO. This knowledge will pave the way for the
development of novel methodologies to control and harness surface
charge across diverse scientific and technological domains, including
the potential exploitation of negative surface charge for the targeted
growth of crystals and films. Previously, using total current spectroscopy
[38], we studied the energy dependences of defect formation in ZnO
crystals [12]. This paper presents the results of a further study of the
kinetics and temperature dependences 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. These
physical processes underlying defects on the surface are so important
that their study leads to the improvement of zinc oxide coatings for use
in spacecraft [29], photodetectors, and diode emitters in the ultraviolet
region [39].
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2. Materials and experimental methods

The experiments used ultrapure single crystals and polycrystals of
zinc oxide grown by explosive laser deposition on sapphire (Al,Os3)
substrates. Zinc oxide single crystals were grown by the hydrothermal
method in Germany, orientation (000 1), dimensions 10 x 10 x 3 mm,
polished on one side. Polycrystals of zinc oxide were grown by laser
molecular beam epitaxy on sapphire in Germany, dimensions 10 x 10 x
0.5 mm. The choice of these crystals is due to the fact that they all have a
wide band gap and are characterized by ionic, ionic-covalent bonds,
which allows us to study defect formation on the surface under the
conditions of our experiment.

For the experimental realization of total current spectroscopy in its
simplest configuration, a measuring circuit as depicted in Fig. 1 is
indispensable [40]. 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 region between the
forming system and the planar sample (part 5 of Fig. 1), electrons tra-
verse in a homogeneous retarding field, reaching the sample with an
energy dictated by the displacement potential (Uq). The primary elec-
tron current (I7) is established by the magnitude of the current generated
between the electron gun’s cathode and the sample under investigation.
Upon interaction of primary electrons with the target, a fraction of them
is reflected, yielding a current of secondary electrons (Iy), while the
remainder penetrates the target, contributing to the overall current
passing through the sample (I). The equilibrium of currents is expressed
as follows [41]:

L =I1+1 (@D)]

As the magnitude of the retarding field above the sample changes,
the relative potentials of the electrostatic system remain constant.
Consequently, the primary electron beam retains its focus, and the
current I; remains constant in magnitude [42,43]. Taking this fact into
consideration, it can be inferred that the magnitude of the secondary
electron current Iz can be assessed by measuring the current in the target
circuit It

I=1; -1y 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 sample circuit. Then
the expression for the current balance will be written as:

a _dh—b)_ dh_

@ @ @ ©

To obtain total current spectra, an electron beam (part 1 of Fig. 1)
with an energy of 0-600 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 electron current density reached 5 x 10 el/cm?
per second, which led to a dose of 1.2 x 104 el/cm? within 40 min. If we
assume that there are about 1.09 x 10'° atoms per cm? on the ZnO
surface, and that the electron energy when recording total current
spectra is below the potential sputtering limit, then sputtering effects
can be neglected. Also, the registration of the full current spectra takes
place within 15-30 s, this is a very small dose, but enough to charge the
surface. We have a working vacuum of approximately 10~ Torr, this
means approximately 10~® mbars, then to obtain 1 monolayer of re-
sidual gas on the surface of zinc oxide it takes more than 1000 s
(Table 1). If we assume that it takes more than 1000 s to obtain one
monolayer of residual gas on the surface under our vacuum conditions,
this means that the influence of the residual gas on the obtained data is
very minimal, thus we can neglect the amount of residual gas under our
experimental conditions.

The interpretation of the spectra of the total current of zinc oxide was
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Fig. 1. Electrical circuit of the total current spectrometer, 1-electron gun, 2-electron-optical system, 3-ion gun, 4-evaporator, 5-substrate, 6-electronics for recording

the integral current 1078 A.

Table 1

Ultrahigh vacuum regimes.
Pressure p (Torr) <1078
Particle number density n (ecm~%) <108
Mean free path A (cm) >10°
Impingement rate Z, (em™2 * s71) <102
Vol.-related collision rate Zy (cm ™3 * g7 1) <10®
Monolayer time T(s) >1000

Type of gas flow Molecular flow

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 spectra indicates the vac-
uum 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 surface are not taken into ac-
count, since the level of defects relative to the vacuum level does not
change.

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

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

The studies were carried out in films and single crystals of ZnO,

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

under irradiation with slow electrons, up to a certain dose (D = 1.5 *
10'3 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. Some ZnO data obtained by total current spectroscopy
have also been studied by other teams [44]. A detailed description of
total current spectroscopy methods is given in Refs. [13,45-48].

The technique has an ion gun operating on an ionization mechanism
to use surface cleaning and ion etching of samples [49]. All studies were
carried out at room temperature. Surface cleanliness and elemental
analysis was monitored using SIMS and total current spectra. To mea-
sure the temperature on the target surface, a chromel-alumel thermo-
couple was used in the temperature range (20 + 1000 °C). A detailed
description of SIMS methods is given in Refs. [46,50].

The nature of changes in the mass spectra of negative ion sputtering
of ZnO depending on the etching time was studied using the method of
secondary ion mass spectrometry. Temperature annealing can be used to
clean the surface, but this may negatively affect the properties of the
crystal. This procedure can lead to the formation of color centers, which
negatively affects the research results. Therefore, to clean the surface, it
is advisable to etch the surface of zinc oxide.

The results of studying the characteristics of changes in the mass
spectra of ZnO depending on the time of etching with primary cesium
ions (Fig. 3) showed that the surface of zinc oxide is covered with a
dense layer of residual gas oxide and that even many hours of
bombardment with primary cesium ions with an energy of 3 keV was
insufficient to completely remove the oxide film from the surface. In this
state, negative Zn- ions on the surface of zinc oxide constitute a signif-
icant proportion of the mass spectrum of negative ion sputtering, while
at the same time, Znn-cluster ions are absent in the mass spectrum. Fig. 3
shows the mass spectrum of the products of negative ion sputtering of
ZnO depending on the time of etching with primary cesium ions: a -
without etching; c - after 4 h of etching with cesium ions with an energy
of 3 keV.

With increasing etching time on the surface, the amount of zinc oxide
generally increases - this means the lattice ion sputtering process, which
shows the cleaned surface of zinc oxide. A zinc surface covered with a
film of oxygen is ~300 times worse at sputtering than pure metallic zinc.
Therefore, zinc oxide is one of the most spray-resistant materials. To
obtain true values of the zinc sputtering coefficient, it is necessary to
remove the oxide film from its surface. These studies showed that as the
oxide film is removed from the zinc surface, a sharp change in negative
ion sputtering occurs. As the etching time increases, the yield of negative
Zn- ions decreases. This indicates that negative Zn- ions are knocked out
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Fig. 3. Mass spectrum of products of negative ion sputtering of ZnO depending
on the time of etching with primary cesium ions: a - without etching; c - after 4
h of etching with cesium ions with an energy of 3 keV.

not only from the crystal lattice, but also from chemical zinc compounds
on the surface, in particular from the oxide film.

Under these bombardment modes, a decrease in Zn- ions is observed,
and cluster ions appear in the mass spectrum of sputtering products, the
yields of which depend on the current strength of the cesium ions. This
increase in the Zn- yield becomes slower and reaches a stationary value.
The distribution of the relative content of Zn- cluster ions depending on
the number of zinc atoms in them is determined by the value of the
affinity energy of these clusters. Thus, after obtaining a cleaned zinc
oxide surface, further studies (electron irradiation) can be carried out to
achieve the goal.

The preparation and cross-sectional (S)TEM measurements of poly-
crystalline and single-crystalline ZnO samples were carried out as fol-
lows. A study was conducted using (S)TEM cross-sections of
polycrystalline and monocrystalline ZnO samples. For this, fragments
were chipped from the crystalline samples using a diamond knife. The
separated layers of the samples were carefully polished with an abrasive,
and then a circular disk with a diameter of 5 mm was cut using the
Ultrasonic Disk Cutter (model 170, Fischione Instruments, USA). For the
final preparation of the sample for measurement, the obtained disk was
polished, milled, and ion-milled at 10 keV using a precision ion pol-
ishing system (model 1051, Fischione Instruments, USA). Measurements
(S)TEM-EDX were conducted at 200 keV using a transmission electron
microscope with an EDX attachment (Talos-200i, Thermo Fisher Sci-
entific, USA) and an EDX system (Bruker XFlash GTI 30, Bruker, Ger-
many). A detailed description of the (S)TEM technique can be found in
the works [51,52].
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2.1. Computational method

We also carried out comparative studies using the computational
method of density functional theory (DFT), which can confirm the re-
sults obtained by total current spectroscopy. All the calculations are
performed using density functional theory with generalized gradient
approximation (GGA) as implemented in the VASP codes [53,54]. We
have employed the plane-wave DFT + U [55] methodology with the PBE
[56] exchange-correlation functional. The GGA + U was used, and the
Uesr value for the localized 3 d electrons of Zn is 10.5 eV and 2p orbital
for the O atom is 7.5 eV. The selected Ue¢s value gives the closest match
to the experimental electronic band gap of ZnO [57]. The energy cut-off
for the plane wave basis set is kept as 500eV and Monkhorst-Pack 5 x 5
x 1 k-point mesh [58]. We have module ZnO(000 1) surface and 2 x 2 x
1 supercell in which the bottom ZnO layers are fixed while the top ZnO
layers are allowed to relax. Dipole corrections are adapted to compen-
sate for interactions between slabs [59]. Structure relaxation progresses
until the forces on atoms are less than 0.01 eV/A. Slabs and vacuum are
increased to four ZnO layers and 15 A, respectively [60]. Details about
the DFT method can be found in the following works [61,62].

3. Results and discussion

Comparative studies were carried out and the total current spectra of
poly and single ZnO crystals were obtained (Fig. 4). The first peak in the
total current spectrum (peak «) is called the “primary”. It appears if the
energy of the primary electron beam becomes equal to the energy po-
sition of the minimum of unoccupied electron states (DOUS - Density of
Unoccupied States), and the probability of electron penetration into the
solid appears [63,64].

As can be seen from the total current spectra, at electron energies of
4.2 eV (peak a), 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. 4, peak y) and 8 eV (peak 3) are
more weakly reflected in polycrystalline ZnO. There is also a weak
formation of several peaks at excitation energies of 10 eV, 16 eV, 22 eV,
which, according to data obtained from studies using ab initio calcula-
tions based on DFT [65], is shown in Fig. 5. 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 en-
ergy or surface work function (primary peak energy), unoccupied states
above the Fermi level, and local states. Some peaks are consistent with

dl/dE, rel. units

E, eV

Fig. 4. Total current spectra of poly (1) and single crystals (2) of zinc oxide.
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Fig. 5. Comparison of total current spectra of zinc oxide crystals with DFT calculations (1-polycrystal, 2-single crystal).

the energy states of bands in the near-surface region observed in DFT
calculations [66]. For example, according to DFT calculations and total
current spectra, we see that the first peak (Figs. 4 and 5, peak y) at an
electron energy of 7.5 eV in the energy axis (relative to the primary peak
- 3.2 eV) 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 electron 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 &
peak at 10.5 eV probably results from electron excitation of small O2p
states from the lower energy of the occupied valence band to 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 3 d states of Zn from the occupied valence band to the
unoccupied conduction band.

When comparing the obtained data from total current spectroscopy
and DFT Fig. 5, one can notice with the naked eye that the 2p state of
oxygen and the 3 d state of zinc and other levels coincide when the
spectra are added to each other. As illustrated in Fig. 5, the valence band
maximum (VBM) is predominantly contributed by the 2p orbitals of O
atoms in the 0-5 eV range, indicating that oxygen atoms are active on
the ZnO (000 1) surface. In contrast, the contribution from the 3 d or-
bitals of Zn atoms is significantly lower, positioned well below the Fermi
level (approximately —6 eV to —12 eV), suggesting that Zn atoms are
strongly bound to the ZnO (000 1) surface.

Thus, the occurrence of peaks at an energy of 3.5 eV (Fig. 4, peak y)
relative to the primary peak shows the band gap - Eg. 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. 4, peak p), 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 polycrystalline sample this peak is wider (peak §f - 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 interface with the surface,
which indicates the polar orientation (000 1) of ZnO [67,68]. The basal
planes of the crystal (0001) and (000 1) are polar. The (0001) plane
corresponds to the surface bounded by zinc cations (Zn-ZnO), the (000
1) plane — by oxygen anions (O-ZnO) [69]. Computational calculations

obtained by the DFT method also showed that the surface is limited by
oxygen atoms, which confirms the experimental data obtained by total
current spectroscopy (Fig. 6).

In previous work examining the energy dependence 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 [12]. Fig. 7 shows several spectra from previous work to
explain the current data. Curve 1 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 electrons with an energy
of 10 eV. In this case (within 1 min) a dose = 1.5-10'3 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. Further, 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

Fig. 6. Schematic representation of optimized polar ZnO (000 1) surface ob-
tained using our DFT method, zinc atoms are represented by gray spheres,
oxygen atoms are represented by red spheres.
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Fig. 7. Total current spectra of single-crystal zinc oxide under irradiation with
slow electrons.

direction of shift of the primary peak. This is the value of the generated
potential of the surface of zinc oxide.

Curves: 1 - total current 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; 8-120 eV; 9-130 eV;
10-150 eV;

Fig. 8 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 accu-
mulates on a polycrystalline sample than on a single-crystalline sample.
This is probably due to the 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. 4, 5 and 7, we mentioned the formation of oxygen
vacancies (p peak) upon electron irradiation. From the obtained total
current spectra, it became clear that pre-radiation vacancies are
observed on the surface of zinc oxide and their formation after

qZO o-polycrystal ZnO _
a-monocrystal ZnO ==
4 -

-

20
0 20 40 60 80 100 120 140
E, eV

Fig. 8. Dependence of the change in the negative potential of the surface of
poly and single crystal ZnO on the energy of electron irradiation. cu.
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irradiation with electrons. If we trace their kinetic, energy and tem-
perature dependence, we get the following Figs. 9-11.

Fig. 9 shows the energy dependence of the relative intensity of the
2.0 eV peak - an oxygen vacancy on the surface of a ZnO crystal on the
energy of electron 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 surface of zinc oxide; here the electron en-
ergy is not enough to create vacancies.

In the second region of the irradiation section, both pre-radiation and
vacancies formed during irradiation with electrons with an energy of 20
eV are involved. Further, an increase in the energy of electron irradia-
tion does not lead to an increase in the formation of oxygen vacancies,
which indicates the threshold for the formation of oxygen vacancies on
the surface 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 surface; below this energy, electrons cannot
create electron-hole pairs.

Fig. 10 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 temperature 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 [70], where grown bulk ZnO
crystals annealed in vacuum in zinc and oxygen vapor were character-
ized using optical and magnetic resonance spectroscopy. Experiments
showed that the concentration of residual carriers is 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 va-
cancies by one order of magnitude. Photoluminescence 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 va-
cancy defects predicted by theoretical calculations.

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

Fig. 11 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 kinetics of vacancies
does not change noticeably. Only in this way can the concentration of
oxygen vacancies on the surface be reduced, but it is impossible 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.

/1/
30 40 100 300 500
E, eV

0 10 20

Fig. 9. Energy dependence of the relative intensity of the 2.0 eV peak — oxygen
vacancy on the surface of a ZnO crystal under electron irradiation.



U. Sharopov et al.

e
4
2
0 100 200 300
1.%€C

Fig. 10. Temperature dependence of the relative intensity of the 2.0 eV peak —
oxygen vacancy on the surface of a ZnO crystal.
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Fig. 11. Kinetics of the relative intensity of the 2.0 eV peak — oxygen vacancies
on the surface of a ZnO crystal.

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 ioni-
zation and excitation thresholds, which can only occur due to disso-
ciative electron attachment. In this case, the formation of a negative
charge due to the capture of electrons by pre-radiation oxygen va-
cancies. 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 formation of charging on the surface
occurs at energies below the energy of the sample band gap; this is
probably due to pre-radiation vacancies.

The increase in the concentration of vacancies on the surface of zinc
oxide at irradiation energies of 20 eV (Fig. 9) may be associated with the
ionization potential of oxygen and zinc atoms. Experimentally deter-
mined [71-74], to displace an atom from a cell node from the volume, at
least energy must be expended:

Edisp = 3*Epi ()]

here Eg;sp is the energy expended for displacement the atom, Ey; is the
ionization potential of the atom (Table 2). On the surface (20.4 eV) this
value is two times less than in the bulk (13.6*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, Ep; is less than the threshold displacement energy Egisp, 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 negative O~ ions, which leads to the

Table 2

Ionization levels of zinc and oxygen (eV).
ionization potential (eV) Zn (6]
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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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. 12).

We know that ZnO is a partially ionic crystal, and therefore its double
layers consist of positively negatively charged Zn and O ions. To date, a
two-layer model of surface charging under electron bombardment of a
dielectric target has been developed [18,21,75], 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 (000 1)
substrate has a surface with high reactivity (the surface is limited by
oxygen ions), which, when irradiated with electrons, leads to the for-
mation of an additional charge barrier layer, creating a potential.

Also, to compare the experiment, we carried out additional studies
using transmission electron microscopy. An (S)TEM study was carried
out on a cross section of a polycrystalline ZnO sample (Fig. 13a).
Analytical mapping of the Zn and O elements of the polycrystalline ZnO
sample was also carried out using (S)TEM/EDX (Fig. 13b and c).

The sample consists of many irregularly shaped grains, the sizes of
which vary from a few nanometres to several micrometres. The grains
border each other to form boundaries that are often jagged and tortuous.
The grains have a hexagonal wurtzite structure, which was confirmed by
interatomic distances in the crystal structure in (S)TEM photographs
(Fig. 13a). Moreover, the c-axis of the grains is oriented in different
directions, which leads to the formation of a polycrystalline structure.
Photograph 1a shows some defects, such as dislocations and pores,
which can affect material properties such as strength and electrical
conductivity. Elemental mapping of the area demonstrates that the
sample is composed of Zn atoms (Fig. 13b) and oxygen atoms (Fig. 13c).
The sample consists of zinc oxide, and no other elements were detected
that could form other zinc compounds. A cross-section of a single-crystal
ZnO sample was also studied, showing the structure of the material at
the atomic level (Fig. 14).

A (S)TEM photograph of a single crystal sample shows monolithic
grain, which means that the sample consists of a single crystal (Fig. 14a).
The grain has an irregular shape, close to rectangular. The grain size is
not determined, but the image shows that it is quite large. There are no
grain boundaries, since the sample is single-crystalline. The photographs
show some defects such as dislocations and pores. Dislocations are a line
of discontinuity in the crystal lattice, and pores are voids in the material.
(S)TEM photograph of a single crystal sample of a monolithic grain,
meaning that the sample consists of a single crystal. The grain has an
irregular shape, close to rectangular. The grain size is not determined,
but the image shows that it is quite large. There are no grain boundaries,
since the sample is single-crystalline. The photographs show some de-
fects such as dislocations and pores. Dislocations are a line of disconti-
nuity in the crystal lattice, and pores are voids in the material. Elemental
mapping in (S)TEM/EDX photographs shows that the red atoms are
oxygen and the green atoms are zinc (Fig. 14b). This is confirmed by the
fact that the sample is composed of Zn and O atoms, since it is zinc oxide.

4. Conclusions

The influence of low-energy electrons (E = 0 = 600 eV) on the sur-
face 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

O
90000000

++ ++ ++ F+ e+ F+ F+ F+ F+

Fig. 12. Two-layer model of surface charging during electron bombardment of
a semiconductor target.
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Fig. 13. (S)TEM cross-sectional image of a polycrystalline ZnO sample (a).
Analytical mapping of Zn (b) and O (c) elements of a polycrystalline ZnO
sample using (S)TEM/EDX.
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a

Fig. 14. (S)TEM photographs of a cross section of a single crystalline ZnO
sample (a), Analytical mapping of Zn and O elements of a polycrystalline ZnO
sample using (S)TEM/EDX (b).

and formation of bonds, and atomic and molecular rearrangement of the
surface of the sample. As shown, the energy of the primary electron is of
paramount importance 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 1leV < E < 20eV, negative
charging of the ZnO surface occurs due to dissociative electron attach-
ment to pre-radiation oxygen vacancies.

In the second case, in the energy range 20 eV < E < 120 eV, an in-
crease 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 oxygen ions. The energy threshold for
the formation of an anion vacancy (~20 eV) on the ZnO surface was
determined.
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In the third case, at energies above E > 120 eV, the negative charge
on the ZnO surface decreases, possibly 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 po-
tential [76]. 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 [77]. Also, the results of charging that we discovered
occurring on the surface of zinc oxide can be used to interpret the pro-
cesses occurring on the surface of spacecraft, where in the upper layers
of the earth’s atmosphere the charge value reaches 20 keV.
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