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Herein, electron beam-induced damage and recovery of a silicon thin film was investigated in situ via
transmission electron microscopy (TEM). Via only controlling the electron beam flux, the damage and
recovery processes could be controlled under electron beam irradiation at ambient temperature with an
energy of 200 keV. Above the threshold value of the flux, the crystalline phase was transformed into an

amorphous state, even formed a hole. The damage process became more pronounced with the

iig:;i% ‘7;3]'\;3[3;22%1177 increasing electron flux. Under this threshold value, the reverse process, including hole recovery and
recrystallization, can be achieved. The effects of flux and the mechanisms regarding these phenomena

DOI: 10.1035/c7ra04397h have been proposed. This study can provide insights into the shaping of materials and control of their
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1. Introduction

A high energy electron beam has been exploited for irradiation-
assisted engineering, such as induction of transformation from
an onion-like carbon structure to diamond nanoparticles,"*
drilling, cutting, and welding of nanomaterials,>* generation
and control of vacancies in carbon nanotubes,® and induction of
phase transition in materials,*” of materials. In addition to
modifying the shape and structure of materials, electron beam
irradiation can also change the properties of materials. For
example, electron beam irradiation may induce super-plasticity
of brittle silica nanospheres or nanowires,® enhance the
strength of zinc tin oxide,’ and improve the ductility of nano-
scale materials.'*** As a result, a high energy electron beam may
be a very powerful technique to manufacture or modify nano-
scale materials.” Although the effects of electron beam irradi-
ation on materials have been explored in the past, deeper
investigations of some aspects, such as the function of the
electron beam energy and electron beam flux, need to be carried
out.

During the past several decades, a large number of experi-
ments have confirmed that both recrystallization and amorph-
ization processes can be achieved via high-energy electron beam
irradiation of silicon. Based on these studies, it is clear that
electron beam energy is a key factor that induces phase transi-
tions including a crystalline (c)-to-amorphous (a) phase transi-
tion,?° and the amorphous (a)-to-crystalline (c) phase
transition.**” Generally, the a-to-c transition requires lower
electron energy,” whereas the c-to-a transition needs higher
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structure through high energy beam engineering.

electron energy, exceeding 1 MeV.* Electron beam flux (density)
has never been regarded as a factor to induce phase transitions.
However, note that amorphization cannot be induced via elec-
tron beam irradiation in a JEOL 2010 transmission electron
microscope (TEM) with a LaBg filament, whereas it can be
induced in a JEOL 2010F TEM with a field mission gun for the
same specimen. In two different TEMs, the same accelerating
voltages (200 kV) were used, where the beam energy was the
same. The differentiating parameter was the electron beam flux
(electron beam density). Due to excellent properties of the field
mission gun, the electron beam size could be largely decreased;
this resulted in the improvement of the beam flux.

In this study, the processes of reversible amorphization and
crystallization of a Si thin film induced by electron beam irra-
diation have been achieved by changing the electron flux and
using the same accelerating voltage (200 kV). The effects of flux
and the mechanisms regarding these phenomena have been
proposed.

2. Experimental details

The Si TEM thin films were prepared from the [110] oriented Si
single crystalline wafer via a cleavage method, which crumbly
broke the Si wafer into pieces. These pieces were milled in
a quartz crucible and then dissolved in ethyl alcohol. Then, the
sample was subjected to ultrasonic shaking for 5 min and
dropped onto a TEM supporting film. The freshly-made, cleaved
thin films were immediately studied using a transmission
electron microscope. The freshly-made TEM thin films were free
of oxidation layers along the observation direction. A JEOL-
2010F high resolution transmission electron microscope
(HREM) equipped with a field-emission gun was used to provide
the electron irradiation energy at ambient temperature. All

This journal is © The Royal Society of Chemistry 2017
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experiments were carried out at a voltage of 200 kV. The direc-
tion of the incident electron beam was set to be parallel to the
[110] zone axis of Si. The beam flow density in the central part of
the electron beam was measured using a Faraday cage, which
was factory-embedded in the JEOL-2010F TEM. Via changing
the electron beam size, the flux could be controlled.

3. Results and discussion

Using the cleavage method, the Si TEM thin specimens with fresh
surfaces were prepared. The low magnification TEM image of the
thin film is shown in Fig. 1(a). Fig. 1(b) is the corresponding
diffraction pattern, which indicates that the normal direction of
the thin film growth is [110]. Fig. 1(c) and (d) are the HREM
images obtained from the framed region of Fig. 1(a). Fig. 1(c) is
the HREM image before electron irradiation, indicating a crys-
talline structure, whereas Fig. 1(d) is the HREM image after
electron irradiation, indicating an amorphous structure. Since
electron beam irradiation could induce deposition of hydrocar-
bons or other contaminants,*®** we used electron energy loss
spectrometry (EELS) to detect the elements of the sample before
or after electron beam irradiation. Fig. 1(e) and (f) are the corre-
sponding EELS spectra, which show both Si-L, ; edges be about
99 eV (the edge of Si in SiO, is about 106 eV).**** This result
indicates that the observed amorphous structure is obtained
from a phase transition process of silicon rather than from the
pre-existing silicon dioxide or other contaminants.

Fig. 2 shows two series of irradiation experimental results for
Si with two flux values. The two experiments were carried out
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using the same beam dose of 6.48 x 10** e~ cm™? but with
a different flux. The first experiment was carried out with a flux
of 3.6 x 10°° e~ em™> s™', whereas the second experiment was
carried out with a flux about 3 times (i.e., 14.4 x 10*° e~ ¢cm >
s~ 1) that of the first experiment. The irradiation effects were
observed via in situ HREM and obtained by a smaller flux, which
was about 10'® e~ em ™2 s~ . Fig. 2(a)-(d) shows that the crys-
talline character of the irradiated Si thin film still remained
quite stable when the Si single crystalline thin film underwent
an irradiation shower by 1800 s with a flux of 3.6 x 10*°e” ¢cm >
s~ '. However, with a higher flux of 14.4 x 10*°e~ cm >s™* (four
times that of the previous flux), the crystalline feature was
damaged via the bombardment of fast electrons, as revealed in
the series of HREM images from Fig. 2(e)-(h). The amorphous
region became larger when the irradiation lasted for longer
than 150 s, as shown in Fig. 2(f)-(h). The dashed white lines in
each image of Fig. 2 show the boundaries of the amorphous
region and the crystalline area. Via comparing the two experi-
ments, it can be concluded that the c-to-a phase transition is not
only dependent on electron beam current (fluence), but also
dependent on flux.

To systematically investigate the effect of the electron flux on
phase transition during the electron beam irradiation of Si, we
selected seven different electron fluxes to irradiate Si. To create
a mark on the studied region, we focused the electron beam on
a Si crystal of about 4 nm in diameter to puncture a hole before
irradiating the specimen using these seven fluxes. Then, we
studied the structural evolution of the surrounding regions of
the holes. Fig. 3 shows a series of HREM images that depict the

(€)
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Fig. 1 Characterization of the Si thin film. (a) Low magnification TEM images; (b) the corresponding diffraction pattern of (a); (c) and (d) HREM
images before and after electron irradiation, showing the perfect crystalline structure and amorphous structure, respectively; (e) and (f) the
corresponding EELS spectra obtained from the areas in (c) and (d), indicating that the amorphous structures are still retained for Si atoms.
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Fig. 2 Two series of HREM images obtained from irradiation experiments. (a) Original HREM image prior to the designed electron beam illu-
mination; (b)—(d) are the HREM images obtained after irradiation with a flux of 3.6 x 102° e~ cm™2 s~ by 600, 1200, and 1800 s, respectively. (e)—
(h) are the HREM images obtained from a second experiment performed with a flux of 14.4 x 102 e~ cm~2 57 and acquired at 0, 150, 300, and
450 s, respectively. The two irradiation experiments indicate that the different fluxes have different irradiation effects. The dotted lines show the
boundary between the crystalline and amorphous structure.

evolution process via irradiation with a flux of 10.8 x 10°° e~  a diameter of about 4 nm, and the edge was amorphized. When
cm 25" (a) Is an original HREM image; (b) is an HREM image the irradiation time was 300 s, the hole was completely filled
obtained viag irradiation by the focused electron beam with with an amorphous material, and the crystal below the hole
a flux of about 1 x 10>*> e~ em™> s~". In these images, a hole transformed to the amorphous state. Moreover, the edge region
with a 5 nm diameter can be clearly seen. Fig. 3(c)-(f) show four collapsed into the inside. When irradiation was continued, the
stages of irradiation with a flux of 10.8 x 10** e~ ecm > s '; in amorphous region began to shrink. In Fig. 3(e) and (f), this
Fig. 3(c), it was observed that the hole became small, with trend can be observed. Recrystallization is a process of epitaxial

Fig. 3 Recrystallization process of Si irradiated with a flux of 10.8 x 102° e~ cm™2 s* observed by in situ HREM. (a) HREM image obtained in the
absence of irradiation. (b) An image showing that a hole was punctured in Si by a focused electron beam with a flux of about 1 x 1022e~ cm2s™ %,
(c)—(f) Four stages of irradiation with a flux of 10.8 x 10%° e~ cm™2 s™. The white dashed lines show the boundaries between the amorphous and

crystalline regions, indicating the reduction of the amorphous region under irradiation.

37034 | RSC Aadv., 2017, 7, 37032-37038 This journal is © The Royal Society of Chemistry 2017
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regrowth, which could be seen from its same crystal structure.
The dashed lines in Fig. 3(d)-(f) show the boundary of the
amorphous region.

Through the abovementioned experimental results, it can be
concluded that recrystallization can take place when the elec-
tron flux is relatively low. However, the amorphization process
occurred when the electron flux was improved. Fig. 4 shows
another series of HREM images that depict the evolutional
process under electron beam irradiation with a flux of 13 x 10*°
e~ cm 2 s ' The experimental process is the same as the
abovementioned experiment. First, we made a hole in
a perfectly crystalline Si using a focused electron beam, as
indicated in Fig. 4(b). Fig. 4(a) is an original HREM image
before irradiation. Fig. 4(c)-(f) show the evolutional process
after irradiation with a flux of 13 x 10°>° e~ em™>s™ . In Fig. 4(c),
we can see that the hole was completely filled with an amor-
phous material when the irradiation time was 300 s, and the
edge region began to amorphize, as indicated in the A region.
When irradiation was continued, the amorphous region began
to extend; this was different from the abovementioned recrys-
tallization process. The B, C, and D regions show the evolution
of amorphous regions, as indicated in Fig. 4(d)-(f) respectively.
Fig. 4(g) is the FFT image corresponding to the dashed framed
region, which indicates the amorphous character. During the
process, we can also notice that the amorphous region of the
hole gradually extends. This may indicate that the amorphiza-
tion process was easily carried out at the boundary between the
crystal and amorphous regions.

Except for the irradiation with the fluxes of 10.8 x 10*° and
13 x 10*° e~ cm™? s, irradiation experiments were carried out
under other electron fluxes, such as 3.6 x 10%°, 7.2 x 10%°, 14.4
x 10%°, 18 x 10%°, and 21.6 x 10*° e~ ecm™? s~ .

Before
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irradiation with these fluxes, a hole was firstly made by focusing
the electron beam. We found that recrystallization was domi-
nant when the flux was lower than 10.8 x 10*° e~ ecm ?s %, and
the velocity of recrystallization decreased with the reducing
electron flux. However, when the flux was higher than 13 x 10*°
e~ cm 2 s !, amorphization was dominant, and the velocity of
amorphization was elevated with the increasing electron flux.
The recrystallization and amorphization results are summa-
rized in Fig. 5; Fig. 5(a) and (b) show the variation in the velocity
of recrystallization/amorphization with the electron flux,
respectively.

Compared to the previous studies indicating that the elec-
tron energy needed to be higher than 1 MeV and a temperature
lower than 25 K was necessary for amorphization of Si, the
present investigation indicated that the amorphization of Si
could take place under a 200 kV electron irradiation and at
a temperature close to room temperature. This can be attrib-
uted to the high flux provided by the field emission gun of
a TEM. According to the previous studies on ion irradiation,
temperature, ion mass, incident energy, and flux were the main
factors that influenced the irradiation-induced amorphization
process.”***® However, for the investigation of electron-
irradiation-induced recrystallization/amorphization of Si, the
influence of flux has not been considered to date. However, our
experiments clearly showed that the irradiation effect was
obviously different with a same electron dose. In addition, we
also demonstrated that the flux was a key factor to decide
whether the amorphization/recrystallization could take place
when the incident electron energy was fixed (for example, at 200
kv).

In the past, it has been well known that the electron beam
irradiation itself can play two roles in materials, namely

Fig.4 Amorphization process of Si irradiated with a flux of 13 x 102° e~ cm ™2 s~* observed by in situ HREM. (a) HREM image free from irradiation.
(b) An image showing that a hole was formed in Si by a focused electron beam with a flux of about 100 x 10%° e~ cm™2 s7L. (c)—(f) Show four

stages of irradiation with the flux of 13 x 10°° e~ cm 2571

. The white dashed lines show the boundaries between the amorphous and crystalline

regions, indicating the extension of the amorphous region with irradiation. (g) FFT image corresponding to the dashed framed region, which

indicates the amorphous character.
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(a) and (b) reveal the variation in velocities of recrystallization/amorphization with the electron flux, respectively. In (a) and (b), the y-axis

represents the velocity of recrystallization and amorphization, respectively; the x-axis represents electron flux.

amorphization and recrystallization. The mechanisms of these
two processes have been investigated for many years. Since the
recrystallization and amorphization processes can be induced
by a temperature effect, the temperature increase caused by
electron irradiation should be considered. The temperature
increase can be obtained from the following formula*

! (%) In b (1)

AT = —
TTKE To

where I, , e, b, and r, are the beam current, thermal conduc-
tivity, electron's charge, sample radius, and beam radius,
respectively. AE is the total energy loss per electron in a sample
of thickness d. According to the calculation obtained from ref.
21, the maximum temperature increase for Si was less than 2 °C.
In addition, the experimental observation at high beam current
shown in Fig. 2 was opposite to what would be expected from
significant beam heating effects (i.e., if beaming heating was
significant, a crystallization process would be expected while
enhancing the beam current density). Thus, the mechanism of
recrystallization or amorphization due to the heating effect
resulting from electron beam irradiation can be excluded in the
present study.

In fact, when a highly energetic electron strikes the atoms of
a target, many physical processes can take place,* including
ionization and displacement (knock-on) effects, which are two
important irradiation effects for recrystallization or amorph-
ization. Ionization is a process where incident electrons transfer
their energy via inelastic interactions with the target atoms to
induce localized electronic excitations. This ionization process
alone cannot make the crystallization and/or amorphization
process to happen. Many studies indicated that the ionization
effect could decrease with the increasing acceleration voltage of
electrons.'**’ Due to our acceleration voltage of 200 kv, which
was much higher than the displacement threshold voltage 145
kv for Si,** the ionization effect became negligible, and the
knock-on effect should be considered to dominate. Above the
threshold voltage, the point defects were usually described by
the displaced atoms or Frenkel pairs that could be generated.

37036 | RSC Adv., 2017, 7, 37032-37038

Moreover, these Frenkel pairs, that is, Si interstitials (I) and
vacancies (V), were mobile and could interact with each other
under irradiation. When Si interstitials interacted with vacan-
cies, it was considered that they recombined** although there
might be an energy barrier for this recombination.*»** Thus, two
competitions between generation and annihilation of IV pairs
will occur.**** The incident electron energy, the temperature,
and the flux played interdependent roles in these two
competing processes. The beam current could be considered to
be only a factor that affects the degree of the amorphization/
recrystallization. In our research, the incident electron energy
and the temperature were fixed, and the only condition that was
changed was the flux. The flux, the density of fast electrons that
penetrated through the irradiated specimens, determined the
velocity of the generation/annihilation of IV pairs. When flux
was lower than the threshold value, the annihilation velocity
(Va) of IV pairs was larger than the generation velocity (V), and
then, recrystallization occurred. With the increasing flux, the
recrystallization velocity was promoted (i.e., V, > Vg, similar to
the study of apatite*’). Although the generation of pairs will
increase, the general annihilation ability is improved due to the
enhanced motion of defects when the flux is under the
threshold value. Once the flux is higher than the threshold
value, the generation velocity of IV pairs will exceed the anni-
hilation velocity. Then, the amorphization was induced, and
with the increasing flux, the generation velocity was far more
than the annihilation velocity (Vy > V,).

Note that electron irradiation will not only lead to the
formation of interstitials, vacancies, and IV pairs, but also
promote the complex interactions among these point defects.
Many of the single IV pairs, vacancies, and interstitials were
highly mobile point defects during irradiation and would not
always annihilate, but clustered to form point-defect-complexes
(PDC). Compared to single vacancies or IV pairs, the sizes of
these PDCs were much larger, and they were more stable and
acted as nucleation embryos for trapping other defects and
initiating the amorphization of Si. When the electron flux was
higher than the threshold values, these higher fluxes increased

This journal is © The Royal Society of Chemistry 2017
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the generation rate of point defects, and the high point defect
density enhanced the formation of PDC that promoted
amorphization of Si. It should be emphasized herein that the
structure of the amorphous Si could only be a distorted local
structure, which slightly deviated from the perfect diamond
cubic crystalline phase (six-atomic rings*®) via the formation of
five or seven atomic rings* in a short range distance and
retained the skeleton of the crystalline framework. Once the
electron irradiation flux lowered the threshold values (i.e., at
lower fluxes), the low defect density favored the reaction of
inter-annihilation (i.e., the mobile interstitials or vacancies
jumped into free volumes of the amorphous matrix to recover
the initial crystalline network). Then, the crystallization process
was initiated, and it followed an epitaxial way within the Si
crystalline template. Under these threshold values of flux, the
higher flux enhanced the mobility of these defects and therefore
the crystallization velocity. In other words, the annihilation rate
of these point defects was not constant with time, but depended
in a complex way on the flux (defect density). This can also
explain the previous results well. In ref. 35, on comparing the
dual-irradiation (Kr" and electron) and the Kr" irradiation in Si,
it was observed that the latter became amorphous early during
the irradiation period. We considered that the irradiation via
the electron beam with a flux of 5.7 x 10" e~ ecm > s *
promoted the recrystallization process during the dual-
irradiation in their research.*® However, in ref. 19, the elec-
tron beam irradiation-induced amorphization can be consid-
ered to be derived from the larger flux of 1.8-2.6 x 10*° e~ cm >
s~', which is similar to the present study.

4. Conclusion

In conclusion, we have demonstrated two reversible processes
of amorphization and recrystallization under 200 kV electron
irradiation via varying the fluxes in Si. As a result, rewritable and
erasable functions may be realised by using an electron beam to
change the fluxes for Si applications. Moreover, the study
provides insight into the amorphization and recrystallization
mechanisms of Si under a radiation environment.
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