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Abstract—The formation of a zinc-oxide phase in a SiO, film deposited onto n-type Si substrates grown in
the (100) orientation using the Czochralski technique, which is a result of implanting ®*Zn* ions at room tem-
perature, an energy of 50 keV, and a dose of 5 X 10'® cm~2, and subsequent heat treatment in an oxygen atmo-
sphere at elevated temperatures, is studied. The surface topology is investigated using methods of scanning
electron and atomic force microscopy. The optical properties are studied using the method of photolumines-
cence spectroscopy at 10 K and by measuring the light reflection spectra. After Zn implantation, a ZnO phase
is detected in the subsurface layer of the SiO, film. After low-temperature annealing in the range of 400—
600°C, Zn-containing precipitates with a cross-sectional size of particles of 20—50 nm are found in the sam-
ple and on its surface. After annealing at 700—800°C, Zn-containing precipitates of the Zn-ZnO complex are
formed in the subsurface layer, and a phase of the ZnO - Zn,SiO, complex is found after annealing at tem-
peratures of 900—1000°C. The samples obtained at the annealing temperature optimal for the formation of
the ZnO phase (about 700°C) are irradiated with *2Xe?®* ions with an energy of 167 MeV. The ZnO phase is
found to disappear after irradiation at a fluence of 2 x 10> cm~2 and a large number of radiation-induced
defects giving a characteristic photoluminescence band are formed. With an increase in the Xe fluence to 5 X
10" ¢cm2, the intensity of this luminescence band increases.
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INTRODUCTION

Recently, the properties of nanoparticles of metals
and their oxides in various light-transmitting dielectric
matrices have been widely studied, since such nano-
structured materials are very different in their proper-
ties from bulk materials similar in composition and
can be used in promising opto-, nano-, and micro-
electronics devices [1]. The method of ion doping is
most suitable for the formation of such nanoparticles,
since it has important features, such as: a purity of
materials to a level 0f 99.999% due to mass separation;
the possibility of choosing the implanted element and
implantation doses; and other advantages. The main
advantage of this method is that it can be used to
obtain concentrations of implanted metal dopants far
above the limit of their equilibrium solubility in the
substrate. In this method, heat treatment is used not

only for annealing radiation-induced defects, but also
for the nucleation and growth of metal and metal-
oxide nanoparticles [2]. Therefore, studies of dielec-
tric films doped with metal impurities, in particular,
zinc, have become very important and are carried out
quite intensively [3—5].

Among metal-oxide materials, zinc oxide should
be noted, since ZnO is a direct-gap material with a
bandgap of 3.37 eV and it has a large electron—hole
binding energy of 60 meV in an exciton, which makes
it possible to obtain UV radiation with a wavelength of
A = 390 nm at temperatures up to 350°C. Therefore,
matrices with ZnO nanoparticles can be widely used in
modern optoelectronic devices, such as UV lasers and
LEDs [6], and electroluminescent displays [7]. Their
application is promising in solar cells [8], as well as in
gas-sensor devices [9]. Recently, after the discovery of
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room-temperature ferromagnetism in structured zinc-
oxide films, the question arose whether such a mate-
rial could be used in spintronics devices [10]. The pos-
sibility of using zinc-oxide films or ZnO precipitates in
polymer matrices to create non-volatile memory
devices is currently being discussed [11].

Zinc-oxide nanoparticles in a SiO, film can be
formed during heat treatment in an oxidizing atmo-
sphere of zinc precipitates preliminarily created in a
silicon-oxide film doped with Zn ions [12—14]. As
noted above, extremely large concentrations of zinc
ions (up to 25 at %) can be obtained with the incorpo-
ration of this element into the silicon-oxide film [15].

In this work, the conditions for the formation of
zinc-oxide nanoparticles in a SiO, film thermally
grown on an u-type silicon substrate with the (100)
orientation obtained by the Czochralski method are
studied.

MATERIALS AND METHODS

First, a 0.2-um-thick SiO, film was obtained in a
dry oxygen atmosphere at a temperature of 700°C on
an n-type silicon substrate grown in the (100) orienta-
tion by the Czochralski method. Then, ®*Zn* ions
were implanted at room temperature, an energy of
50 keV, and a dose of 5 x 10'¢ cm~2. The ion current
was maintained at 0.55 HA/cm? to prevent significant
overheating of the substrate relative to room tempera-
ture (the overheating did not exceed 50°C). Next, iso-
chronous annealing was performed for 1 h under an
oxygen flow in a quartz tube at temperatures from 400
to 1000°C with an increment of 100°C.

After annealing at the temperature optimal for
obtaining the ZnO phase (about 700°C), the samples
were irradiated with fast 32Xe?" ions at an angle of 45°
to the surface of the SiO, film with an energy of
167 MeV in the range of fluences from 1 x 102 to 5 X
10" cm~2. Irradiation was carried out at the ITs—100
cyclotron of the Laboratory of Nuclear Reactions,
Joint Institute for Nuclear Research. A homoge-
neous—with an accuracy of up to 5%—distribution of
particles over the surface of the target was achieved by
scanning the beam in the vertical and horizontal direc-
tions. The ion flux density was 2 % 10° (cm?s)~. The
temperature of the samples during irradiation did not
exceed 30°C.

The surface topography of the samples was studied
using the method of scanning electron microscopy
(SEM) in a TESCAN LYRA3 microscope operating
in the modes of secondary emission detection (topo-
logical contrast) and the elastic backscattering of elec-
trons (Z-contrast). The microscope was equipped with
an attachment for energy dispersive spectroscopy.

The sample surfaces were also visualized using an
MFP-3D scanning probe microscope (Asylum
Research) operating in the semi-contact mode, as well

327

Table 1. Data of energy dispersive analysis of the sample
after implanting with Zn ions

Element | Concentration, wt % | Concentration, at %
C 27.93 43.17
(0] 18.56 21.53
Si 53.32 35.25
Zn 0.19 0.05
Total 100.00 100.00

as in the Kelvin probe mode using an NSG30/Pt
(Tipsnano) cantilever with a hardness of 25 N/m and
a resonant frequency of free vibrations of 330 kHz.
The obtained images were processed using Gwyddion
software.

The photoluminescence (PL) spectra were recorded
at 10 K in the wavelength range of 350—620 nm using a
He—Cd laser with a wavelength of 325 nm for optical
pumping. We also studied the reflection spectra in the
wavelength range of 400—800 nm and the light reflection
spectra in the same range for two mutually perpendicular
directions of polarization of the incident light.

RESULTS AND DISCUSSION

Surface Studies in a Scanning Electron Microscope

According to the SEM data, individual microme-
ter-sized particles are visualized after implantation of
Zn ions, which are hydrocarbon contaminants, since
they contain elements lighter than the elements of the
matrix, i.e., Si and O, and the Zn impurity. The energy
dispersive spectrum of the surface beyond the
observed particles consists of lines corresponding to
elements of the oxide film, i.e., Si and O, implanted
Zn, and C contaminants. The results of energy disper-
sive microanalysis of the surface are given in Table 1.
It should be noted that contamination with hydrocar-
bons is caused by insufficient purification of the atmo-
sphere of the vacuum chamber from oil vapor, since an
oil pump is used to evacuate air from the working
chamber.

A SEM image of the surface of a SiO, film after
annealing for 1 h in an O, stream at a temperature of
700°C is shown in Fig. 1. A large bright particle about
1 micron in size is seen in the image of the SiO,-film
surface (Fig. 1a), which is obtained in the mode of
detection of secondary electron emission (topological
contrast). In Fig. 1b, an image of the same particle was
obtained in the mode of backscattered electron detec-
tion (Z-contrast). In the latter image, it is brighter than
the surrounding background. This indicates that its
composition includes elements that are heavier than Si
and O. The energy dispersive spectrum of this particle
is shown in Fig. 2, from which it follows that it consists
of several elements. Their concentrations are given in
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(a) L lpm

(b) 1pm

Fig. 1. SEM images of the sample surface after annealing at 700°C that are obtained in the modes of detecting the emission of

(a) secondary electrons and (b) backscattered electrons.
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Fig. 2. (a) SEM image of a particle that is obtained in the mode of detecting the emission of secondary electrons and (b) the

energy-dispersive spectrum from the frame shown in part (a).

Table 2. In addition to the elements of the oxide film,
i.e., Siand O, and implanted Zn, and C contaminants
are also detected. Thus, it becomes clear that the visu-
alized particle contains Zn. Investigation of the back-
ground near the bright particle showed that the energy
dispersive spectrum complies, with an accuracy of
0.1 at %, with the data given in Table 2. It is obvious
that the bright particle in Fig. 1 contains Zn. These
can be either particles of zinc itself or its oxide com-
pounds, for example, ZnO or Zn,SiO,, which is less
often formed at this annealing temperature. It is also
possible that the particle represents a mixture.

Two SEM images of the surface after irradiation
with fast Xe ions with a fluence of 5 x 10'* cm~2 are
shown in Fig. 3. One can see light spots about 1 um in
size in Fig. 3a (topological contrast), which are small
pits on the surface of the SiO, film. These pits appear
to be related to radiation effects caused by irradiation
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with fast Xe ions. Comparison of these spots with the
image in Fig. 3b shows that they have a lighter shade
compared to the general background, i.e., the pits are
filled with elements that are lighter than the elements

Table 2. Data of energy dispersive analysis of the sample
after annealing at 700°C

Element | Concentration, wt % | Concentration, at %
C 7.82 14.43
o 21.54 29.87
Si 70.42 55.62
Zn 0.22 0.08
Total 100.00 100.00

Vol. 13 No.2 2019
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(a) 2hm

L

(b) 2pm

L

Fig. 3. SEM images of the sample surface after irradiation with Xe ions at a fluence of 5 X 10'* cm™2 that are obtained in the
modes of detecting the emission of (a) secondary electrons and (b) backscattered electrons.

of the matrix, e.g., Si and O. Most likely, these are
hydrocarbon contaminants.

Analysis of the Surface Topology
in an Atomic Force Microscope

Two- and three-dimensional images of the silicon
surface after the implantation of Zn are given in
Fig. 4a. A statistical analysis of the AFM images
showed that the SiO, sample implanted with Zn atoms
is characterized by the highest roughness parameters,
namely: R, = 860 pm and R, = 680 pm. For the sam-
ple after annealing in an O, atmosphere, R ;= 155 pm
and R, = 123 pm. Finally, the lowest values were
obtained for the sample irradiated with Xe ions,
namely: R, = 127 pm and R, = 98 pm.

The surface is characterized by the following
parameters: the average value of the heterogeneity is
R, = 680 pm; the average roughness is R, = 0.680 nm;
and its root-mean-square value is R, = 860 pm. Two-
and three-dimensional images of the surface after
annealing at 700°C are shown in Fig. 4b. The surface
is characterized by the following parameters: the aver-
age roughness is R, = 123 pm and its root-mean-
square value is R, = 155 pm. After irradiation with Xe

ions at a fluence of 5 x 10 cm~2 (Fig. 4c), the smallest
roughness values are observed, namely: the average
value is R, = 98 pm and its root-mean-square value is
R, = 127 pm. It should be noted that the surface is
rather homogeneous after implantation. However,
nanoparticles with a cross-sectional size of 20—50 nm
and an average height of about 1—5 nm are formed on
it after annealing at 700°C. Such surface structuring
can be associated with the diffusion of zinc to the sur-
face of the sample and the formation of its clusters in
the subsurface layer, in which precipitates of its oxides
or silicides are formed.

A topographic AFM image of the sample surface
after annealing in an oxygen atmosphere at 400°C and
a potential image (Kelvin probe mode) are shown in
Fig. 5. As can be seen from the comparison of these
two images, bright spots (protuberances) (Fig. 5a) are
transformed into areas with a lower negative potential
(Fig. 5b). This indicates the metallic nature of these
protuberances. As noted above, zinc is a rapidly dif-
fusing impurity; therefore, it can appear on the surface
of a silica film by diffusion to the surface, which is an
unlimited drain for impurities. The situation gets even
worse if we examine such a sample after annealing at
600°C. The reverse diffusion of zinc from the sample
increases and large agglomerates of Zn-containing
compounds are already visible on the surface (Fig. 6a).
In Fig. 6b, a large Zn-containing agglomerate in the
center of the image is characterized by a lower value of
the potential. It should be noted that an increase in the
potential is observed around this agglomerate.

Nanoparticle Size

It is known that nanoparticles should be synthe-
sized in a narrow size range when creating emitting
components based on the ZnO phase; in that case, the
width of the emission line of exciton luminescence is
narrowed. In [16], a new method was proposed to
selectively change and control the size of formed metal
nanoparticles by irradiating a substrate with beams of
fast heavy ions. This kind of irradiation leads to the
formation of deformation latent tracks (disordered
nanometer-sized regions around the trajectory of the
irradiating ion) in many crystals. The corresponding
irradiation that creates the track can change the
nanoparticle shape from spherical to ellipsoidal. This
effect is most noticeable with numerous actions (about
100 times) exerted by fast heavy ions [17].
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(a) 15.0 nm

300 400 nm

Fig. 4. Two-dimenional (on the left) and three-dimensional (on the right) AFM images of the sample surface (a) after the implan-

tation of Zn, (b) after annealing at 700°C in an O, atmosphere, and (c) after irradiation with Xe ions at a fluence of 5 x 10 cm—2.

JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES Vol. 13 No.2 2019



ION-TRACK MODIFICATION OF A SILICON-DIOXIDE FILM IMPLANTED 331

(2) (b)
20 : 20
; | nm mV
154 e : 3 —610
’ 3 2 —615
A i i |
£ 10 : { ! ] | 620
. - 4 -0 —625
1 —1 —630
5 PR 3
, 3 ) —635
& j -3 = —640
0 5 1|0 1|5 20 0 5 10 15 20
um pm
Fig. 5. (a) Surface topography and (b) potential of the sample after annealing at 400°C.
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Fig. 6. (a) Surface topography and (b) potential of the sample after annealing at 600°C.

After annealing in an O, atmosphere at a tempera-
ture of about 700°C, the samples were irradiated with
fast 32Xe2" jons at an energy of 167 MeV in the flu-
ence range from 1 x 10" to 5 X 10" cm~2 in order to
modify the synthesized zinc-oxide nanoparticles. The
parameters of ions passing through the amorphous
SiO, film were calculated using the SRIM 2013 software
package [18] and were as follows: the energy loss in the
electron system is dE,/dx = 14.7 keV/nm; the energy loss
in the nuclear system is dE,,,,/dx = 59.8 eV/nm; the pro-
jective path is R, = 18.6 um; the longitudinal strag-
gling is S;, = 0.576 um; and the lateral straggling is
S = 0.622 um.

As was shown in [19] by the method of small-angle
scattering, the radius of the track of Xe ions in amor-
phous SiO, is a function of the energy loss in the elec-
tron system (dE,/dx). In the case of Xe ions with an
energy of 167 MeV, the energy loss in the electron sys-
tem of the SiO2 matrix is 14.7 keV/nm, which corre-
sponds to a track radius of ¥ = 4 nm. In the mentioned
work, an important quantity for estimating the influ-
ence of ion tracks on the irradiated surface was also
introduced, namely, the coverage ratio CR = wr®,
where @ is the fluence of fast ions. The coverage ratio
shows how many times the average surface is crossed
by ion tracks. In the present study, this parameter equals
0.5—250 in the range of fluences between 1 x 102 and
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Fig. 7. PL spectra of the SiO, film (/) implanted with Zn,
(2) annealed in an oxygen atmosphere at 700°C, and irra-
diated with fast Xe ions at fluences of (3) 2 % 10" and
(45 % 10'4cm~2. The PL spectra were recorded at a tem-
perature of 10 K.

5 x 10" cm~2. As was mentioned above, the CR value
should be greater than 100 for a significant change in
the shape of nanoparticles.

‘When nanoparticles are exposed to fast heavy ions,
the maximum size of nanoparticles that melt upon
irradiation plays an important role. In the case of irra-
diation with Xe ions at an energy of 167 MeV, the max-

max

imum size Ryp of zinc-oxide nanoparticles is defined
as follows [17]:

max J 3(dE/dx),np
RNP - m - b
21(Hy\ppnp + 0)

where the specific energy loss of the Xe ion for elec-
tronic excitations in zinc oxide nanoparticles is
(dE/dx),np = 25.9 keV nm™!, the specific melting
heat of zinc oxide is = 694 J/g, and the density of zinc
oxide is pyp = 5.61 g/cm?. Here, Q is the heat, which
is spent heating the zinc-oxide nanoparticles to the
melting point and determined from relation
0 = pnpe(T,, — T,,), where the specific heat equals ¢ =
0.495 J/(g K), the melting point of zinc oxide is
T, =1975°C, and the temperature of the sample
during irradiation is 7;, = 20°C. Substituting all of the
above values into the formula for determining Q, we find

that Q= 5430 J/cm~3 and, eventually, Ryp = 14.6 nm.

It should be noted that the above calculations are
estimates. As was shown in [20], the Gibbs heat for the
reaction 2ZnO — 2Zn + O, is AG(T) = +350 kJ/mol
at 300 K. In other words, this reaction does not pro-
ceed spontaneously at room temperature. However,
the Gibbs heat of this reaction becomes negative upon
a significant increase in the temperature, for example,
up to 2350°C, and the reaction of decomposition of
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zinc oxide to Zn and O, can proceed spontaneously as
a result.

Study of the Photoluminescence Spectra

The PL spectra of the samples after Zn implanta-
tion, after annealing at 700°C, and after irradiation
with fast Xe ions at different fluences are shown Fig. 7.
One can see that a narrow PL peak associated with the
formation of the ZnO phase and exciton recombina-
tion in it appears at a wavelength of 370 nm after Zn
implantation (curve /) against the background of a
broadened peak with a center near 420—430 nm,
which is attributable to the arisen radiation point
defects and their clusters. This peak increases after
annealing at 700°C (curve 2), since oxygen molecules
diffusing into the sample from the surrounding atmo-
sphere reach the implanted zinc (R, = 40 nm), oxidize
it, and thereby increase the total content of the zinc-
oxide phase in the sample during the process of
annealing in an oxidizing atmosphere. After irradia-
tion of the sample with fast Xe ions at a fluence of 5 X
102 cm~2, the PL peak at 370 nm practically disap-
pears, which may indicate a decrease in the content of
the ZnO phase in the film under study. At the same
time, the broadened PL peak with a center at 425 nm
increases significantly with an increase in the fluence
of Xe to 5 x 10" cm™2.

Study of the Reflection Spectra

It is known [21] that a layer transparent in the visi-
ble region of the spectrum, such as a dielectric SiO2
film, changes its transparency and reflection spectrum
upon the implantation of large concentrations of
metal impurities. In particular, absorption increases
due to surface plasmon resonance and reflection also
behaves in a similar way. For correct interpretation,
the reflection spectra were represented as the ratio of
the measured reflection spectrum to the spectrum of
the initial SiO, film deposited onto the Si substrate,
before being implanted with zinc. The results are given
in Fig. 8. As the annealing process advances, the
metallic zinc phase is transformed into the phase of its
oxide and the sample becomes transparent.

As is known, the maximum distribution of
implanted Zn under the given conditions of implanta-
tion is at a depth of 40 nm, which corresponds to the
R, value calculated using the SRIM software package.
Precipitates of zinc are also located here, since its con-
tent significantly exceeds the limit of its equilibrium
solubility in silicon oxide. The spread of the concen-
tration of implanted zinc and the position of its maxi-
mum also correspond to the values calculated using
the SRIM software package. Since the obtained con-
centrations of Zn significantly exceed its limiting equi-
librium solubility in silicon oxide, Zn can precipitate
near the concentration maxima in the form of
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600
Wavelength, nm

700 800

Fig. 8. Normalized reflection curves (/) after implanta-
tion, and after annealing at (2) 400, (3) 600, (4) 700, and
(5) 800°C.

implanted metallic Zn and/or its oxide compounds
like ZnO - ZnSiO; after annealing at temperatures
below 700°C or ZnO - Zn,SiO, at higher annealing
temperatures (above 800°C).

Upon heat treatment in an oxygen atmosphere in
the temperature range of 600—900°C, radiation-
induced defects are gradually annealed. At tempera-
tures above 600°C, the diffusion coefficient of zinc in
silicon oxide significantly increases [22]. The high dif-
fusion mobility of zinc contributes to its active redis-
tribution in the area of the implanted layer. After
annealing at 900°C, the defects are almost completely
annealed and the content of zinc in the sample notice-
ably decreases, since its smaller part has diffused to the
depth of the substrate and the larger part has exhausted
from the sample into the atmosphere as a result of
reverse diffusion.

CONCLUSIONS

A ZnO phase and a characteristic PL peak at a
wavelength of 370 nm are detected after the implanta-
tion of Zn into a silicon-oxide film. Low-temperature
annealing in the temperature range of 400—600°C
leads to the formation of a SiO2 film and Zn-contain-
ing precipitates with a cross-sectional size of about
100 nm on its surface. After annealing in the tempera-
ture range of 700—800°C, Zn-containing precipitates
of the chemical composition Zn - ZnO are formed in
the film, and a phase with chemical composition
ZnO - Zn,SiO, is formed after annealing at tempera-
tures of 900—1000°C.

According to the AFM data, the initial SiO, sample
implanted with Zn is characterized by the largest
parameters of roughness, namely: R, = 860 pm and
R, = 680 pm. After annealing in an O, atmosphere at
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700°C, R, = 155 pm and R, = 123 pm. The surface of
the sample irradiated with Xe ions at a fluence of 5 X
10" cm~2 has the smallest parameters of roughness,
specifically: R, = 127 pm and R, = 98 pm.

Irradiation with fast Xe ions leads to, on the one
hand, destruction of the ZnO phase, which confirms
the disappearance of the exciton PL peak at a wave-
length of 370 nm, and on the other hand, the forma-
tion of a large number of radiation defects and charac-
teristic luminescence with a maximum at 430 nm,
which increases with an increase in the radiation
intensity. After irradiation with Xe, shallow pits of
micrometer dimensions in the image plane are
detected on the surface of the SiO, film.
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