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ABSTRACT

The effects of implantation of Samarium ions (Sm"), a rare earth ion (RE) on the properties of ZnO films grown on Si (001) substrate by RF
sputtering system are presented. The structural properties of the virgin and Sm-implanted ZnO thin films were investigated by Atomic force
microscopy, Rutherford backscattering spectroscopy and Raman spectroscopy. Local lattice softening caused by the incorporation of highly
mismatched Sm* (ionic radii 0.096 nm and 0.113 nm for Sm*>* and Sm** respectively) into Zn antisites was detected as a red shift in E2 (high)
mode likely caused by reduction in the crystallinity of the ZnO film. Photoluminescence on the pristine ZnO film showed a strong near band
gap (NBE) emission and an intrinsic defect related blue, green-orange emission. The NBE is suppressed after implantation of Sm™ while the
blue, green — orange emission intensities are enhanced as a result of increased structural defects with mismatched charge states. Moreover the
effect of varying the concentration of Sm™ ions is presented and compared with predictions made from Stopping and Range of Ions in Matter
(SRIM) calculation.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5093586

I. INTRODUCTION Such defects are usually dependent on the morphology, structure,
particle size, composition and crystallinity of ZnO.

Doping of ZnO nanostructures with selective elements has been
explored to tune its opto-electrical properties’ through band gap
engineering.“‘ Among the promising materials for incorporation to
the active layer in electroluminescent materials are RE ions’ which

Zinc oxide (ZnO) thin film has emerged as a promising can-
didate for transparent electronic device applications such as bottom
electrode layer in solar cells, ultraviolet laser emission, photodetec-
tors, piezoelectricity and biosensors." The widespread application
has been prompted by its wide direct band gap (3.3 eV), a large

exciton binding energy of ~60 meV at room temperature.” ' These provide intermediate emission pathways through electronic transi-
excellent properties enable its application as a light-emitter due to its tions to Fhe associgted energy levels. The .additionA of the RE can b.e
efficient excitonic emission at room temperature. In addition, ZnO accorpphshed by elth.ef on 1mp1.antat10n na dOPU}g process or via
is also a well-known green light-emitting phosphor when excited at ~ Physical vapor deposition technique. Hence there is need to inves-
wavelengths below 385 nm.” Energy absorption occurs due to the tigate suitable doping element that enable efficient excitation of RE
interband transition by valence electrons to the conduction band. ions through energy transfer between the host semiconductors and
Recombination usually occurs close to or in the electronic defects. the RE ions.
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The 4f levels of triply charged rare-earth ions have a wide
range of applications such as lasers, phosphors and luminophors.'’
The use of electron impact to excite ions when incorporated into a
semiconducting matrix has attracted much interest because of these
numerous applications owing to the stability of the semiconduct-
ing oxides. However, the doping has had its own share of challenges
such as low saturated concentration of RE ions in ZnO lattice due to
the large differences in ionic size and mismatch in the charge state
and the inappropriate energy level position of RE ion relative to the
valence band and conduction band of ZnO host."’

There is still need to evaluate the composition, structure and
optical properties of ZnO thin films after RE addition. Additionally
the choice of the RE atom and its crystalline environment in these
doped metal oxides must satisty the optimum requirements for the
diverse photonic applications.

Il. EXPERIMENTAL PROCEDURE
A. Growth of ZnO thin film

ZnO disk (99.99% purity) targets of diameter 76 mm and thick-
ness 6 mm sourced from Semiconductor Wafer, Inc. (SWI) were
used for thin film deposition in RF magnetron sputtering system.
The Si wafer (001) substrates were also purchased from Semicon-
ductor Wafer, Inc. (SWI). The RF system vacuum chamber was
evacuated using a rotary roughing pump to a base pressure of
2 x 107 mbar before a further pumping using turbo-molecular
pump to 1.8 x 107> mbar. The plasma generation chamber was sur-
rounded by an electromagnet. Magnetron sputtering was carried out
in an argon gas atmosphere supplied into the chamber through a
constant precision leak valve at a flow rate of 13.0 sccm. Herein, we
report the structural and optical behavior of Sm-doped ZnO thin
films before and after implantation of Sm" ions at different dose
rates using a Varian 200-20A2F ijon implanter located at iThemba
LABS (Gauteng) operated at energy of 80 keV.

B. Sm ion implantation

The Sm" ions were produced from a cut piece of a Sm,O3
sputter target (99.99% purity, sourced from SWI) and extracted as
incident ions for implantation into pristine ZnO thin film through
charge to mass ratio using a Varian 200-20A2F ion implanter located
at iThemba LABS (Gauteng), Johannesburg at room temperature at
high vacuum. SRIM programme was first used before ion implanta-
tion to project the composition and distribution profiles of the Sm*
in ZnO matrix.

C. Thin film characterization

The film morphologies and structural analyses were charac-
terized using Veeco Di-3100 atomic force microscopy (AFM) in
tapping mode. Optical reflectance to attain thickness, and refrac-
tive index were analyzed using FR-Basic-VIS/NIR fitted with FR-
Monitor software for fittings.

Rutherford backscattering spectrometry (RBS) measurements
were performed to determine the thickness and distribution pro-
files of Sm™ ions in the ZnO matrix at room temperature using 4He"
particles of energy 1.6 MeV at a backscattering angle of 165° (IBM
geometry). The beam current was kept between 10 and 15 nA during
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measurements. The Raman bands and the structural order of all the
films were examined using a Horiba LabRAM HR Raman spectrom-
eter equipped with an Ar ion laser (514.5 nm) and a laser power of
<1 mW at the sample. Photoluminescence measurements were
carried out using a Horiba LabRAM HR spectrometer with a
150 lines/mm grating and an excitation wavelength of 244 nm from
a frequency doubled Lexel argon ion laser.

Ill. RESULTS AND DISCUSSION

A. Stopping and range of ions in matter (SRIM)
calculation

SRIM is based on a Monte Carlo simulation method, namely
the binary collision approximation with a random selection of the
impact parameter of the next colliding ion. SRIM is capable of pro-
ducing quick calculations that produce tables of stopping powers,
range and straggling distributions for any ion at any energy (in the
range 10 eV-2 GeV) and in any elemental target.'”

SRIM calculates the backscattered and sputtered particle distri-
bution functions resulting from positive atomic- ion bombardment
of any amorphous surface. When an ion bombard a solids with ener-
getic particles, the target material’s surfaces is eroded. This erosion
rate quantified as the sputtering yield, defined as the average num-
ber of atoms leaving the surface of a solid per incident particle. It has
been shown that the penetration depth can be expressed in terms of
the parameters characterizing the target material and the incoming
ion energy described by equation 1:

1-m g "
a(e) = 2m Y nC
m

where n is the target atom density, y is a constant of the order
of unity, Cy, is a constant dependent on the parameters of the
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FIG. 1. SRIM profile illustrating the estimated ion distribution with penetration
depth.
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TABLE I. SRIM simulated Sm* concentration using varied fluence doses.

Fluence Mean Average
(ions/cm*) depth (nm) Max. concentration % concentration %

2 x 10%° 20.01 1.22 0.77
4x 10" 20.01 245 1.55
6 x 10%° 20.01 3.67 233
8 x 10%° 20.01 4.90 3.11
1 x 10 20.01 6.12 3.89

inter-atomic interaction potential and m=m (¢) is a factor, which
varies slowly from m = 1, at high energies, to m = 0, at very low
energies.”” In this project SRIM was used to estimate the ion distri-
bution of RE (Sm" ions) implanted at various fluences. The substrate
used in the simulation was silicon wafer of thickness ~2000 nm
and the results is shown in Figure 1. The Sm profile determined
by SRIM simulation shows a defined peak at approximately 20 nm
and a maximum Sm ion concentration of 1.22% and 6.12% at a flu-
ence of 2 x 10" and 1 x 10'° ions/cm® respectively as shown in
Table I.

The concentration of the Sm ions is seen steadily increasing
with fluence as similar to RBS experimental results reported in
Figure 5.

B. Morphology studies using atomic
force microscopy

Figure 2 shows the surface topography of ZnO layer before and
after Sm* implantation characterized by the Veeco Di3100 AFM in
tapping mode.
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From Table II, the roughness, rms of the ZnO film surface was
5.29 nm with an average grain size of 22.4 nm. Upon ion implanta-
tion of Sm* at a fluence of 2 x 10" ions/cm?, the rms increases to
17.5 nm with an average grain size of 61.1 nm. The increase in the
surface roughness is attributed to the competition between ad atom
diffusion and energy dissipation on the film. As the implanted dose
of Sm" increases the surface roughness increases steadily as a result
of formation of microvoid structures."*

During the early stages of ion implantation process, the rms
roughness increases from 5.29 nm for the virgin sample to 33.3 nm
after implanting with a fluence of 8 x 10'°. However, at a fluence
of 10 x 10"° the roughness decreases to about 26.2 nm. During low
fluences, the coarsening of nano dots makes the surface to become
rougher whereas when the fragmentation and inverse-coarsening
of the nanoparticles occurs at 10 x 10", a slight smoothening in
the surface is observed.”” According to Paramanik, Dipak, et al.,
smoothening of surface beyond certain fluence may be associated
with amorphization of the surface. At high fluences, there is an
increase in the density of electronic excitations hence the covalent
bonds in the lattice weaken or get broken leading to relaxation caus-
ing the surface morphization'”'” or reduced strain in the film."’ It
is also worth noting that the grains sizes appear larger than average
particle size estimated using Debye-Sherrer relation on XRD Bragg
reflexes which gave a particle size of 22.4 nm for the virgin ZnO and
61.1 nm for the ZnO implanted with Sm* at a fluence of 2 x 10"
ions/cm®. As the fluence increased there is coarsening and the par-
ticles appear larger as can be seen from the increasing grain height.
Ata fluence of 10 x 10" ions/cm” there is a decrease in grain height
suggesting that the inverse ripening may be happening as a result of
the fragmentation of particles.”

The film thickness was estimated to be about 154.8 nm using
FR-Basic-VIS/NIR fitted with FR-Monitor software for fittings and
did not show any reasonable change with increased fluence dose.

FIG. 2. Tapping mode AFM images of
Zn0 and Zn0O:Sm thin films.
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TABLE II. Statistical AFM analysis of the film.

Samarium Skewness Grain
fluence (ions/cm®) R, (nm) Rems (nm)  (Rgq)  height (nm)
0 3.92 5.29 1.454 22.4

2 x 10% 13.9 17.5 0.253 61.1
4x 10" 20.7 25.8 0.308 70.9

6 x 10" 21.9 27.8 0.463 84.5

8 x 10" 26.7 33.3 0.304 87.0

10 x 10%° 20.8 26.2 0.752 62.7

The elemental compositions of the films were first determined
using Energy-dispersive X-ray spectroscopy measurements. The
EDS (not shown here) showed that ZnO films had no impurity while
the presence of Sm" upon implantation was only marked as RE,
hence unable to differentiate RE ions with close energies that caused
overlap. We therefore studied the films using Rutherford Backscat-
tering Spectroscopy measurements as discussed in section I1I D.

C. VIS/NIR measurements

Figure 3 shows visible/near infrared spectroscopy of ZnO thin
implanted with Sm" ions at a fluence of 2 x 10" ions/cm? as well the
refractive index measurements at a wavelength range of 450-900 nm.

Figure 3 shows reflectance curves for the ZnO thin film
implanted with Sm" ions, where the film due to interference phe-
nomena between the wave fronts generated at the two interfaces
(air and substrate) describes the sinusoidal nature of the curves’
reflectance vs. wavelength of light. ZnO thin film showed interfer-
ence fringe pattern in transmission spectrum. From the spectrum,
the film shows a smooth reflecting surface without much scattering
loss at the surface. The thickness simulated using FR-monitor was
found to be 154.8 nm which is in complete agreement with the value
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FIG. 3. Reflectance (both raw and fitted spectrum) and refractive index variation
with wavelength range of 450-900 nm.
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derived from RBS simulation and did not change by reasonable mar-
gin upon variation of the fluence dose during ion implantation. The
refractive index value is seen to decrease with the increasing of the
wavelength.

D. Rutherford backscattering spectroscopy
measurements

A RBS spectrum of virgin ZnO and Sm - doped ZnO thin film
at a fluence of 2 x 10'® ions/cm” on Si substrate is shown in Figure 4.
Each experimental spectrum could well be reproduced together with
a computer simulation using the XRump code. The structure in the
Si spectrum around channel 180, 260, 410 and 480 are attributed
to the non-Rutherford scattering cross-section from O, Si, Zn and
Sm respectively and the surface energy positions in channels of the
elements have been shown using arrows.

The simulated spectra yield an average thickness of the films
154 + 2 nm in agreement with the thickness measurement by the
FR-Basic-VIS/NIR fitted with FR-Monitor software for fittings.

The presence of Sm* in the films is quite evidenced and the
global atomic concentrations of the different species contained in
the film can be deduced. From the XRump simulation for Sm doped
ZnO shown in Figure 4, stoichiometry of the matrix of 49.3, 48.3 and
2.37% for Zn, O and Sm, respectively was derived.

The simulated spectrum shown in Figure 4 for the minimum
fluence of 2 x 10'® jons/cm® implantation was generated by assum-
ing a three layer structure with the Sm* concentration in the layers
progressively decreasing; viz. layer I with width 11 nm, layer II width
19 nm and layer III with width 124. The atomic surfaces were deter-
mined to be in channels: Zn = 401, Sm = 461, Si = 287, O = 180.
The measured depth profiles slightly differ from those simulated
by SRIM for the due to the fact that the SRIM code does not take
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FIG. 4. RBS spectrum of an 154 nm Sm* implanted ZnO layer at a flunce of 2
x 10" jons/cm? on 2000 nm thick Si showing experimental data and computer
simulation using XRump code.
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FIG. 5. RBS spectra of Sm implanted ZnO layer at different fluences at energy of
80 keV. Inset is a zoom plot of channel range 450-500.

into account progressive structural and compositional changes in
the ZnO matrix caused by ion irradiation.

Figure 5 shows RBS spectrum (raw data) of the virgin and Sm-
implanted ZnO films on Si substrate with the constituent atoms at
different energy channels to confirm the composition depth profile
and thickness of the deposited films.

From Figure 5 the Sm* profile was found to be almost Gaussian
in shape with a maximum depth around 20 nm. This is in agreement
with the projected range calculated for 80 keV Sm* in ZnO using the
SRIM simulation - a Monte Carlo simulation based on the binary
collision approximation. The normalized yield is observed to gradu-
ally increase for all fluence, an indication that the implanted Sm”*
ions were quite below saturation point. The pronounced increase
of the scattering ions yield (RBS yield) around 461 channel com-
pared with that in the virgin sample maybe an indication that
implantation-induced damaging of the ZnO crystal lattice suppress-
ing the channelling effect causing an increase of the RBS yield within
the modified ZnO layer.

E. Raman spectroscopy

Figure 6 shows the Raman spectra for virgin and Sm*
implanted ZnO thin films. ZnO crystallizes in the wurtzite struc-
ture, which belongs to the space group Cev*. According to group
theory prediction its phonon modes belong to the 2E;, 2E;, 2A;
and 2B; symmetries. The two B; symmetry modes are not Raman
active."”

The room temperature Raman spectra of ZnO and Sm-doped
ZnO thin films at a wavenumber of 200 to 800 cm™ are shown in
Figure 6. The Al and E1 modes are polar phonons which split into
transverse optical (TO) and longitudinal optical (LO) phonons. The
nonpolar E; modes have two frequencies, namely, E; (low) and E,
(high) which corresponds to the Zn and O sublattice vibrations,
respectively.”””' In our case since the measurement was carried out
between 200 to 800 cm™ only the E, (high) was observed for both

scitation.org/journal/adv
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FIG. 6. Raman spectra of virgin RF sputtered ZnO films grown on Si (001) and
after ion implantation with Sm* at different fluences.

undoped ZnO (at 435.3 cm™) and Sm- doped ZnO at (431.3 em™)
using a fluence of 2 x 10*° cm?. This E, (high) mode is known to be
sensitive to the stress within ZnO nanostructures.”” This peak also
appears broader (FWHM value is 14.2 cm ™ for illustration) upon
implantation with Sm* ions compared to FWHM value of 13.4 cm™
for the undoped ZnO. The frequency red shift may be attributed to
the local lattice softening caused by the incorporation of highly mis-
matched (charge state imbalance and mass) Sm" into Zn antisites.
Softening of the lattice is caused by the large sized Sm" ion sitting in
a strongly electronegative environment as a result of the negatively
charged surrounding oxygen ions.”>** Since SmZn has four nearest
oxygen atoms neighbors, the mode softening for the E2 (high) mode
is most likely.

The intensity of the E2 (high) mode denotes the crystalliza-
tion of ZnO crystal structure,” hence Sm-doped ZnO thin films is
obviously having lower intensity compared to that of ZnO, revealing
the restrained degree of crystallization along the c-axis. The possible
emergence of the fiber texture along the (103) reflex in the implanted
films could also lead to the suppression in the intensity of the Raman
mode. The band at 580 cm™ is usually defect related and is assigned
to E1(LO) mode and its presence in both films indicates the presence
of oxygen vacancies or oxygen interstitials.”®

F. Photoluminescence studies

The photoluminescence properties of the ZnO and Sm-doped
ZnO films are examined using room temperature photolumines-
cence (PL) spectroscopy fitted with an excitation source at 224 nm.
Figure 7 shows explicitly distinct emissions UV emission (378.8 nm
for virgin ZnO thin films and 379.7 nm for Sm - doped ZnO using
fluence of 2 x 10" cm?) resulting from the free excitons recombi-
nation through an exciton-exciton collision process corresponding
to the near-band edge (NBE) exciton emission of the wide band gap
Zn0.””* The red-shift in the NBE emission upon implanting Sm*
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FIG. 7. Room temperature PL spectra of the ZnO and Sm*-doped ZnO thin films
both of average thickness of 154 nm.

into ZnO could possibly indicate the narrowing of the band gap due
to increased dopant states near the bottom of the conduction band"*
or the prevalence of vibronic states that act as exciton recombination
pathways.

The broad green emission band range in the vicinity of 560 nm
is associated with the various deep-level defects, such as zinc inter-
stitial (Zn;), oxygen interstitial (O;), zinc vacancy (Vzn), oxygen
vacancy (Vo), or single-ionized oxygen vacancies in ZnO.” In
addition there are yellow-orange emission bands induced from
the recombination of a photogenerated hole with an electron that
belongs to a singly ionized defect, such as oxygen vacancy or
oxygen interstitial. Upon doping with Sm", the possible substitu-
tion of Zn”* site with low concentration Sm* may enhance lattice
distortion to compensate for the charge imbalance and increase
in the amounts of defects such as oxygen vacancies and oxygen
interstitials leading to enhancement of the intensity of green, yel-
low and orange emission. These increased defects however led to
the suppressing of the excitonic emission resulting in decrease of
the NBE edge emission intensity as the fluence increased beyond
4% 10" em’.

Previous studies have been reported on PL properties of Sm* in
ZnO polycrystalline pellets and microstructure.' """ They reported
that Sm™ photoluminescence were only observed under the direct
excitation or an impact excitation by hot electrons but no energy
transfer from ZnO to Sm"' ions. However, according to Tsuji,
Takahiro, et al’ Sm PL properties may depend on extrinsic effects
since the ZnO:Sm polycrystalline samples contain several grain
boundaries and defects which usually act as non-radiative centers.
In our study we noted an additional shoulder at 427 nm which could
be attributed to *Gs;,=°F; (J = 11/2, 9/2, 7/2, 5/2) transition of Sm*
ions as well as a mere defects formation during ion implantation
hence need for further investigation using time-resolved photolu-
minescence spectroscopy.

ARTICLE scitation.org/journall/adv

IV. CONCLUSION

The effects of implantation of Samarium ions (Sm*) on the
properties of ZnO films grown on Si (001) substrate by RF sputter-
ing system are presented. The films showed uniformly distributed
homogeneous grains, an indication of the high packing density of the
films. Atomic force microscope (AFM) and the Photoluminescence
(PL) were employed to analyze the influence of the Sm™ ions implan-
tation into the ZnO matrix. The structural properties of undoped
and Sm- doped ZnO thin films were investigated by Atomic force
microscopy, Scanning Electron microscopy and Raman scattering
studies. Local lattice softening caused by the incorporation of highly
mismatched Sm” into Zn antisites was detected as a red shift in E2
(high) mode and reduction in the crystallinity of the ZnO film. Pho-
toluminescence on the pristine ZnO film has shown a strong NBE
emission and an intrinsic defect related blue, green-orange emis-
sion. The NBE is suppressed after implantation of Sm* while the
blue, green - orange emission intensities are enhanced as a result of
increased structural defects with mismatched charge states. The flu-
ence was varied and the experimental data trend was in agreement
with the projected range calculated for 80 keV Sm"* in ZnO using
the SRIM simulation although the percentage composition values
differ.
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