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Abstract For the efficient absorption of light in a broad wavelength band, Si
photovoltaic devices require a high concentration of metal atoms at a shallow
depth up to a few 10s of nm in the Si substrates. Low energy (< 50 keV)
implantation of Ag ions in Si is one of the most suitable synthesis steps to
facilitate the formation of these metal nanoclusters at the shallow depths in
Si. However, during the low energy implantation of the heavy ions, one of
the unintended consequences is the sputtering of target atoms particularly
if the target is made of lower Z materials such as Si. In this study, we have
investigated the re-distribution of atoms in the target layers due to the surface
sputtering effects from 50 keV Ag ion implantation in Si substrates. Initially,
the implant profile was estimated with the widely used static simulation code,
theStopping and Range of Ions in Matter (SRIM). However, it’s simulation
routine lacks any consideration of the fluence dependent evolution of the target
material. Therefore, we have explored the use of another ion-solid interaction
code T-DYN, which considers the dynamic changes in the thickness and/or
composition of the target material during the implantation process. For 50 keV
Ag ion implantation in Si, the T-DYN simulation predicts the Ag ion depth
profile reaches a maximum or saturation in the concentration at a critical ion
fluence of ~7x10' atoms/cm?, whereas for a more heavier element like Au,
similar saturation in the concentration is predicted at a relatively lower fluence
of ~4x10'" atoms/cm?. The depth profiles of the implanted Ag atoms extracted
from experiments utilizing the Rutherford Backscattering Spectrometry
and X-ray Photoelectron Spectroscopy characterization techniques show
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asymmetric distributions with the position of peak concentration depth
gradually moving towards the Si surface with increasing implant ion fluence.
Once the implantation ion fluence reached a critical value, the peak value of
the elemental concentration is seen saturated similar to the predictions from
T-DYN simulations.

Keywords: Ag nanoclusters; ion implantation; depth profile; RBS; XPS

1. INTRODUCTION

The understanding of the interaction of light with metal nanoclusters (NC) has
given rise to a wide range of applications, such as photovoltaic (PV) devices,
optical sensors, and optical emitters [1-3]. In last several decades, it has been
understood that the embedded metal NC in a dielectric matrix plays an important
role in optoelectronic applications [1-2]. The metal-dielectric interface can
generate surface plasmons (SP) [4]. The metal NC can also excite the SP and
doing so increases the optical path length in the PV layer without increasing
the physical thickness of the PV to enhance overall photo absorption [5]. The
characteristics of optical absorption due to the metal NC depend on the size,
geometry, species and location in the dielectric media or substrate [6]. Metal
NC such as Ag can enhance the light absorption and increase the efficiency of
PV device [7-8]. Pillai et al. had demonstrated the enhancement in quantum
efficiency after integrating metal nanoparticles (NPs) on thin polycrystalline
silicon solar cells with ~30nm spacer layer [8]. Shi et al. had shown that light
trapping can be enhanced by fabricating double layer Ag nanoparticles in
silicon based materials [9]. Recently,Sardana et al. had reported the necessity
of an optimized SiO, spacer layer of 20-30 nm between the metal NPs and
silicon solar cell for enhancing forward scattering from the NPs into the silicon
substrate in the long wavelength region [10].

The absorption depth of the light of different wave lengths is different
in Si [6, 11], so placing the NC according to its size plays a critical role in
improving the device efficiency [3, 12]. For the efficient absorption of light in
a broad wavelength band, Si photovoltaic devices require a high concentration
of dopant metal atoms or NC such as Ag at a shallow depth of a few 10s of
nm in the Si substrates. Low energy (< 50 keV) implantation of Ag ions in
Si is one of the most suitable synthesis steps to facilitate the formation of the
metal nanostructures at the shallow depths in Si. The metallic NCs nucleate
spontaneously when the implanted ion fluence exceeds the solubility saturation
point [13]. The spontaneous nucleation from the direct ion irradiation produces
homogeneous NC in size and location; however, the probability of NC
nucleation is small. The threshold thermodynamic energy for NC nucleation
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is often higher than the energy provided by ion implantation process. The Investigation of
formation of the metal NC and their graded distribution in the dielectric layers the Saturation
can be achieved by further in-situ or post-thermal annealing of the substrate of Elerr?ent.al
[14]. Recently Seo et al. have reported the formation of Ag NC at the Si surface Concentration in

using 50 keV Ag ion implantation at a high current density of SmA/cm? and a t111‘e Deé’th Progf of
total fluence of ~2x10'” atoms/cm? with post-thermal annealing at 400 °C [15]. Ovionnf;gsianlt:ie;
The thermal annealing increases the probability of NC nucleation, but the NC P Silicon

size and their distribution are very much dependent on the fluence and energy
(range and distribution) of the implanted ions in the substrate.

However, during the low energy implantation of the heavy ions, one of
the unintended consequences is the sputtering of target atoms particularly if
the target is made of lower Z materials such as Si. The sputtering yield is a
function of target surface binding energy, element type, implantation energy,
and other irradiation parameters.It is extremely important to know how the
energetic ion modifies the target substrate in order to design a device with
tailored NCs at certain depths. As an example, Figure 1, shows the sputtering
effects on a Si target from the implantation of 76 keV Ag at a fluence of 5x10%
atoms/cm?. Earlier, Liau et al. had estimated the sputtering yield of Au, Cu and
Si by 45 keV ions of various atomic numbers up to Z=90 [16]. In the high-
fluence ion implantation process, the maximum concentration of the implanted
atom or compositional ratio with the target atoms is determined by the amount
of ion induced sputtering yield of the implanted layer.

Irradiated
region

Figure 1: 76 keV Ag ions were implanted with a fluence 5x10' atoms/cm? in Si.
The Ag ion implantation induced sputter etched ~3.5 nm of the Si surface layer. This
surface topology map was acquired using a Zygo optical surface profilometer.
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In the present paper, we have investigated the re-distribution of atoms
in the target layers due to the surface sputtering effects from low energy (50
keV) Ag ions implanted in the Si substrate. Initially, the implant profile was
estimated using the widely used static TRIM/ SRIM simulation code [17]. The
static code provides the number of surface atoms sputtered per incident ion and
the changes in the incident energy due to this sputtering process. However, it’s
simulation routine lacks any consideration of the fluence dependent evolution
of the target materials. Therefore, we have explored the use of another ion-
solid interaction code T-DYN, which considers the dynamic changes in the
thickness and/or composition of target materials during the implantation
process [18-21]. Rutherford Backscattering Spectrometry (RBS) and X-ray
Photoelectron Spectroscopy (XPS) techniques were used to characterize the
ion implant concentration depth profile in the experimental samples.

2. EXPERIMENTAL

Single crystal Si (100) (Boron doped p-type, resistivity of 10-20 Wem) wafers
were irradiated with 50 keV energy Ag ions at fluences ranges from ~1x10'
atoms/cm?to ~1x10'7 atoms/cm?. The ion source for the ion implantation was a
National Electrostatic Corporation (NEC) SNICS II (source of negative ion by
cesium sputtering), which is one of the three sources attached to a NEC 3 MV
tandem (9SDH-2 Pelletron) accelerator [22]. The ion implantation was carried
out in the low energy (LE) implant line before the tandem accelerator. The beam
was electrostatically raster scanned over a circular aperture to homogeneously
implant an area of 3.14 cm? The current density for the ion implantation was
maintained at less than one pA/cm? to minimize the self-annealing of the
implanted sample. All the samples were tilted to ~7°to the surface normal to
avoid ion channeling. During the implantation, the residual gas pressure in
the experimental chamber was ~2x107 mbar. The RBS measurements were
carried out using a rectangular collimated beam (~1 mm?) of 2.0 MeV He* ions
from a single ended 3 MeV accelerator (NEC, 9SHPelletron) [22]. The RBS
detector was placed at a scattering angle of 150°. The angle of beam incidence
with respect to the sample surface normal was fixed at 6°. To minimize the
secondary electrons, the He* ion beam was passes through a series of aperture
and ceramic disc magnets just at the opening of the analyzing chamber along
with a negative 300 volt electron suppressor at the grid where the charge is
being integrated. The charges were integrated at a tungsten wire mess installed
in the beam line right after the slit [23]. The RBS spectra were analyzed with
the SIMNRA computer package [24]. Corresponding depth profiles were
extracted from the RBS spectra. The thickness of a 10 nm Ag thin film used
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as a standard for RBS measurements was monitored by a crystal monitor
installed in the thermal evaporating chamber. A ZygoNewView™ 7300
optical profilometer was also used to measure the thickness of the Ag standard
sample as well as the edge of the sputtered layer (shown in Figure 1). X-ray
photoelectron spectroscopy (XPS) measurements were performed with a PHI
5000 Versaprobe. Al monochromatic X-ray radiation (1486.6 eV) was focused
to a spot size of about 200 um. The pressure of the analysis chamber was kept
initially at 5 x 10" mbar. In this system, the full width at half maximum
(FWHM) of the Ag 3d,, peak was < 0.50 eV for the energy range 372 eV
to 365 eV. The XPS depth profiling measurements were performed with Ar
ion sputtering. The sputtering was performed with a 2 keVAr beam of 2 uA
current exposing an area of 3x3 mm?. The Ar ion sputtering rate was calibrated
to be 4 nm per minute for a SiO, standard sample. The XPS measurements
were performed at the Center for Advanced Research and Technology (CART)
facility of UNT.

3. RESULTS AND DISCUSSION
3.1. Simulation of Sputtering of Target atoms and Implant ion distributions

The TRIM ion-solid interaction simulation code, can provide a statistical
distribution of the implanted ions in the target matrix. Along with the statistical
ion distribution, using the full cascade damage option, TRIM calculates
the damage, ion vacancies, and ion sputtering yield in the target layer. The
TRIM calculation was performed for 100,000 incident ions and the results
were normalized to higher fluences. The TRIM calculations predict that the
50 keV Ag ion at the angle of 7° has a sputtering yield of ~3.2 Si atoms per
Ag ion. The sputtering yield of Si for Ag atoms at 10 keV is ~ 1 Si atom/
ion and gradually reaches a maximum at ~ 50 keV, where most of the ion-
atom interactions occur predominantly in the nuclear energy loss region. The
projected range of the 50 keV Ag ions in Si is ~33 nm with a straggling of ~9.8
nm. The number of sputtered atoms from the target layer become significant
at the high fluences and the dynamic changes of the implanting target layer
during the ion irradiation is quite significant. However, the TRIM simulation
routine lacks any direct consideration of the fluence dependent evolution
of the target materials. Therefore, to study the dynamic modification of the
target layer during the high fluence ion interactions, we have used another ion-
solid interaction code, T-DYN, which considers the dynamic changes in the
thickness and/or composition of the target materials during the implantation
process. The T-DYN code is based on the static TRIM program using the binary
collision approximation (BCA) for ballistic transport. It allows inclusion of up
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to five different atomic species in the target and/or in the incident beam to be
considered, with different energies and angles of incidence for the implantation.
It is capable of predicting the depth profiles of all atomic species in the target
as a function of fluence of the incident projectiles. Additionally, the sputtering
yields, total areal densities, surface concentrations and re-emitted amounts are
calculated as a function of fluence, as well as the surface erosion. For the
T-DYN simulations, an area size of 10 nm x 10 nm with a Si target depth of
100 nm were considered and the simulations were performed separately for
various ion fluences.

In Figure 2(a) the T-DYN simulation plots for 50 keV Ag ions of fluences
ranging from 1x10'¢atoms/cm? to 1x10'7 atoms/cm? are presented. The TRIM
data for the 50 keV Ag with a fluences of 1x10' atoms/cm? and 2x10'
atoms/cm?are also presented in the same figure for comparison. We have also
compared T-DYN and TRIM simulations for even heavier implants such as
Au. In Figure 2(b), similar T-DYN simulated data carried out for the 50 keV
Au ions irradiating Si along with TRIM data are presented. Note, that as the
fluence becomes larger, the centroid of the implant moves closer to the surface,
indicating that the surface is being sputtered away during the implantation
process. At about ~3x10' atoms/cm?, the implanted Ag as well as Au ions are
seen at the top surface layers of the Si substrate due to the excessive sputtering
of the target atoms and the implanted ions. Also, it is interesting to note that
the implant ion concentrations reach a saturation value after reaching a critical
fluence. In Figure 3, the amount of Ag and Au ions retained in the Si matrix as
a function of fluence is shown. For the 50 keV Ag ions, the saturation in the
concentration is seen at a fluence of ~ 6 to 7x10'® atoms/cm?. For the 50 keV Au
ions, the saturation in the concentration is seen at ~ 4 x10'® atoms/cm?. In the
case of Au implanted samples, there is a slight increase in the Au concentration
in the surface region (first 4 nm) due to a higher sputtering rate of Si than of
Au at the surface layers. This might be useful in growing self-assembled heavy
metal nanostructures on the surfaces of Si substrates based on the underlying
symmetry of the Si (100), (110) and (111) substrates [25-26].

3.2 Experimental Depth Profiles of the implanted ions using RBS and XPS
Characterization Techniques

In Figure 4 (a), the RBS spectra from samples implanted with various fluences
of 50 keV Ag are shown. The incremental trend in the Ag peak area (between
1680 keV - 1740 keV) indicates the corresponding increments in the Ag
implantation fluences. The peak with the black solid line is from the RBS
standard sample of 10 nm thick Ag thermally deposited on Si. The thickness
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Figure 2: T-DYN simulation of 50 keV (a) Ag and (b) Au ion implantation in Si ma-
trices. The data from the TRIM simulations for the fluences of 1x10'¢ atoms/cm? and
2x10'6 atoms/cm? are also presented for comparison.

of the 10 nm Ag thin film used as a thickness standard was monitored by
a crystal monitor installed in the thermal evaporation chamber. Also, the Ag
layer thickness was verified by the optical profilometer. The leading Ag edge
in the RBS spectra is approximately at 1731 keV. The leading Ag edges of the
high fluence peaks are about the same as the standard sample. However, for
the Ag peaks with lower fluences, the leading edges are well below the 1731
keV indicating the Ag is scattering from atoms located below the surface of
the sample, as the surface has not been sputtered away as much at the lower

257



Dhoubhadel, M.S.

Rout, B.
Lakshantha, W.J.
McDaniel, ED.

. Residual atome of B0 kaV Ag ion in 5 by T-DYN code . Residual atoms of 80 keV Au ion in 8i by T-DYMN codo

*; ¢ ¥ 8 g

El- » Ea.

L = =

2 3 =3 . .

.k L = = - = = =

B B

H H

. 2] ‘2— []

= =

B B

£ - T :

< (@ |= (b)
o

Q 1 2z 3 4 5 L] ] 1° " o 2 0

B 7 lll L]
Fluence {x 10" atomsiem’) Flusnca (x 10" atomslem’}

Figure 3: (a) The T-DYN simulations showing the Ag retained in the Si matrix for the
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7x10'¢ atoms/cm?. (b) The Au retained in the Si matrix vs the implanted Au fluence in
Si as simulated with the T-DYN code. The Au ion concentration starts to saturate at ~3
to 4x10'¢ atoms/cm?.
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Figure 4: (a) RBS Spectra of 50 keV Ag implanted in the Si (100) matrix with the
fluence ranges from 110" atoms/cm? to 110'7 atoms/cm?. A 10 nm (~ 6.2 atoms/cm?)
Ag thin film deposited on Si was taken as standard to calibrate the Ag signal. (b)
Selected RBS Spectra along with fitted spectra simulated using the SIMNRA analysis
code.

fluences. The Si leading edge at 1146 keV is from the surfaces of the virgin
Si. The Ag fluence of 1x10'7 atoms/cm? will sputter 3.19x10'7 Si atoms/cm?,
which is about 88 nm thick of Si. For this fluence, the Si edge is at 1122 keV,
which is shifted by 24 keV. The slope of the Si edge for the 1x10'7 atoms/cm?
sample is more gradual and has a step at the lower edge, which is due to the
enrichment of the Ag ions from the ion irradiation and the Si concentration
is decreased at this region. The leading Ag edge from samples with fluences
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4x10'® atoms/cm? and higher starts at (or very close to) 1731 keV, indicating Investigation of
the location of Ag atoms at the surface of the implanted samples. the Saturation

In order to extract quantitative depth profiles of the Ag implanted ions, the of Elerr}ent.al
RBS spectra were analyzed by using the SIMNRA code. The Ag ion implanted Concentration in
layer is modelled as several layers of single thin films of homogeneous 1 Depth Profile of

mixtures of Ag and Si. The Ag compositional profile was extracted by dividing Loﬁoinf;gﬁasnltl:ie;
the target layer up into approximately 20 layers with equal depth intervals. P Silicon

Figure 4(b) shows some of the selected RBS spectra along with corresponding
SIMNRA analyzed fitted spectra from the Ag implanted samples. In Figure 5,
the depth profiles of the Ag atoms in the various implanted samples as extracted
from the RBS spectra using the SIMNRA simulation package are shown. The
implanted ions follow the same general trend in the T-DYN simulations shown
in Figure 2(a).

Figure 6 (a), shows the Ag XPS spectra as a function of Ar sputtering time/
sequence for 50 keV Ag implanted into Si with a fluence of 7x10'¢ atoms/

Depth profilling analysis by SIMNRA of RBS Ag 50 keV on Si
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Figure 5: Depth profile of Ag atoms extracted from the RBS spectra of 50 keV Ag
implanted Si samples (as shown in Figure 4) using the SIMNRA package.
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Figure 6: (a) Ag XPS spectra as a function of Ar sputtering time/sequence of 50 keV
Ag implanted into Si with a fluence of 7x10'® atoms/cm?®. The Ag 3d,, peak at 373.5
eV was integrated at each sequence to extract the concentration depth profiles. (b)
Depth profile of Ag atomic concentration extracted from the XPS spectra of samples
with different fluences of Ag implantation into Si.

cm’. The Ag XPS peaks, 3d,,, at 367.5 eV and 3d,, at 373.5 eV, show gradual
changes for different Ar sputtering cycles. The Ag 3d, , peak at 373.5 €V, after
suitable background subtraction, was integrated at each sequence to extract the
concentration depth profiles of the Ag implanted samples.The concentration
depth profiles of the Ag atoms in the various implanted samples extracted
from the XPS spectra as a function of Ar ion sputtering time are shown in
Figure 6 (b). The depth profiles show similar distribution trends as the T-DYN
and SIMNRA simulated profiles. For the higher implantation fluences on
the Si samples, the Ag concentration profiles show more localized Ag atom
distributions at 3 minutes of Ar etching interval.

From both RBS and XPS analysis, the atomic concentrations of Ag atoms
were found to be slightly higher in the Si substrate than the T-DYN simulations
for the higher implantation fluences. The highest (saturation) concentration
predicted from the T-DYN is about 26 % for the Ag. The T-DYN simulations
also predict the self-sputtering of Ag at the lower fluences, for example, at
the fluence of 1x10'® atoms/cm?, Ag sputtered away about 0.1 % of the Ag
implants and at the higher fluence of 1x10' atoms/cm? Ag is predicted to
sputter ~56.7% of the Ag implants. It appears that, the experimental results
are consistent with results reported by several other groups working with 30-
50 keV Ag ion implantation in Si. In one of our earlier studies for 50 keV Fe
implanted in Si with a fluence 2x10'” atoms/cm?, the Fe profiles from RBS and
XPS also showed the Fe concentration in the substrate to be more than 50%,
whereas the T-DYN profiles calculated about 42% concentration [21, 27]. In
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the article by Seo et al., the saturated Ag concentration retained in the Si target Investigation of
for 50 keV energy implantation with a fluence of 1x10' atoms/cm?is found the Saturation
to be ~33% atomic concentration [15]. Though the T-DYN code considers the of Elerr}ent.al
dynamic changes in the distribution of the target atoms, it doesn’t incorporate Concentration in

conditions for possible alloy formation or inter-diffusion between target atoms ¢ Depth Profile of
. . . . . Low Energy Silver

due to ion beam mixing or the increase in the local (nanometer length scale) .
. .. . . Ion Implants in
temperatures during the ion implantation process. The alloy formation and/or Silicon

diffusion of the heavy ions to deeper layers can contribute to higher retention
concentrations of the implants. For the 32 keV Au ion implantation in Si, Sahu
et al., had observed Au concentration saturation after the implantation fluence
reached ~4x10'¢ atoms/cm? [28]. For the 40 keV Ag implantation in Si with a
fluence of 1x10'" atoms/cm?, Sahu et al. had observed retention of more than
60 % of the implanted Ag ions, which was explained in the light of higher
diffusion constant of Ag in Si than Au in Si.

4. CONCLUSIONS

At the higher fluences, the depth profiles of the implanted atoms predicted
from the T-DYN simulations clearly depart from the well-known static TRIM
simulation. The Ag ions concentration profiles starting from the fluence of
7x10'*atoms/cm? and higher shows the Ag ion saturation in the silicon target.
The T-DYN analysis in figure 3 clearly shows the critical fluence for the implant
ion concentration saturation is around 7x10'¢ atoms/cm? for Ag ions implanted
in the silicon substrate. The concentration depth profiles extracted from RBS
and XPS follow similar trends. It appears that the total sputtering yield from the
target is compensated by the implanted ions and the total Ag ion concentration
does not increase after it exceed the saturation point. The presence of Ag at the
surface of the Si are starting to appear from the fluence of 3x10!® atoms/cm?
in the XPS depth profile spectra. The understanding of the target sputtering
and concentration saturation for heavy ion implants in Si offers an excellent
opportunity to design top-down fabrication processes for synthesis of multi-
dimensional metal NC in buried layers of Si with precise accuracy in depth
as well as atomic concentration. For the designing of staggered Ag NC in Si,
the energy of the successive ion implantation has to be widely separated to
compensate for the atom sputtering from the ion implantation.
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