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ABSTRACT

Following recent successful demonstrations of enhanced infrared absorption in Au-hyperdoped Si, there has been strong interest in fabricating
other metal-hyperdoped Si systems as a highly attractive approach for Si-based infrared photodetection. In this work, we address the somewhat
contentious issue in the literature as to whether it is possible, using ion implantation and nanosecond pulsed-laser melting, to achieve
hyperdoping of Si with Ag and Ti at concentrations exceeding that required to form an intermediate impurity band within the Si bandgap
(Nip ~ 6 x 10* cm~3). A wide range of characterization techniques were used to investigate these material systems, especially the quality of
liquid-phase epitaxy, impurity concentration distribution both in depth and laterally, and impurity lattice location. Our results indicate that the
high concentrations of opto-electrically active Ag or Ti in monocrystalline Si required to form an impurity band are not achieved. In particular,
the usual behavior during rapid solidification is for near-complete surface segregation of the impurity, or for it to be trapped within a highly
defective subsurface layer due to filamentary breakdown. Although our measurements showed that the maximum concentration of impurities
outside metal-rich filaments is comparable to Nig for both Ag and Ti, there is no preferential Ag or Ti lattice location after pulsed-laser
melting anywhere in the material. Thus, the concentration of opto-electrically active Ag and Ti that can be homogeneously incorporated into
Si is expected to be well below Njp, leaving Au as the only viable impurity to date for achieving the required level of hyperdoping in Si.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0035620

I. INTRODUCTION

Developing Si-based optoelectronics with sensitivity in the
near- to mid-infrared (N/MIR) has always been of great interest
and will see widespread applications across fields involving tele-

with transition metals). The former technique has already been
demonstrated with Si self-implantation experiments, where
implantation-related deep level defects introduced into the Si
bandgap have enabled sub-bandgap light absorption.'™ On the

communications, imaging, and optical computing. Being Si-based
means that existing Si manufacturing and processing technologies
can be leveraged, making it economically and technologically
attractive. However, infrared light absorption in Si is fundamentally
limited by its bandgap (E; = 1.11eV), and thus Ge and III-V
compound semiconductors are often used as alternatives for infra-
red light detection. However, these alternatives can be expensive,
and their integration with Si-CMOS is an ongoing challenge.

It is possible to enhance the NIR and MIR absorption proper-
ties of Si through deep sub-bandgap states (or deep levels), which
can be introduced either intrinsically (by defects such as
di-vacancies and interstitial clusters) or extrinsically (by “doping”

other hand, extrinsic deep levels in Si can arise from transition
metal impurities present in specific lattice site locations within Si
(e.g., substitutional or interstitial)." Thus, greatly enhanced NIR
absorption could in principle be achieved in Si by doping with
extremely high soluble concentrations of transition metal impuri-
ties, provided that they are in an electrically active lattice configura-
tion with a sufficiently large optical cross section. Impurities
satisfying such conditions will be loosely defined as being “opto-
electrically active” in Si.

In the last two decades, there has been increasing research
effort into the fabrication and characterization of Si containing
high concentrations of transition metal impurities.” In particular,
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metal concentrations of the order of 1at.% (or 10* cm™3) in Si
were successfully fabricated from ion implantation/thin film depo-
sition followed by nanosecond pulsed-laser melting (PLM).”™"* If
these metal atoms are opto-electrically active in the Si lattice, at
these high concentrations, metal-induced deep levels in Si are no
longer discrete and an impurity band(s) forms within the Si
bandgap."” This leads to the delocalization of impurity band elec-
trons (and thus possibly higher conductivity/carrier mobility'>'*)
and substantial broadband infrared light absorption.” Such materi-
als are often referred to as supersaturated or hyperdoped Si; we
adopt the latter nomenclature throughout this work (readers are
referred to Ref. 15 for a detailed review on the topic of laser hyper-
doping in Si). The nominal concentration required for the forma-
tion of an impurity band, Nig, has been estimated to be around
6 x 10" cm™ for most metal impurities in Si.'” Thus, for the
purpose of our work, we will define successful metal-hyperdoping
in Si (for optoelectronic applications or optical hyperdoping) as
when the metal is incorporated at concentrations exceeding Ni,
while simultaneously being in an opto-electrically active lattice con-
figuration. Note that in the literature, hyperdoping can simply refer
to achieving concentrations far beyond the impurity’s equilibrium
solid solubility limit in Si, which is often well below Ni.

Ti was one of the first metal candidates explored for optical
hyperdoping in Si, and thus there is an extensive number of publi-
cations related to the fabrication and physical, optical, and electrical
characterization of such Si-Ti systems.””*'°"'® In particular, as the
Ti implantation dose increased, these implanted and PLM pro-
cessed Si-Ti samples showed improved sub-bandgap absorption'®
and conductivity,”'® as well as evidence of carrier lifetime recov-
ery.” Other metal impurities that have gained interest over the last
decade include Au,””" V,”! Fe, Co, Zn, Ni,>**® and Ag,z"1 and in
some cases, NIR photodetectors were demonstrated with these
materials.””** Among these metal impurities, Au is the most
promising hyperdoping candidate in terms of the quality of epitaxy
following PLM, opto-electrically active substitutional Au content,
sub-bandgap absorption, and photocurrent properties.”*>** Ag, on
the other hand, has only been studied using Ag deposition and
femtosecond-PLM.”* Although the optical and electrical properties
of such Si-Ag materials show some promise, it is important to note
that femtosecond-PLM is known to introduce surface micro-
structures that are highly non-reflective in the near-to-mid infra-
red.”””" There is no known literature on Si-Ag fabricated from
implantation and nanosecond-PLM.

However, there has been some controversy in the literature as
to whether such Si-Ti materials are truly hyperdoped such that
Nr; > Npp.”? Alternative interpretations to anomalies observed in
their physical”>”' and electrical’® properties suggest that a
Ti-impurity band does not form from standard fabrication proce-
dures involving Ti implantation and PLM. In particular, under
experimental conditions in which concentration-depth profiling
data suggest a concentration of Ti close to or greater than Nig, the
Si-Ti layer is observed to be defective after PLM, in that subsurface
stacking faults and filamentary breakdown were observed.””’’
Atom probe tomography measurements show that the Ti concen-
tration outside of these breakdown structures is below 1 x
10" cm~2 everywhere.”' Percolation conduction between break-
down structures was proposed as an alternative carrier transport
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mechanism, rather than the delocalization of electrons due to the
formation of an impurity band, both similarly giving rise to a
higher than expected material conductivity and the observed
carrier lifetime recovery phenomena in Si-Ti.”'**

In this work, we seek to determine the suitability of Ag and Ti
as deep level impurities for optical hyperdoping in Si. Ag was ini-
tially chosen because it has similar deep levels to Au in Si. Si-Ag is
also surprisingly similar to Si-Ti in terms of its physical character-
istics under PLM, as will become apparent later. Here, we provide a
detailed physical analysis that includes the lattice configuration of
the Ag and Ti atoms in Si, the quality of the Si crystallinity, and
the impurity distributions, using a wide range of experimental tech-
niques. By combining results from multiple techniques, we are able
to obtain a comprehensive understanding of the material. We then
compare our observations to those on Au-hyperdoped Si in the lit-
erature, the only Si-metal system that has been unequivocally
shown to exhibit hyperdoping behavior such that Na, > Nig.

Il. EXPERIMENT

Samples were prepared on n-type Czochralski-grown <100>
Si (0.5-2 Qcm). <100> Si was chosen due to its higher tolerance
to amorphization from faster melt-front velocities.”” The implanta-
tion parameters for Ag and Ti are summarized in Table I. The
implant energies were chosen such that the peak ion range is
around 50 nm from the surface. Samples were implanted at 77 K to
ensure the formation of a continuous amorphous layer and tilted
7° off beam axis to minimize ion channelling effects. Samples were
then annealed at 350 °C for 30 min to sharpen the amorphous—
crystal interface near the implant tail. Note that 350 °C is insuffi-
cient to cause solid phase epitaxial recrystallization”” and below the
temperatures at which Ti reacts with amorphous Si to form sili-
cides,”* noting that Ag does not form stable silicides even at ele-
vated temperatures.” Samples were then subjected to PLM in air
with a single, spatially homogenized, 6 ns laser pulse using the
third harmonic (355nm) of a Nd:YAG laser (Ekspla) over a
3 x 3 mm? aperture. The nominal PLM fluence was varied between
0.45 and 1.40 J/cm? by adjusting the laser energy density using a
variable attenuator. Melt durations were measured by time-resolved
reflectivity (TRR) measurements using a 488 nm Ar" ion laser.”>
For a given laser energy density, the melt duration of pristine Si
was used to calibrate the nominal fluence using one-dimensional
heat flow simulations. Note that our implanted samples have
slightly different optical and thermal properties to that of pristine
Si, and thus the melt depth is not known accurately. For each PLM
fluence, several areas on the implanted sample were irradiated to
monitor the shot-to-shot variation in the melt duration. This
allowed us to monitor the laser fluence stability and sample quality

TABLE I. Summary of the implantation parameters used in our experiment.

Implant energies Nominal implant doses

Impurity (keV) (cm™)
Ag 80 1x10",3x10", 1x10'
Ti 45 1.5x 10", 3% 10", 5% 10"’
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and select the appropriate samples for characterization (see
Appendix A of the supplementary material for more details).

Rutherford backscattering spectroscopy with channelling anal-
ysis (RBS-C) was performed with 2.0 MeV *He" ions to examine
the quality of epitaxy and impurity distribution after PLM.
Backscattered Het jon energies were measured with Si detectors
placed at 102° and 110° with respect to the incident beam axis for
Si-Ag and Si-Ti samples, respectively, and analyzed with a multi-
channel analyzer. These scattering geometries were chosen to maxi-
mize the subsurface depth resolution of Ag and Ti, while avoiding
spectral overlap with the substrate Si signal at lower channels. RBS
channelled and random spectra were collected by aligning the
beam with the sample’s <100> axial channel and tilting the
sample 7° off this channelling axis, respectively. Depth scales were
calculated using relevant equations’” and the simulation software
package, RUMP.”® RBS angular scan profiles were obtained by col-
lecting RBS spectra at various sample tilt angles between —3° and
3° about the axial direction. The resulting angular scan profiles
were obtained by integrating the impurity and Si signals of each of
these RBS spectra over the appropriate depth regions.’”

Secondary ion mass spectrometry (SIMS) was performed
using a CAMECA IMS-4f instrument with a 14.5 keV Cs™ sputter-
ing beam. The Ag and Ti concentration and depth scales were cali-
brated by assuming the nominal implant dose and by measuring
the crater depths with a profilometer, respectively. Transmission
electron microscopy (TEM) and atom probe tomography (APT)
samples were prepared using a FEI Helios Nanolab focused ion
beam (FIB) system. For TEM, a Pt protective layer was deposited
onto a selected area on the sample before milling and further thin-
ning with a Ga™ beam. For APT, a 100 nm Si protective layer was
first evaporated over the sample with an electron beam. FIB was
then used to process the sample into an APT-compatible tip, fol-
lowed by a final annular Ar-ion mill at 5kV (Fishione NanoMill
1040 system) to further sharpen the tip. TEM images were then
collected using a JEOL JEM-2100F instrument operating at
200keV, while APT measurements were performed using a
CAMECA LEAP 4000 HR instrument equipped with a 355nm
picosecond pulsed laser. In APT, samples were held at 40K and a
40 p] pulsed-laser (100kHz repetition rate) was used to induce
field evaporation of atoms at the apex of the sample tip.
Subsequent APT data reconstruction and analysis were performed
with the CAMECA IVAS software.

lll. RESULTS
A. Si-Ag system

RBS-C revealed that two of our three Ag implanted samples
solidified with good quality epitaxy after PLM. These are the
80keV Ag 1 x 10 cm™2 and 3 x 10'> cm~2 samples that received
PLM fluences >0.70 and 1.10J/cm?, respectively. These fluences
are necessary to melt beyond the amorphous-crystal interface and
thus induce liquid-phase epitaxy on the underlying crystalline sub-
strate. On the other hand, defective epitaxy was observed in the
80keV Ag 1 x 10'cm™2 sample even at PLM fluences as high as
1.40 J/cm? (beyond which surface ablation effects become signifi-
cant). The representative RBS spectra for these samples are plotted
in Figs. 1(a) and 1(b). To better understand these RBS spectra, we
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divide our analysis into two regions, separated by the gray vertical
line at channel 370 shown in Fig. 1. The signal to the left arises
from He' ions backscattered by Si substrate atoms, while to the
right from Ag impurity atoms. The Si and Ag surface edges are
represented by the 0 nm mark on the corresponding depth scales.
Information about the quality of epitaxy following PLM can be
obtained by comparing the Si backscatter yield of PLM samples
to that of pristine Si under channelling conditions, while the
Ag signal represents the concentration-depth distribution of Ag in
Si (note that we do not calculate or show the Ag concentration axis
in Fig. 1).
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FIG. 1. RBS spectra for 80keV Ag (a) 3 x 10% cm=2 (PLM 1.10 Jlem?) and
(b) 1 x 10" cm~2 samples PLM at different laser fluences, showing (a) good
epitaxy, along with Ag surface segregation or; (b) defective epitaxy, following
PLM. The as-implanted spectrum and a pristine Si reference spectrum (c-Si ref)

are also shown to aid comparison.
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Before examining the PLM samples, we first point out some
important features present in both the as-implanted RBS spectra in
Figs. 1(a) and 1(b). After implantation, a (continuous) amorphous
layer was formed on the surface of the 3 x 10 cm™2 and
1 x 10 cm~2 Ag samples, measuring 140 + 5 nm and 162 + 5nm
in thickness, respectively. The corresponding as-implanted Ag
signals were also observed to terminate at these depths. Note that
there is a small shoulder feature toward the deeper end of the Ag
signal (between channels 400 and 425). This is due to some Ag dif-
fusion in amorphous Si during the 350°C pre-anneal performed
before PLM. It is well known that low temperature annealing
causes impurities with high diffusivities in Si (such as Ag) to
diffuse throughout the amorphous layer.””*” Thus, the Ag atoms in
our as-implanted samples have diffused all the way up to the crys-
talline-amorphous interface during pre-annealing at 350 °C.

After PLM, the channelled RBS spectrum in Fig. 1(a) showed a
low Si backscattering yield behind the Si surface peak that is similar
to that of pristine Si (c-Si ref), indicative of good epitaxy. On the
other hand, practically all of the Ag implanted atoms have segregated
to the surface (at least as determined within the detection capability
of RBS, ~10" cm™~? for Ag). Surface segregation is indicated by the
prominent Ag surface peak at channel 460. This was observed in
both the channelled and random spectra. Furthermore, the chan-
nelled and random Ag signals are identical, suggesting that there is
no substitutional Ag or other preferred atom location site within the
Si lattice, within the sensitivity of RBS. There is also a long Ag tail
that extends further into the substrate (down to 50 nm), which will
be discussed later and also in Appendix B in the supplementary
material. The surface oxide has thickened in both the as-implanted
and PLM samples (relative to the pristine Si native oxide), repre-
sented by an O peak at channel 270.

As for the 80keVAg 1 x 10'cm™2 sample, we plot in
Fig. 1(b) a collection of RBS spectra for this sample at various PLM
fluences. The broad Si features between channels 320 and 360 and
the high backscatter yields at lower channels indicate defective
epitaxy following PLM. This subsurface defective spectrum yield
decreases in amplitude with increasing PLM fluence, while main-
taining a constant width (thickness) of approximately 80 nm. The
RBS spectrum for the same sample subjected to PLM at 1.40 J/cm?
was identical to that at 1.10 J/cm? shown in Fig. 1(b) and thus not
plotted for clarity. As for the Ag signal, we observed significant
quantities of Ag trapped within the defective layer in addition to
surface segregation. The subsurface and surface Ag peaks are indi-
cated at channels 438 and 460, respectively. The Ag impurity distri-
bution also does not appear to change with varying PLM fluence.
Thus, increasing the PLM fluence only improves the quality of
epitaxy slightly, without affecting the post-PLM Ag distribution
(along the direction of epitaxy). Note that these observations are
not a result of insufficient melt depths during PLM,"" but instead
are due to increasing melt depths and hence solidification times, as
will be discussed later.

Furthermore, the channelled and random Ag signals for every
PLM fluence shown in Fig. 1(b) were also identical to each other
(all the random spectra have not been plotted for clarity). Thus,
there is no observable preferential lattice site for Ag, but rather it
appears to be randomly located within the defective region of the Si
lattice. Indeed, RBS-C angular scan profiles for Ag, obtained over
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the top 80 nm layer of the (defective epitaxy) sample and including
the surface segregated Ag layer, confirm this conclusion. This
angular scan is shown in Fig. 2. A dip/minimum is expected for
substitutional atoms (due to shadowing of subsurface atoms within
atomic rows) when the incident RBS He™ beam is aligned with the
<100> axial channel of the sample. This is typically achieved with
a sample tilt angle of o ~ 0°. Conversely, interstitial atoms located
at the center of the channel will result in a peak/maximum at
a ~ 0° that is greater than the random yield due to a flux peaking
effect of the incident RBS He" beam when it is well aligned.”’
Thus, the featureless nature of the Ag profile in Fig. 2, in compari-
son with the strong expected dip in the Si yield, strongly suggests
that no measurable fraction of Ag atoms is preferentially located on
substitutional or interstitial positions within the Si lattice.”” This
behavior is unlike Au-hyperdoped Si, where the Au impurity has
a significant substitutional lattice location,””*** indicated by its
U-shaped profile in Fig. 2 taken from Ref. 25.

We now investigate the SIMS measured Ag distribution pro-
files of the same samples, shown in Fig. 3. SIMS was employed due
to its much lower detection noise floor than RBS. A linear concen-
tration scale was used in Fig. 3(a) to aid comparison with RBS mea-
surements in Fig. 1(b), while the log scale in Fig. 3(b) better
illustrates that the Ag concentration tail extends even deeper into
the substrate. We note again that the shoulder feature in the Ag
as-implanted profiles at around 90 nm is due to Ag diffusion in the
amorphous layer during low temperature annealing, as discussed
earlier. After PLM, Ag segregation toward the surface was observed
in the 3 x 10 cm™2 (good epitaxy) sample [more obvious in
Fig. 3(a)], in agreement with RBS. It is important to note that the
SIMS vyield is not accurate in the first 15 nm below the surface due
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FIG. 2. RBS-C angular scan profiles for Si-Ag (measured on the 80 keV Ag
1 x 10% cm~2 sample irradiated at 0.91 J/cm?) and Si-Au (Ref. 25). The Si-Ti
angular scan profile (measured on the 45keV Ti 3 x 10> cm~2 sample irradi-
ated at 0.90 Jicm?) was similar to Si~Ag shown and thus not plotted for clarity.
Profiles were normalized to their corresponding maxima (approximately the
random level) to aid comparison. Solid lines are plotted to guide the eye.
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ARTICLE scitation.org/journalljap

to measurement artifacts partly related to a native oxide and transi-
ent effects,”” and thus the surface Ag peak can be absent in SIMS
(Fig. 3) despite its marked presence in RBS (Fig. 1). We further
note that a surface segregation peak is also expected from diffusion
calculations.”' Thus, in the 3 x 10'> cm™2 (good epitaxy) sample,
the maximum Ag concentration attained after PLM
(1 x 10**cm™>) must be located at the surface, which then
decreases exponentially toward the substrate. Furthermore, it is
clear that, although there is a long Ag concentration tail that
extends deep into the substrate [Fig. 3(b)], it is at a concentration
several orders of magnitude lower than the surface Ag, ascribed to
depth resolution exponential tailing™* (i.e., it is a SIMS artifact). On
the other hand, in the Ag 1 x 10'® cm™2 (defective) sample, a sig-
nificant amount of Ag was trapped beneath the surface after PLM,
with up to 1 x 10! cm™3 Ag 40 nm away from the surface. These
SIMS data are all in very good agreement with RBS.

Thus far, it appears that a significant amount of Ag trapping
is only obtained when defective epitaxy occurs during PLM.
Conversely, good epitaxy results in almost complete Ag surface seg-
regation. Further insight into the defective nature of the 80 keV Ag
1 x 10" cm ™2 sample can be gained from TEM and APT measure-
ments, shown in Figs. 4 and 5(a), respectively. From Fig. 4(a), it is
clear that the top 70 nm layer of the material is visibly defective, in
good  agreement with  the  disorder  observed by
RBS-C. Unsurprisingly, Fig. 4(a) strongly resembles a typical TEM
micrograph of materials that have endured filamentary breakdown,
a phenomenon commonly observed in transition metal-
hyperdoped Si fabricated from implantation and PLM.”**>*"*1%
The darker strands extending from the surface are known as “fila-
ments” and contain a disproportionately high concentration of Ag
in comparison to the lighter Si regions in between, confirmed by
energy dispersive x-ray spectroscopy (EDS) (not shown).

FIG. 4. (a) and (b) TEM micrographs for the 80 keV Ag 1 x 10" cm~2 (defective epitaxy) sample that received a PLM fluence of 0.95 Jicm?, taken under different
imaging conditions. In (a), a highly defective surface layer comprising filament-looking structures was observed. (b) is a magnification of (a), showing the widespread pres-
ence of stacking-like defects within the filamentary layer. (Inset) SAED pattern obtain from a region containing both the defective surface layer and underlying Si substrate.
Fainter but visible diffraction spots (indicated by red arrows) between the brighter Si reflections are evidence for the 9R-Si phase.
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Furthermore, there is no evidence of Ag precipitation. The filamen-
tary nature of our samples is further supported by APT measure-
ments that we show later.

Upon closer inspection of the filamentary layer [Fig. 4(b)],
stacking-like defects become apparent and are unevenly distributed
across the filament-decorated layer. The inset of Fig. 4(a) is a
selected area electron diffraction (SAED) pattern measured from a
region containing these defects and filaments. Surprisingly, this dif-
fraction pattern (two equally spaced, weaker reflections at 1/3 and
2/3 distances between the brighter diamond cubic Si reflections)
closely resembles that of hexagonal 9R-Si structures previously
observed for Kr'™ implantation into $i0,/Si.** To our surprise, the
formation of hexagonal 9R-Si regions in filamentary material is not
unusual. Similar TEM and SAED observations have been reported
in hyperdoping experiments involving Si implanted with very high
doses of Au (> 6 x 10" cm2),’>* although in this case the
authors did not associate these stacking-like defects with the 9R-Si
phase. We believe that the formation of 9R-Si in filamentary mate-
rials is stimulated by stress** due to the presence of high and later-
ally non-uniform impurity concentrations. Ag-rich nanoparticles
(containing Ag, Si, and O) measuring about 5nm in diameter were
also observed within the surface oxide layer. An example of such a
nanoparticle is highlighted by a red circle in Fig. 4(b). There is no
evidence of Ag precipitation or the formation of secondary Si-Ag
phases within these nanoparticles nor within the filaments. This is
expected since such equilibrium phases typically form over time
scales that are much longer than the solidification time of our
samples following PLM (tens of nanoseconds). Rather, high resolu-
tion TEM images of the filaments (not shown) suggest that they
most likely comprise of a crystalline mixture of Si and Ag. Note
that TEM performed on the 80keV Ag 3 x 10'°cm™2 sample
(good epitaxy) showed pristine quality crystalization post-PLM
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(not shown), in excellent agreement with RBS, with no signs of Ag
nanoparticles or precipitation at least to within the resolution of
TEM and EDS (1at.% Ag). These TEM data are also in good
agreement with atom force microscopy measurements presented in
Appendix B in the supplementary material, all showing no evi-
dence of Ag nanoparticle formation on the surface of the
80 keV Ag 3 x 10'° cm ™2 sample.

We now examine the APT measurements. A representative 3D
APT reconstruction of a filament is shown in Fig. 5(a). The gray
surface on the left is a 1at. % Ag isoconcentration surface. On the
right is the same filament neighborhood represented by isoconcen-
tration contour intervals of 1 at. %. The high concentration region
on the far right of the filament is a digital edge artifact. From
Fig. 5(a), it appears that the filamentary layer consists of not only
branched filaments, but also Ag-rich droplets between and at the
end of filaments. Both filaments and droplets measured about 5 nm
in width and extend to about 60 nm from the surface, reasonably
consistent with TEM and RBS-C. The central Ag composition of
the filament slice in Fig. 5(a) is about 8-10 at. %, while the average
central Ag composition from droplets and branched filaments
throughout the material is around 24 at. %. Thus, the filaments are
mixtures of Ag and Si of varying compositions, consistent with
previous reports on Si-Co.”’ There are also definite signs of
breakdown structures within the thickened surface oxide (6-8 nm).
Furthermore, oxygen mapping (not shown) suggests that there
is oxygen segregation to the outside surface of the filaments
just beneath the surface oxide region. Interestingly, there were also
significant amounts of Ag segregated just below the surface
oxide of the sample in the bulk Si regions between filaments,
but not actually within the surface oxide itself. In other words,
Ag in the surface oxide layer is only present in breakdown
structures.
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FIG. 5. (a) (Left) APT reconstructed 3D image of a small neighborhood containing Ag-rich branched filaments and droplets. The gray surface is a 1 at. % isoconcentration
surface. (Right) Isoconcentration contour plot of the same filament, plotted with 1 at. % contour intervals. (b) APT measured Ag concentration profile in regions excluding
the filaments and droplets (green triangles), plotted alongside SIMS data from Fig. 3(a) (orange circles).
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Figure 5(b) shows the APT measured Ag concentration-depth
distribution of the same sample performed in regions excluding the
filaments and droplets [i.e., white region in Fig. 5(a)], represented
by green triangles. On the other hand, the orange circles are SIMS
measurements performed on the same sample and have previously
been shown in Fig. 3(a). Note that the near atomic resolution of
APT enabled us to perform measurements in more refined regions
that exclude the filaments, unlike SIMS and RBS (including angular
scans) which measure the compositional average over a much
larger area (hundreds of micrometers in diameter) containing both
the filaments and surrounding regions. Once again, APT revealed
that the highest Ag concentration is located at the surface and
decreases exponentially with depth. More specifically, the
maximum Ag concentration in regions excluding the filaments is
~0.2at.% (or 10° cm™3), attained only at the surface. This is
more than 10 times less than the SIMS maximum of ~4 at. %.
Furthermore, the Ag concentration in regions excluding the fila-
ments is at least 100 times less than the average central composition
of filaments (i.e., average of the maximum filament compositions).
Thus, practically all of the trapped Ag in our defective epitaxy
samples is present within filament structures.

B. Si-Ti system

As there has already been prior TEM and APT measurements
on similar Si-Ti samples published in the literature, we will only
show our RBS-C and SIMS results here, while supporting TEM data
can be found in Appendix C in the supplementary material.
However, we do provide a review of the results of TEM and APT
measurements in the literature in Sec. IV and discuss their relevance
to our results. Similar to Si-Ag, RBS-C suggests that, depending on
the Ti implantation dose, PLM will result in either good epitaxy and
complete Ti surface segregation or defective epitaxy associated with
filamentary breakdown. Figures 6(a) and 6(b) are RBS spectra for
the 45keV Ti 1.5 x 10" cm™2 and 3 x 10> cm™2 samples, respec-
tively. From the channelled Si signal post-PLM in Fig. 6(a), at first
glance it appears that the sample has solidified with good epitaxy
after PLM (fluence >0.75]/cm?). The identical channelled and
random Ti signals suggest that there is no significant fraction of sub-
stitutional or interstitial Ti above the RBS detection limit
(~10% cm~2). However, it is important to note that the TEM of this
sample (shown in Appendix C in the supplementary material)
revealed the presence of some early-stage Ti-rich filaments within
the top 20nm beneath the surface oxide, with no evidence of
stacking-like defects. In particular, the filament density in this
sample is much lower than that of the Ti 3 x 10 cm™? and Ag 1 x
10 cm=2 samples in this work and similar to Si-Ti samples
reported in the literature.””*° Nevertheless, the bulk of the material
displayed excellent crystal quality. Note that our TEM results do not
contradict with RBS-C measurements shown in Fig. 6(a). Rather, our
results imply that RBS-C is not always sensitive enough to pickup fil-
amentary breakdown behavior, especially when it is at its early
stages. Furthermore, the presence of these early-stage filaments, and
hence the start of lateral segregation of Ti at the melt-solid interface
as it approaches the surface, will lead to Ti-rich regions which will
give rise to an emerging “tail” in RBS spectra,’” as observed.
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FIG. 6. RBS spectra for 45keV Ti (a) 1.5 x 10% cm=2 (PLM 0.75 J/cm?) and
(b) 3 x 10" cm=2 samples subjected to PLM at different laser fluences. The Ti
RBS signal was amplified for clarity. The as-implanted spectrum and a pristine
Si reference spectrum (c-Si ref) are also shown to aid comparison.

On the other hand, in Fig. 6(b), for the Ti 3 x 10** cm~2
sample, the Si signal appears very similar to that of Ag
1 x 10 cm~2 in Fig. 1(b), where the broad features between chan-
nels 330 and 360 are indicative of defective epitaxy following PLM.
The spectrum for the sample receiving a PLM fluence of 1.40 J/cm?
was identical to that of a 1.10 J/cm? fluence sample and thus not
plotted for clarity. Indeed, having understood the filamentary nature
of the defective layer in Si-Ag, one can interpret these defect features
to be a manifestation of filamentary breakdown, as will be discussed
later. As for the Ti signal, significant quantities of Ti were trapped
within the defective layer in addition to some Ti surface segregation.
The Ti distribution also does not change with PLM fluence. Similar
observations were found in the 5 x 10'*> cm~2 sample.
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FIG. 7. SIMS profiles for the Ti impurity in the as-implanted (solid) and PLM
(1.10 Jlem?) (hollow) Ti 1.5 x 10 cm=2 (good epitaxy) (blue) and 3 x
105 cm—2 (defective epitaxy) (orange) samples plotted on a (a) linear and (b)
log scale. Arrows indicate the amorphized depths of each sample following
implantation and a low temperature pre-anneal.

RBS-C angular scan profiles were also measured for the Ti
3 x 10" cm™2 defective sample (along <100> and obtained for
the top 60 nm surface layer) and were flat and essentially identical
to that of Ag (not plotted for clarity, see Fig. 2), in good agreement
with previous measurements performed by Liu et al.”’ Thus, the Ti
atoms are neither preferentially substitutional nor interstitial in Si
after PLM, at least within the resolution of RBS-C. Instead, they are
randomly oriented throughout the Si layer.””

The measured SIMS Ti concentration-depth profiles of both
the Ti 1.5 X 10® cm™2 and 3 x 10*® cm ™2 samples are shown in
Fig. 7. Once again, we plot the Ti concentration on linear and log
scales to aid discussion. Some Ti diffusion occurred in the
as-implanted samples for similar reasons discussed previously for
Ag. A long Ti impurity tail that extends deeper into the substrate,
due to the aforementioned SIMS artifact (depth resolution expo-
nential tailing),"” was observed in all the samples, although at con-
centrations much lower than at the surface. In the 1.5 x 10" cm™
sample, after PLM, a significant portion of Ti has segregated to the
surface, although there does appear to be Ti trapped within the top
100 nm surface layer. In this case, the indication of Ti retained
below the surface could again relate to the early-stage filaments and
lateral Ti segregation mentioned above. On the other hand, in the
3x 10 cm™2 sample, much less Ti surface segregation was
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observed, with significant amounts of Ti remaining trapped within
the top 100 nm of the material, presumably within filaments. Thus,
our SIMS observations are consistent with RBS, noting again that
the Ti surface segregation peaks do not appear in SIMS due to the
aforementioned SIMS surface artifact.

IV. DISCUSSION

Before proceeding with our discussion, we first provide an
overview of previous TEM and APT measurements performed on
similarly implanted and PLM-processed Si-Ti samples.”***"*
Briefly, either complete Ti surface segregation or filamentary break-
down was observed in <100> Si samples implanted with 32 keV
Ti 10" — 10" cm ™2 and 10 cm2, respectively, following PLM.*’
TEM confirmed that the latter Si-Ti sample exhibited filamentary
breakdown behavior, while SAED measurements revealed the same
9R-Si phase that was also observed in Si-Ag [Fig. 4(c)]."” The
maximum Ti concentration that was homogeneously incorporated
in the Ti 10"° cm™2 sample is 10*! cm ™ at 10 nm from the surface
(measured from SIMS), with less than 20 nm containing Ti above
Nip. Filamentary breakdown was also reported in <I111> Si
implanted with high doses of Ti (10 cm~2). At lower Ti doses,
significant Ti surface segregation was accompanied by solidified
material that contained defects suggested to be stacking faults**”*>’
rather than defect-free recrystallization.>”’ Subsequent APT con-
centration profiling measurements performed in regions excluding
the filaments indicated that, just like Ag, all of the measurable Ti is
confined within the filaments.”' There is also no evidence of Ti
precipitates and/or nanoparticles.

We now summarize our results and discuss their significance
in relation to the hyperdoping literature. Thus far, we have shown
that both Si-Ag and Si-Ti behave very similarly in our experi-
ments, namely, above a certain threshold implant dose, Dy, defec-
tive epitaxy associated with filamentary breakdown occurs
following PLM, while below D;, good quality epitaxy (in <100>
Si) accompanied by near complete impurity surface segregation
occurs. This is in very good agreement with similar experiments in
the literature involving Co, Cu, Fe, Zn, Mn, W, Mg, Cr, and Yb in
Si.”>*' Note that from here on, samples that recovered with good
quality and defective epitaxy following PLM will be interchangeably
referred to as samples implanted below and above D, respectively,
noting that Dj generally varies with the specific PLM conditions
such as the laser wavelength and pulse duration.*’

A comparison between <100> Si-Ag (80keV), Si-Ti
(45keV), and Si-Au (300 keV)>**° implanted samples subjected to
PLM is provided in Table II. Interestingly, Au is the exception
among the transition metals under similar hyperdoping experi-
ments since it can be trapped in substitutional lattice sites in Si at
concentrations much higher than any other transition metal impu-
rity to date.”'>*”*>*® Nevertheless, increasing the Au implant dose
inevitably leads to filamentary breakdown,”>** just like Ag, Ti,
Co,” and many other metals.”>*' This is because increasing the
implant dose (i.e., the impurity concentration) results in greater
local melting point depressions in regions containing higher con-
centrations of rejected metal impurities. This effect amplifies the
solid-liquid interface roughness and associated instabilities during
rapid solidification. Consequently, in addition to surface
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segregation, substantial impurity segregation in the lateral direction
occurs, forming spatially confined and impurity-rich filaments,
much like conventional cellular breakdown.”**"*>*” Longer solidi-
fication times associated with higher PLM fluences would thus
result in further segregation of impurities both toward the surface
and laterally toward the center of filaments. In particular, it is pos-
sible that further lateral impurity segregation due to longer solidifi-
cation times may result in a slight increase in volume of material
with improved crystallinity. Indeed, this is what we observed in our
Si-Ag and Si-Ti RBS spectra shown in Figs. 1(b) and 6(b), where
the subsurface defect amplitude decreases with increasing PLM
fluence. Moreover, since lateral impurity segregation prevails, the
Ag or Ti distribution in the direction of epitaxy and the average
length of filaments (i.e., the thickness of the defective layer) do not
change with increasing PLM fluence (discussion about random
fluctuations in the PLM fluence can be found in Appendix A of
the supplementary material).

Highly substitutional trapping of Au was not only observed in
Si-Au samples implanted below D, but also in those implanted
above Dy, that resulted in filamentary breakdown.”*** Furthermore,
it has been shown that the substitutional Au concentration after
PLM in both samples implanted below and above Dj, can signifi-
cantly exceed Nip, the concentration needed to form a Au-induced
impurity band.””’ In particular, for Si-Au samples implanted
above Dy, high concentrations of substitutional Au were detected
both outside and within the filaments.”” Thus, it is extremely likely
that a Au impurity band has formed in the Si bandgap of both
these types of Si-Au materials.

However, unlike Au, based on the high degree of surface seg-
regation and the lack of preferred impurity lattice site location, we
do not expect impurity bands to form in our Si-Ag or Si-Ti
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samples. In particular, for samples implanted above D,, APT per-
formed in regions excluding filaments [Fig. 5(a)] indicated that
Nag > Nip only within the top 20 + 5nm surface layer, while for
Ti such a surface layer with Np; > Niyg is only about 5 nm thick.”’
Furthermore, it is evident from channelling and angular scan mea-
surements that Ag and Ti do not have a preferential lattice location
in samples implanted above Dj, at least within the resolution of
RBS (which is below Nip). Hence, it is also extremely unlikely that
there is any significant common lattice location in samples
implanted below D;. Consequently, despite having thin surface
layers of materials where the condition Nyg, Nti > Njg is margin-
ally satisfied, we believe that there will be insufficient concentra-
tions of opto-electrically active Ag or Ti to form an impurity band
anywhere in the material’>*’ (see Table II for the required impurity
configuration). Thus, for the purposes of optical hyperdoping to
achieve an impurity band in Si, neither Ag nor Ti is suitable.

It is also worth mentioning that the estimated range of D, that
we report here for <100> Si-Ti (45keV) is lower than that of
<111> Si-Ti (15keV) in Ref. 29, where D, of the latter was deter-
mined to be (3-10)x 10'> cm~2. This is primarily due to the differ-
ent implantation energies involved, in addition to the substrate
orientation.”” Since a lower implantation energy results in a shal-
lower implant range and amorphous layer, lower PLM fluences
(and thus shorter solidification times) are required to melt beyond
the amorphous—crystal interface for high quality liquid-phase
epitaxy. Therefore, there is simply less time for interfacial instabili-
ties to amplify and develop into filamentary structures, and conse-
quently Dy is higher in Si-Ti (15keV). We further note that the
difference in Dj, between Si-Ag and Si-Ti (despite having a similar
implant end of range of ~100 nm) is most likely due to specific dif-
ferences in their metal-silicon eutectic properties and values for k/,

TABLE Il. Summary of key observations from implantation and PLM experiments in this work (Ag, Ti) and similar RBS and TEM experiments in Refs. 20 and 25 (Au). This
comparison clearly shows that Au is superior to both Ag and Ti for hyperdoping in Si in terms of trapping in the solid in opto-electrically active sites both below and above Dj,.
We note that although 300 keV Au has a deeper impurity profile and as-implanted amorphous thickness (~300 nm) than our Si-Ag (~150 nm) and Si~Ti (~115 nm) samples,
it was previously shown that Si-Au samples prepared at lower implantation energies display similar behavior as these 300 keV Si-Au samples in terms of substitutional trapping
and breakdown.”?>“¢ Thus, the different implantation energies only affect D,. Note that all of these results (for Au, Ag, and Ti) were observed in <100 > Si substrates under

similar PLM conditions (355 nm YAG laser, 6 ns pulse duration).

Si-Ag (80 keV)

Si-Ti (45 keV)

Si-Au (Refs. 20 and 25) (300 keV)

Threshold dose (Dy)
(cm™)
Below Dy: observation

(3-10)x10%°

Good epitaxy and complete
Ag surface segregation

Below Dy;: surface >6 % 10" cm™ at the top 5nm
impurity concentration layer
Impurity lattice location Neither substitutional nor

Slightly below 1.5 x 10"

Good epitaxy and complete Ti
surface segregation

Neither substitutional (s) nor

(2-6)x10"°

Good epitaxy, both Au substitutional
trapping and partial surface segregation
observed

>6x 10" cm™ in the top 40 N/A

nm layer
Preferentially substitutional

interstitial interstitial (i)
Electrically active Ag, Ag.; Ti; Au,
impurity (D: donor; (D)Ey +0.38 (D)E-—-0.27 (D)Ey +0.34
A: acceptor) (eV)>"! (A)Ec—0.55 (DD)Ey +0.28 (A)Ec—0.55
(A)Ec—0.08

Above Dy: observation Filamentary breakdown with

no specific atom location

Filamentary breakdown with
no specific atom location

Filamentary breakdown and substitutional
Au both inside and outside filaments
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the non-equilibrium interfacial distribution coefficient (or some-
times known as the partition coefficient).””*' However, the thick
surface oxide (6-8 nm) in the Si-Ag samples after PLM was not
observed in Si-Ti, > although it has been observed in Si-Au.”’
One possible explanation is that, like Au, Ag is acting as an oxida-
tion catalyst to Si.”»> The presence of spherical, Ag-rich nanopar-
ticles within the surface oxide [Fig. 4(b)] has also never been
reported in the literature.”””>*> We do not currently have an expla-
nation for this, due to limited knowledge about Ag precipitation in
Si in the literature.”

It is important to note that filamentary breakdown has subtle
structural differences compared with conventional cellular break-
down. The latter is characterized by columns of cell-wall-like struc-
tures extending from a surface cellular network and has appeared
in experiments involving Si heavily implanted with As, In, Ga, Bi,
and Sb followed by PLM." Indeed, earlier implantation and PLM
experiments reporting cellular breakdown phenomena in Si fre-
quently involved the more traditional group III and V dopants.”’
This is in contrast to filamentary breakdown, which does not nec-
essarily exhibit the characteristic cellular structures on the surface
and appears to be more common in similar experiments involving
transition metal impurities (Ag, Ti,”' Au,”’ Co™). It also appears to
be difficult, if not impossible, to differentiate between cellular and
filamentary breakdown without APT, as they can both appear
similar in TEM*"*’ (note that there is a lack of APT data on con-
ventional cellular breakdown in the literature). Thus, it is reason-
able to infer that several previous reports of cellular breakdown in
Si implanted with high doses of Cu, Fe, Zn, Mn, W, Mg, Cr, or Yb
followed by PLM (characterized by TEM), are, in fact, filamentary
(and not cellular) breakdown. However, it is also possible that the
two breakdown regimes are distinguished only by the solidification
time scales during PLM. In other words, “filaments” are likely to be
a transient product of amplified morphological instabilities at the
solid-liquid interface and should eventually evolve into “two-
dimensional blades” and finally “call-walls,” given sufficient time.”’
Nevertheless, both regimes, filamentary and cellular, limit the con-
centration of impurity that can be uniformly trapped in good
quality crystalline Si. We further refer readers to Refs. 31 and 43
for a more in-depth treatment on the topic.

To summarize, our experiments have clearly demonstrated
that both Ag and Ti are not suitable for hyperdoping in Si, as there
is simply insufficient opto-electrically active Ag, and Ti; for an
impurity band to form. This is regardless of whether the material
exhibits filamentary breakdown or near-complete impurity segrega-
tion. Although we do not rule out the possibility of having large
opto-electrically active multi-atom complexes within filaments, the
impurity-rich Si material is nevertheless highly defective, and it
would be impossible to isolate optical and electrical responses from
such multi-atom complexes from those from crystalline defects. We
note that our conclusions for Si-Ti are consistent with those put-
forth by Mathews et al.”” and Liu et al.”’ Even though improved
sub-bandgap absorption and conductivity were clearly demon-
strated for such Si-Ti materials,”'>'®" interestingly, the NIR
responsivity of photodetectors fabricated from these Si-Ti materials
was surprisingly low (~1072V/W).>* This fact does not appear to
be consistent with the corresponding optical and electrical mea-
surements. Since these anomalies cannot be attributed to a Ti
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impurity band” or the dilute concentrations of soluble Ti;,” it is far
more likely that they originate from the high density of defects
within the material and/or the complex interactions of these defects
with the metal impurity atoms/filaments."”"******** Thus, it is
reasonable to expect photodetectors fabricated from these defective
and filament-rich materials (whether Si-Ag or Si-Ti) to exhibit
high reverse leakage currents and poor photo-carrier transport
properties as suggested also by Garcia-Hemme et al.,’ subsequently
degrading detection sensitivity and efficiency. We, therefore, do not
believe that these defective materials are suitable for high efficiency
Si-based photodetection. It is also worth mentioning that
“Ag-hyperdoped Si” was claimed to be fabricated from thin film
Ag deposition and femtosecond-PLM (not nanosecond), followed
by a 30 min 800-1000°C anneal.”" However, based on our findings
it is highly unlikely that opto-electrically active Ag-hyperdoping
was achieved in this case. In particular, it is very surprising that the
Ag concentration profiles before and after a 950 ° furnace anneal
were identical, given the high diffusivity of Ag in solid Si even at
moderate temperatures below 900 °C.* Furthermore, as mentioned
previously, femtosecond lasers can result in spiky surface micro-
structures that are highly defective and absorbing in the infra-
red.”””® Further investigations related to the effect of using
femtosecond-PLM on the material crystallinity and its surface, as
well as the Ag atom location, would thus be necessary to better
understand the photo-electrical anomalies reported in Ref. 24.
Finally, it is pertinent to realize that, despite numerous efforts
at trying to fabricate metal-hyperdoped Si materials, Au is the only
metal impurity to date that has achieved sufficiently high subsur-
face concentrations in near-defect-free single-crystal Si material
necessary for impurity band formation. Unfortunately, it has been
difficult to establish the factors that lead to this success for Au in
comparison with other transition metals in such hyperdoping
experiments. This is largely due to the decidedly empirical nature
of key parameters involved during the ultra-rapid solidification
process following PLM, such as the partition coefficient k' (related
to the ratio between the solubility of an impurity in liquid and
solid), metal diffusivities in the liquid and at the solid-liquid inter-
face, and intrinsic defects that can affect the diffusion mechanism
of the impurity in the solid near the interface. Parameters such as
K also depend on the melt front velocity and will need to be deter-
mined for each unique set of PLM conditions (7-10 m/s in our
experiments”). The diffusive velocities of metals such as Agand Ti
in liquid Si are also not known accurately.”” Thus, at present, suit-
able metal impurities for hyperdoping in Si cannot be reliably pre-
dicted, but must be ascertained through experimental investigation,
such as in the current study. At first sight, this is not particularly
good news for advancing research in the Si hyperdoping field.
However, we can offer some potentially fruitful approaches that do
not involve extensive experimental investigations and analyses.
Indeed, we have shown that impurities at low implant doses that
strongly segregate to the surface during PLM (such as Ag and Ti)
are not likely to be trapped at hyperdoping concentrations under
any laser conditions. Hence, in surveying other suitable deep level
impurities as hyperdoping candidates, first undertaking PLM on
low dose implanted Si, followed by SIMS or RBS to determine the
degree of segregation, can guide the selection of potentially suitable
impurities for further more detailed study. In addition, we propose
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that the higher Z transition metals (specifically, the third row of the
transition metals in the periodic table) are more likely to achieve
successful hyperdoping than the lower Z species due to the follow-
ing reasons: (1) most of the low Z transition metals in the first row
have already been shown to be strongly segregating at doses before
breakdown;”>*' (2) Cu, Ag, and Au have similar valence shell elec-
tronic configurations (they occupy the same column on the peri-
odic table) but Cu and Ag are strongly segregating species while Au
is not; (3) there is evidence in the literature that Pt can be incorpo-
rated into substitutional Si lattice sites through implantation and
subsequent nanosecond-PLM just like Au.”” Thus, we propose that
Pt and W (and other metals in the same row) could be potential
species to be examined in future optical hyperdoping experiments.

V. CONCLUSION

To conclude, we have shown that neither Ag nor Ti are suit-
able for hyperdoping in Si as the maximum opto-electrically active
impurity concentration that can be incorporated in monocrystalline
Si is below the concentration needed for impurity band formation.
In particular, when good quality epitaxy was observed (below D),
it was accompanied by near-complete impurity surface segregation
following PLM. On the other hand, in samples implanted above
Dy, defective epitaxy associated with filamentary breakdown was
observed. The near-atomic resolution of APT enabled us to
perform detailed impurity distribution mapping of the breakdown
layer, indicating that practically all of the Ag (and Ti) atoms are
confined to within filamentary structures. Furthermore, channelling
measurements suggest that both Ag and Ti are randomly oriented
in the Si lattice after PLM, and thus the opto-electrically active Ag
and Ti concentrations are substantially lower than the maximum
measured by SIMS and APT in the near-surface. Even if it is possi-
ble for large opto-electrically active multi-atom complexes to exist
within filamentary structures, the highly defective nature of this
material makes it unsuitable for high efficiency light detection. Our
experiments also demonstrated that techniques such as RBS-C (and
its related angular scans) and APT are necessary in addition to
SIMS and TEM to obtain a comprehensive picture of the physical
nature of the material, especially since SIMS, which is more sensi-
tive than RBS, is known to be unreliable close to the surface and
introduces “erroneous tails.” The impurity lattice location and dis-
tribution (both normal to the surface and laterally), in addition to
the quality of epitaxy after PLM, are all crucial factors for deter-
mining the suitability of metal-Si systems as an impurity band
semiconductor for Si-based NIR opto-electric applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for melt duration data and
discussions related to random errors in the nominal PLM fluence
(Appendix A); atom force microscopy measurements of the Ag
samples (Appendix B); and a TEM micrograph of the 45keV Ti
1.5 x 10 cm~2 sample (Appendix C).
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