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Germanium nanoparticle growth on SiO, proceeds via defect-mediated nucleation and particle density can be enhanced
by chemically treating the SiO, with SiH,. The influence of SiH, fragments on SiO, surface sites is studied using a fluo-
rescent probe-based technique to understand the chemical nature of the inherent defect trapping sites and the chemical
nature of the additional trapping sites formed by SiH,. Oxygen-vacancy sites on SiO, are the inherent sites for defect-
mediated nucleation. SiH, fragments, generated by cracking disilane on a hot tungsten filament, are shown to react with
strained siloxane sites, leading to a conversion of these strained siloxane sites into a different low density defect site
that is shown to display reactive characteristics similar to the oxygen-vacancy defect sites. Previous work demonstrating
an increased density of Ge nuclei on SiO, surfaces with increasing SiH, exposure is interpreted in the context of the

current experimental results. © 2015 American Institute of Chemical Engineers AIChE J, 62: 367-372, 2016
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Introduction

Particle and film formation are governed by several compet-
ing phenomena. Nucleation of adatoms generates the initial
stable clusters from which particles and films form. Further
incorporation of adatoms into a particle causes growth. Parti-
cle density decreases through either agglomeration, in which
particles merge with their neighbors, or Ostwald ripening, in
which smaller particles give up their constituents to larger par-
ticles." Semiconductor and metal particles generally grow in a
Volmer-Weber, or three-dimensional, growth mode on oxide
materials, due to differences between surface and interfacial
energies.' This means that particles tend to form on these
surfaces prior to film formation, so that a continuous film is
only obtained when sufficient material has been deposited to
cause coalescence of all the particles. Mean-field nucleation
and growth rate equations incorporate the concept of a critical
cluster size, which is the size such that the addition of one
more adatom results in stable nuclei and particle growth pro-
ceeds on stable nuclei.'™ A critical cluster size of zero is asso-
ciated with trapping of adatoms on the substrate surface.®”’
When the densities of these trapping sites are well-below
chemically identifiable surface sites, the trapping sites are gen-
erally associated with a surface defect.
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A number of systems including Fe on Cu(100),> metals on
MgO5 89 and Ti0,,%'* and Au on SiO,'" are known to possess
some form of defect-mediated nucleation. A critical cluster
size of zero, indicating a single adatom is stable on the surface,
has been observed for nucleation of germanium on Si0,'? and
HfO,," suggesting defects may play a role in mediating nucle-
ation in these systems as well.

There is an inherent density of trap sites on SiO, surfaces
(~10" cm™?) that serve as nucleation centers for Ge during
hot-wire chemical vapor deposition (HWCVD)."* We have
previously demonstrated that the density of Ge nuclei on SiO,
surfaces in HWCVD can be tuned by generating additional
surface trap sites on the SiO, surface.'* The additional surface
trap sites are generated by exposure of SiO, to SiH, formed by
cracking Si;Hs over a heated W filament.'*'> Although we
demonstrated the ability to increase the density of Ge nanopar-
ticles deposited using HWCVD by over an order of magnitude
(from ~10'" to ~10'* cm™?) through chemical modification,
we were unable to determine the nature of the site or sites
responsible for trapping of adatoms that are inherent to SiO,
and that are generated on the SiO, by SiH, adsorption. Due to
the very low density of the surface sites involved, no tradi-
tional surface science experimental techniques were capable
of detecting the sites involved in either nucleation process.
The lack of a suitable experimental technique for studying
such sites motivated us to develop an approach employing flu-
orescent probe molecules to titrate the possible trap sites at the
low densities found for the Ge nanoparticles.

Derivatives of perylene, a high brightness fluorophore, with
specific functional groups can be used to titrate various surface
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sites on silica including hydroxyl, strained siloxane,'® and
oxygen-vacancy surface sites'’ with densities of ~1 X 10"
em 2 (1 nm™2), ~1 X 10" cm™2 (0.01 nm™?), and ~1 X
10" em™2 (0.001 nm™?), respectively. The titration process
results in a single fluorescent probe molecule bound to a spe-
cific surface site. Performing the entire process in an ultrahigh
vacuum (UHV) environment enables the study of surface sites,
which may not be stable in ambient conditions. Excitation of
the fluorescent molecules using a laser source while the sam-
ple is still in a UHV environment enables collection of in situ
emission spectra. The high sensitivity of such measurements
enables detection of molecules, and thus surface sites, with
densities below 10'% ¢cm 2,018

In this work, the fluorescent probe technique is used to
explore the chemical nature of the inherent trap sites and the
chemical nature of the trap sites resulting from SiH, fragment
exposure, which lead to enhanced Ge nucleation on silica
surfaces.'* The densities of free hydroxyl, strained siloxane,
and oxygen-vacancy sites are monitored as a function of SiH,
exposure using the fluorescent probe technique to determine
how this SiH, exposure process alters the surface chemistry of
Si0O,. Oxygen-vacancy defects (OVDs) are shown to be the
likely inherent trap sites on SiO,.

Material and Methods

Detailed experimental procedures, including the synthesis
of fluorescent precursors used in this work, have been
described previously.'®™'® Perylene-3-methanol (P3M) and
perylene-3-methanamine (P3A) were synthesized'® and 3-
vinyl perylene (3VP) was obtained from the Florida Center for
Heterocyclic Compounds. All compounds were purified over a
silica gel column and then sublimed onto aluminum foil,
which was subsequently loaded into a thermal evaporator cell
in the vacuum chamber. The multichamber UHV system used
in this work is described elsewhere.'® This system contains a
transfer chamber connected to a load lock, a quartz tube fur-
nace for annealing samples, a chamber for exposing samples
to the fluorescent molecules, a chamber with a hot filament for
cracking disilane gas, and an analysis chamber containing an
x-ray photoelectron spectrometer and a mass spectrometer for
temperature programmed desorption (TPD) measurements.
The base pressure for all chambers, besides the load lock, was
~1.33 X 10~/ Pa.

A 405-nm diode laser with an output power of 20 mW
(CrystalLaser) was used as the excitation source for in situ
emission measurements. An optics assembly connected to the
laser via fiber optics was used to focus the beam on the sample
with a spot size of ~1 mm? and collect and transfer emitted
light to the spectrometer (Ocean Optics QE6500) via fiber
optics. A 425-nm long pass filter was used to eliminate scat-
tered light, and all measurements were collected with 1 s inte-
gration times and averaging three spectra.

Cleaned fused silica wafers (Sydor Optics) were loaded
onto a Mo sample holder and placed in the load lock.'® The
sample was then transferred to the tube furnace, and annealed
at 700°C for 30 min. This step ensures that both free hydroxyl
and strained siloxane sites are present on the silica surface.'®
After cooling, samples were moved to a different chamber for
exposure to SiH, fragments.

Cracking of disilane on a hot tungsten filament to generate
SiH, fragments has been described previously.'*'*> The exact
nature of the fragments (i.e., x =0, 1, 2, or 3) is unknown. The
sample was positioned ~3 cm from a 250 W Osram Xenophot
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bulb with part of the glass enclosure removed. Disilane gas
(4% in He balance, Voltaix) was introduced through a leak
valve to bring the partial pressure of disilane to 1.07 X 107
Pa. The bulb was heated to ~1800 K'? using a 4 A current.
The flux of SiH, fragments was calibrated based on attenua-
tion of the Si** feature in x-ray photoelectron spectroscopy
(XPS) after a 60 min exposure. One monolayer (ML) equiva-
lent was deposited in 3.33 min. For brevity, SiH, exposure
will be subsequently referred to as Si exposure.

After Si exposure, samples were transferred to the analysis
chamber and ramped to ~700°C at ~2°C/s. This was per-
formed to replicate the procedure used previously to increase
Ge nucleation on SiO,.'"* The nature of this process will be
evaluated below.

After cooling to below 100°C, samples were next trans-
ferred to a different chamber connected to the UHV system
for exposure to the desired fluorescent precursor. The evapora-
tor cell containing the precursor was heated to 60°C for P3A
and 3VP precursors and exposure times of 30 min were used
for these fluorescent probe molecules.'®!” The titration of free
hydroxyl sites using P3M requires a higher evaporator temper-
ature of 100°C, an exposure time of 60 min, and the addition
of a small amount of P3A to catalyze the reaction.'® Samples
were heated to ~80°C for all exposure processes to minimize
the amount of physisorbed material.

After exposure to the desired fluorescent probe molecule,
samples were transferred to the tube furnace and annealed at
300°C for 30 min to ensure only covalently attached fluores-
cent molecules remained on the sample surface.'® After cool-
ing, an in situ emission spectrum was collected. This spectrum
provides information on the density and proximity of chemi-
cally bound fluorophores on the silica surface. Because each
type of molecule reacts with certain surface sites, this spec-
trum thus provides insight into the density and proximity of
various surface sites, and is used as the basis of the majority of
the following discussion.

Results and Discussion

Because atomic hydrogen is likely also generated when disi-
lane is cracked on a hot filament to generate SiH,, we briefly
review the results of our previous study examining the influ-
ence of atomic deuterium exposure on silica surface sites."’
Atomic deuterium was found not to affect the density of free
hydroxyl sites, which is consistent with the literature.>°
Atomic deuterium exposure did not affect the total density of
sites that react with P3A; it does chemically transform the
strained siloxane sites. However, atomic deuterium exposure
did lead to an increase in the density of sites capable of chemi-
sorbing 3VP by cleaving strained siloxane sites and forming
=Si-D sites, which are likely reactive toward 3VP.'” Cleavage
of strained siloxane (=Si—0O—Si=) sites by atomic deuterium
would form both an =Si-D and an =Si-OD site. The former
site is expected to react with 3VP and also with P3A, while
the silanol site is not expected to react with either fluoro-
phore. Therefore, exposure of the SiO, surface to atomic deu-
terium leads to an increase in =Si-D sites at the expense of
strained siloxane sites. As P3A is believed to react with
=Si-D and strained siloxane and form identical bound struc-
tures, no change is observed in the emission spectra between
samples with and without atomic deuterium exposure prior
to P3A titration. Therefore, only emission spectra from sam-
ples titrated with 3VP were affected by atomic deuterium
exposure.'’
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Figure 1. In situ emission intensity from 700°C pre-

treated samples given various Si exposures
and then titrated with P3M.
The areal densities in brackets were determined by
hydrolytic cleavage of the molecule from the surface.'®
The control sample had no disilane exposure. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 1 shows the fluorescence emission intensity from a
700°C-pretreated SiO, sample given various Si exposures and
then titrated with P3M. This molecule is capable of titrating
free hydroxyl sites on the silica surface.'® The broad emission
feature observed for all spectra in Figure 1 is characteristic of
excimer-like emission due to interaction of adjacent cova-
lently bound perylene ﬂuorophores.18 For P3M titration, the
densities of bound fluorophores can also be determined by
hydrolytically cleaving the molecules from the surface into
solution, and then measuring the fluorescence emission inten-
sity of the solution and comparing it to standard solutions.'®
This method avoids the complications of the excimer-like
emission for high fluorophore coverage (above ~0.1 nm” ).
The densities determined in this manner are listed in brackets
in Figure 1, and show that virtually no change in hydroxyl
density is observed with Si exposure.

For the case of P3M titration of hydroxyls, the observed
decrease in in situ emission intensity is attributed to fluores-
cence quenching from a bulk defect and not from a
decrease in the density of surface hydroxyl sites. Emission
intensity was also found to decrease in a similar manner
with atomic deuterium exposure, suggesting hydrogen (deu-
terium) species are responsible for creating the bulk defects.
Because of the longer lifetime, the excimer-like species is
more susceptible to quenching than the monomer species.
This quenching phenomenon is not anticipated to signifi-
cantly affect the emission from P3A or 3VP-titrated surfa-
ces because the densities are such that monomeric species
are observed when they bind to strained siloxane and oxy-
gen vacancy sites, respectively.'®'®

The impact of the Si exposure on strained siloxane sites can
be evaluated using P3A."® Figure 2 shows in situ emission
spectra collected after exposing a 700°C-pretreated silica sam-
ple to various Si doses and then titrating with P3A. The control
sample was not exposed to disilane gas, while “0 ML” Si
exposure was exposed to disilane gas without heating the tung-
sten filament. With no Si (or disilane) exposure, primarily
monomeric emission is observed. Under the control-sample
conditions, the density of strained siloxane sites has previously
been determined to be ~0.01 nm ™2 (102 cm ™ 2). Exposure to
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only disilane prior to titration with P3A resulted in a similar
spectrum as without any disilane exposure. With 0.1 ML Si
exposure, the intensity drops dramatically. At 0.5 ML Si expo-
sure, the much lower intensity is accompanied by a shift to
longer wavelengths (excimer-like emission). The excimer-like
emission is known to occur from closely spaced perylene moi-
eties,'® indicating the distribution of fluorophores is not ran-
dom after Si exposure. At 1.0 ML Si, the emission intensity is
nearly below the noise level.

Unlike for the spectra following titration of hydroxyl sites
by P3M, which display the decrease in emission intensity due
to excimer-like quenching, the decrease in emission intensity
from the covalently attached P3A molecules is attributed to a
decrease in strained siloxane sites. Due to the shorter lifetime
of the monomeric species relative to the excimer-like spe-
cies,'”'® quenching of the monomeric emission intensity for
0.1 ML Si exposure is not anticipated to be as significant as
the excimer-like emission that dominates P3M emission.
Additionally, quenching would not explain the change in the
shape of the emission profile observed with increasing Si
exposure to 0.5 ML. We have previously reported atomic deu-
terium exposure did not result in a dramatic change to the
emission intensity from P3A-titrated silica surfaces.'” The
combination of observations indicates the SiH, fragments are
interacting with the strained siloxane sites, forming new sites
incapable of chemisorbing P3A.

A vinyl derivative of perylene, 3VP, was previously shown
to titrate ultralow density (~0.001 nm72) surface sites on
silica, which were suggested to be OVDs."” Figure 3 shows
spectra collected from silica surfaces exposed to specific Si
doses and subsequently titrated with 3VP. Emission from a
sample with no Si exposure (“None” in Figure 3) has previ-
ously been estimated to correspond to approximately 10"
sites/cm? (~0.001 nm™~2). For low Si exposures (0.1 ML), the
intensity increases by approximately one order of magnitude,
with a broad tail indicative of some excimer-like emission
from closely spaced fluorophores.'® This suggests the density
of sites capable of reacting with 3VP increased to approxi-
mately 10'* cm ™, although the exact densities are difficult to
estimate due to the combination of monomeric and excimer-
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Figure 2. In situ emission intensity from 700°C pre-
treated samples given various Si exposures
and then titrated with P3A.

The control sample had no disilane exposure, while
“0 ML” was exposed to disilane in the absence of a hot
tungsten filament. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.
com.]
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Figure 3. Emission spectra from 700°C pretreated silica

samples given various Si exposures and sub-
sequently titrated with 3VP.
Note: “None” means that the sample was not exposed to
any disilane, while “0 ML” indicates the sample was
exposed to disilane gas in the absence of a hot tungsten
filament. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

like emission for the 0.1 ML exposure.'® For 0.5 ML Si expo-
sure, the intensity decreases to nearly half of the 0.1 ML peak
and is predominantly excimer-like, indicating more perylene
fluorophores are in close proximity to each other. As noted
above, due to energy migration from monomeric species to
excimer-like species, the relative monomeric and excimer-like
components of emission do not directly correspond to the rela-
tive fractions of each type of species on the silica surface.'®
Emission intensity decreases further at 1.0 ML Si exposure;
however, unlike for P3A, a peak is still clearly visible.
Emission from a sample exposed only to disilane gas (i.e., the
filament was not heated) has a similar intensity as the 1.0 ML
Si exposure sample. This indicates that disilane itself may
react to some extent with the silica surface, as discussed fur-
ther below.

The observed increase in emission intensity at low (0.1 ML)
Si exposures compared with no exposure indicates Si exposure
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Figure 4. Emission spectra from a 700°C pretreated
silica sample given the specified treatment
prior to titration with 3VP.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. TPD spectra of m/z 44 from thermal oxide on
Si(100) before and after exposure to 1.0 ML
Si.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

leads to the formation of additional surface sites capable of
reacting with the 3VP. The presence of excimer-like emission
after 0.1 ML Si exposure indicates some fraction of the fluoro-
phores is in close proximity. The decrease in intensity and
shift to predominantly excimer-like emission with increasing
(0.5 and 1.0 ML) Si exposures could be explained by genera-
tion of additional sites reactive toward 3VP, with each bound
fluorophore in close proximity to another. Additionally, a
decrease in emission intensity could be due to an interaction
between the site formed by Si exposure and additional SiH,
fragments, forming a new site incapable of binding 3VP.

One possible explanation for the decreased P3A emission
intensity at low (0.1 ML) Si exposure (Figure 2) and the
increased 3VP emission intensity (Figure 3) is that strained
siloxane sites are converted to sites reactive toward 3VP by
the Si exposure process. This hypothesis was tested by react-
ing the strained siloxane sites with n-propylamine to eliminate
them prior to the Si exposure process. n-Propylamine has pre-
viously been shown to eliminate strained siloxane sites by
forming a Si-NH-R structure.'®*"*? Spectra from this sample
and related treatments are shown in Figure 4. Exposure to n-
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1 1 1 1 1
0 1 2 3 4 5 6
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Figure 6. Plot of Si° 2p area vs. Si exposure.
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Figure 7. Proposed mechanism for the interaction of
SiH, fragments with strained siloxane sites.

The sites formed through this process appear capable of
trapping adatoms, leading to increased nuclei density.

propylamine prior to 1.0 ML Si exposure results in an emis-
sion spectrum that is similar in intensity and shape to a sample
without Si exposure. Exposure to only n-propylamine prior to
titration with 3VP also results in a similar spectrum to the
untreated sample, indicating n-propylamine does not react
readily with the sites capable of chemisorbing 3VP. These
results reinforce the interpretation that strained siloxane sites
are converted by the Si exposure process to sites capable of
chemisorbing 3VP.

Strained siloxane sites also appear capable of reacting
directly with disilane, explaining the emission intensity
increase in Figure 3 with only a disilane exposure (no hot fila-
ment) prior to titration with 3VP. This is consistent with other
reports, which found silane compounds reacted slowly with
strained siloxane sites.”?

Based on the preceding results, the Si exposure process
clearly affects the chemical nature of the silica surface. Previ-
ous work examining the nature of the Si exposure process on
SiO, found evidence of a m/z—44 signal in TPD measurements,
suggesting the formation of volatile Si0." The formation of
SiO from the reaction of Si and SiO, is known to occur under
certain circumstances,” leading us to suggest that the SiH,
fragments were etching the silica surface.'> We re-evaluated
this hypothesis by performing similar TPD measurements, but
used a Si-coated sample holder to eliminate contributions from
the sample holder to the TPD signal. We were unable to repro-
duce earlier spectra with this different sample holder. Figure 5
shows the TPD spectra for m/z—44 collected from thermal
oxide on Si(100) with and without a 1.0 ML Si exposure. Only
a very weak feature is observed around 750 K. The previous
observation of a m/z—44 signal that was attributed to SiO™ is
instead likely due to CO;r , which could result from carbon con-
tamination on the Mo sample holder. Hence, the Si exposure
process does not lead to etching the SiO, surface.

In addition to TPD measurements, XPS was used to gain
insight into the Si exposure process. Figure 6 shows the plot of
si’ 2p area vs. Si exposure. For exposures below 1.0 ML, only
very weak Si” features are observed. At higher exposures, the
peak area, and hence amount of deposited material, increases
linearly with exposure. The plot shows two distinct regions: an
early induction period followed by Si deposition. As discussed
below, Si exposure in the early induction period appears to
alter the surface chemistry of SiO, in such a manner that it
supports subsequent nucleation.

The Si exposure process affects the densities of the strained
siloxane and oxygen vacancy sites differently than atomic deu-
terium exposure. Sites that react with 3VP in a chemically
similar manner to oxygen-vacancy sites appear to increase in
density at the expense of strained siloxane sites following Si
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exposure. Further, the presence of excimer-like emission from
both P3A and 3VP-titrated surfaces after Si exposure (Figures
2 and 3) indicates fluorophores are bound in close proximity to
each other,'® and not randomly distributed on the surface. This
latter observation is important, because atomic deuterium
exposure did not result in similar excimer-like emission.

This same Si exposure process has previously been shown to
lead to increased density of Ge nanoparticles from HWCVD.'*
HWCVD was used because conventional thermal CVD is not
capable of nucleating Ge particles directly on Si0,.2*2° The
increased nuclei density was attributed to the formation of sites
capable of trapping Ge adatoms.'* Notably, the density of Ge
nanoparticles increased from ~10" cm ™2 (0.001 nmfz) with
no Si exposure to ~10" ¢cm™? (0.01 nm ™) with 1.0 ML Si
exposure, which corresponds to roughly the same densities of
the sites that react with 3VP with no Si exposure (OVD sites)
and after Si exposure. The observed Ge nanoparticle densities
were presumed to be the saturation densities for the specified Si
exposures. The correlation between Ge nuclei density and oxy-
gen vacancy sites (i.e., reactive toward 3VP) in the absence of
Si exposure suggests that oxygen-vacancy sites are the inherent
trap sites on SiO, for Ge adatoms. The increase in Ge nuclea-
tion density and bound 3VP with increasing Si exposures up to
1 ML further supports the interpretation that oxygen-vacancy
like sites are generated by Si exposure and serve as additional
trap sites for Ge adatoms. Therefore, OVD sites appear to con-
trol Ge nuclei density during HWCVD of GeH, on SiO, both
intrinsically and as a result of chemical modification through
the Si exposure process.

We propose the mechanism depicted in Figure 7 for
explaining the observations from the titration experiments
reported in this work and the enhanced Ge nucleation with
increasing Si exposure reported previously.'* SiH, fragments
react with strained siloxane sites, opening up the structure and
forming =SiH and —SiH, sites in close proximity to each
other. Both of these sites are likely capable of reacting with
3VP, explaining the increase in emission intensity from sam-
ples given Si exposures and titrated with 3VP (Figure 3). After
additional Si exposure, such structures may then serve as the
trap sites capable of capturing additional Si or Ge adatoms and
leading to particle nucleation. The conversion of strained
siloxane sites to sites capable of trapping adatoms explains the
increase in Ge nuclei density with increasing Si exposure.
This model suggests that ultralow density sites, which are not
readily detectable using traditional surface science techniques,
play a key role in nucleation processes on the silica surface.

Conclusions

The interaction of SiH, fragments with various low density
surface sites on the amorphous silica surface has been studied
using a fluorescent probe technique. Perylene derivatives with
specific functional groups were used to titrate free hydroxyl
and strained siloxane sites, as well as sites that are most likely
oxygen vacancies. Exposure of the silica surface to SiH, frag-
ments does not appear to impact the density of free hydroxyl
sites. However, strained siloxane sites appear to be converted
to adjacent oxygen vacancy-like sites during the Si exposure
process. The density of the oxygen vacancy and oxygen
vacancy-like sites ranges from approximately 10'" sites/cm?
(0.001 nm~2) with no Si exposure to over 10'? sites/cm?
(0.01 nm™~?) with one ML of Si exposure. These densities are
in agreement with the densities of Ge nanoparticles observed
in our previous work examining the influence of the Si
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exposure process on nucleation, indicating the oxygen-
vacancy sites are likely the sites responsible for Ge adatom
capture. This work sheds light on the relationship between
ultralow density surface sites, which are detectable by titration
with fluorescent probes, and nucleation. Further studies on the
chemical nature of these ultralow density surface sites may
provide additional insight into important phenomena, includ-
ing catalysis and nucleation of other material systems.
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