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ABSTRACT

Visible photoluminescence at room temperature has been observed in amorphous
hydrogenated silicon particulates during their formation in a silane radio-frequency plasma.
Oxygen injection along with mass spectrometry measurements demonstrate that oxygen has no
influence on the photoluminescence. The appearance of visible photoluminescence coincides
with a particle agglomeration phase as shown by laser light scattering experiments, and electron
microscopy shows silicon nanocrystals within these particulates. These observations of visible
photoluminescence are consistent with the model of quantum confinement in the silicon

nanocrystals.
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1. 'INTRODUCTION

Micro-particles in reactive gas plasmas are a source of contamination in plasma processing
for the micro-electronics industry.! Conversely, this environment could be exploited for the
production of nano-powders with new properties and potential applications, for example, in the
fields of opto-electronics, ceramics, and cluster physics.

In this article we report measurements of photoluminescence (henceforth referred to as PL)
during the formation of particulates in a silane plasma. Depending on the plasma parameters, the
formation process can occur gradually over many seconds2-4 to yield particulates up to 0.3 pm
diameter for our conditions. Theory3 and experimentS indicate that this plasma polymerisation
progresses via negative ion clusters which are trapped by the plasma sheaths and hence have a
long lifetime for growth.

Visible PL in porous silicon and silicon particulates is of interest because of the potential
application in opto-electronic devices and compatibility with silicon microcircuits. Crystalline
silicon is an indirect bandgap material with 1.1 eV optical gap and thus photoluminesces only in
the infrared with very weak intensity at room temperature; visible PL in silicon is often
associated with polymeric forms of silicon with oxygen’:8 or quantum confinement in silicon
nanostructures.? The aim of this study was to observe the development of photoluminescence in
free-standing particles as their dimensions increased from macromolecular clusters up to
microparticles. This experiment also investigates the feasibility of using photoluminescence as a
nanoparticle diagnostic in plasma processing systems.

Any subsidiary effects due to atmospheric exposure or incorporation in a matrix are
avoided by performing in situ light scattering measurements during growth and suspension in
the plasma. Mass spectrometry is used to make quantitative in-process measurements of the
effect of oxygen. All stages of preparation are carried out at room temperature; the low-
temperature plasma is known not to heat either the gas or the particles significantly.10 The
particle properties have also been measured ex sifu by electron microscopy, electron diffraction,

Raman scattering, and IR absorption.11



2. EXPERIMENTAL APPARATUS

The apparatus is a conventional capacitively-coupled parallel-plate reactor with 130 mm
diameter electrodes, described in detail elsewhere.12 Pure silane was used at a flow rate of 30
sccm and 0.1 mbar pressure. The whole reactor was at room temperature to give a high powder
yield!3 and to avoid thermophoresis forces!4 from temperature gradients. Clouds of powder
form 5 to 60 s after ignition (depending on the plasma parameters) and are suspended in the
plasma.23.15 These were irradiated by an unfocused argon ion laser (3 mm beam diameter)
operating either at 488 nm (through a 9 nm width bandpass filter) or in the UV range (351 and
364 nm) with a 0.1 - 1 W range of continuous power. The PL signal was observed
perpendicularly to the laser beam through a lens using an appropriate high-pass filter to remove
laser light elastically-scattered from the powder particles (Fig. 1). The measured spectra were
corrected for the spectral response of the detection system calibrated with a tungsten filament
standard source. A mass spectrometer!6 was mounted in the ground electrode for simultaneous
measurement of the positive ion flux from the plasma.

The 1f power was on/off modulated at 20 kHz and a synchronously-gated optical
multichannel analyser (OMA) and monochromator were used to monitor the PL (Fig. 1). The
excitation frequency was 30 MHz at a time-averaged input power of 3 to 10 W. All plasma
emission decayed away 5 s into the afterglow, and the PL was acquired after this time during
the afterglow to avoid any contribution from the plasma emission (there was no signal with the
laser off). The OMA gate duration was typically 15 ps per cycle for 66 000 cycles. The 20 kHz
square-wave modulation frequency was chosen because the powder production rate was
sufficiently high and gave a uniform distribution of powder all along the laser beam path

between the electrodes.

3. RESULTS
3.1 Photoluminescence spectra in steady-state conditions

After the powder has formed, illumination with the UV laser wavelength shows PL clearly
visible to the naked eye in the plasma as a luminous reddish-white line along the laser path: the

PL intensity is strong compared to the blue plasma glow (414 nm SiH molecular band



emission). For the green/blue laser line at 488 nm, a high pass filter is necessary to remove the
elastically-scattered light for the PL to be visible by eye. Significant portions of the spectra
shown in Fig. 2 are in the visible region, especially when using UV irradiation. The shift in the
PL spectrum with laser wavelength is due to excitation of higher energy states by the UV (3.5
eV) radiation which are inaccessible at 488 nm (2.5 eV). With the quantum confinement
interpretation, this suggests that different sizes of nanocrystals are simultaneously present. This
is consistent with Raman scattering measurementsl1 and is probably the reason for the broad PL
spectra observed (further results are reported in Sections 3.3 and 3.4).

It is important to consider whether the laser perturbs the plasma or the particles. For the
argon ion laser power range used here, the PL intensity increased monotonically (sublinear) with
power. Different experiments with high power (> 5 MWcm2) pulsed lasers are known to
perturb the discharge chemistry!’ and evaporate the particles.18 However, simultaneous
monitoring of the particles using a low power HeNe laser arranged co-linearly (see Fig. 1) with
the argon ion laser, at either the 488 nm or UV wavelengths, showed no change in the HeNe
light scattered from the powder when the argon ion laser was switched on or off. We deduce that
the argon ion laser is not influencing the particle sizes or number density in the plasma.

Particle incandescence due to laser heating as an emission source can be excluded since the
temperature corresponding to the observed peak intensity at around 900 nm would be 3200 K by
Wien's law (2700 K accounting for size effects19), too high for the particles to exist. Moreover,
the spectral form is invariant over at Jeast an order of magnitude of the laser power and is in any
case incompatible with a blackbody spectrum. Sources of emission other than PL can therefore

be discounted.

3.2 Insensitivity of the photoluminescence to oxygen

Oxygen-containing compounds such as siloxene and its derivatives have been proposed to
be at the origin of visible PL in porous silicon.”-8:20 In the literature, thermal oxidation or
exposure of samples to atmosphere makes the rble of oxygen difficult to determine
unambiguously. Our powder samples readily oxidize upon exposure to air!l and even residual

oxygen in the vacuum system could be sufficient to partially oxidise the samples?] since any
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oxygen is scavenged by reactions with the particles. It is therefore impractical to eliminate
oxygen entirely and instead we added a small flow (up to 1 sccm) of oxygen to the silane plasma
and tested whether the PL intensity increased accordingly.

The oxygen was introduced via a calibrated needle valve mounted directly on the vacuum
chamber, and a mass spectrometerl6 in the ground electrode (Fig. 1) was used to make
quantitative in-process measurements of the oxygen content of positive ions in the plasma. Mass
spectrometry rather than optical spectroscopy of the plasma emission was chosen as an
appropriate diagnostic for this application because the oxygen did not exist as a free excited
radical in sufficient quantities to be detected optically.

Figure 3(a) shows the mass spectrum of the positive ion flux from a pure silane plasma
(30 sccm flowrate) using a degraded mass resolution to enhance sensitivity. The signal is
principally due to groups of Si:H* ions. The peaks are spaced at 28 amu intervals where each
peak represents a group of ionic molecules with a given number of silicon atoms (mass 28 amu)
irrespective of their hydrogen content. Figure 3(b) shows the positive ions for identical
conditions except for the addition of 1 sccm of oxygen. The new intermediate peaks are Si:O:H*
ions (atomic mass 16 amu for oxygen) which now form 30% of the total ion flux whereas
previously they were present in only trace quantities in Fig. 3(a). Clearly, the oxygen is
efficiently scavenged and forms Si:O:H compounds in the plasma. The powder was
cdntinuously monitored with the HeNe laser during oxygen injection: the powder quantity was
unaltered and the only effect of the oxygen was to decrease the time of formation of the powder.
The added oxygen never increased the PL intensity or changed the form of the PL spectrum,
whether the oxygen flow was added to the silane flow before or after plasma ignition.

Comparison of Figs. 3(a) and 3(b) shows that the plasma was certainly not saturated with
siloxene-like compounds before adding 1 sccm of oxygen. Therefore the invariance of the PL
intensity with added oxygen demonstrates that oxygen plays no role in the PL. mechanism in this

experiment whether via siloxene derivatives, oxides, or surface states involving oxygen.



3.3 Development of the photoluminescence during particle growth

In previous studies we measured a sequence of sub-nanometric anionic clusters from
silane radicals up to silicon hydride clusters containing many silicon atoms by quadrupole mass
spectrometry.5-22 The largest contained 40 silicon atoms?2 which is estimated to be about 1 nm
in diameter. To increase the size range of investigation, the aim was to use PL as a diagnostic for
nanometric particles which are too small to be observed by elastic scattering of visible light. Mie
scattering (Rayleigh scattering for the limit of particles small compared to the wavelength) is not
practical for particles smaller than about 20 to 30 nm diameter for our particle number densities
(around 108 to 109 cm-3) and laser intensity.

Following the quantum confinement model, calculations23-24 predict crystal sizes of
approximately 1.5 nm for a 3.5 eV effective bandgap and 2 nm for 2.5 eV. Therefore, if the
nanocrystals grew gradually with time, the UV laser (3.5 eV) would excite visible PL at an
earlier stage in the particle development than the 488 nm wavelength (2.5 eV) radiation.

However, simultaneous observation of growing particles by PL and Mie scattering, using
the co-linear UV and HeNe lasers respectively, showed that the PL signal does not precede the
HeNe scattering signal although the particle sizes for each observation are widely different
(about 1.5 nm and > 20 nm respectively). This was investigated quantitatively using the single
argon ion laser at 488 nm wavelength to monitor both the PL and elastically-scattered light; both
signals therefore correspond to exactly the same group of particles. Figure 4 compares the time-
dependence of the PL with the particle size and number density deduced from analysis of the Mie
scattering (see Hollenstein et al 4 for a description of the method). The figure shows that no
visible PL is observed until an agglomeration phase3:# when clusters combine to give particles
large enough to scatter visible light. This observation is independent of the presence or absence
of added oxygen. The non-detection of PL before agglomeration is not due to a lack of detector
sensitivity because the clusters are more numerous before the agglomeration phase (Fig. 4) and
furthermore, smaller particles are expected to give more intense PL through stronger quantum

confinement effects.24-26



We conclude that the visible PL from free-standing silicon hydride nanometric clusters is
much weaker than the visible PL from particulates which are themselves much too large to act as
single crystals with an enhanced bandgap.

A possible explanation is that nanocrystals which photoluminesce are formed during the
agglomeration phase and not before. These nanocrystals therefore would not exist in isolation,
but form in the amorphous matrix of a particle (see section 3.4 for observations) where host
atoms could stabilise the nanocrystal surface by saturating its surface bonds.25-27 Furthermore,
it is known that silicon nanocrystals smaller than about 3 nm can only survive a transition to the

amorphous phase if they are embedded in a material which reduces the crystallite size stability

limit 26,28

3.4 Nanocrystals and powder structure using ex situ diagnostics

Electron microscopy of the yellow-brown powder collected on a carbon-coated copper grid
shows spherical aggregates, up to 300 nm in diameter, of coalesced spheres, like blackberries,
whose symmetry suggests that they were formed while suspended in the plasma.4:1!1 Within the
particles, randomly-distributed nano-sized crystalline islands embedded in an amorphous matrix
can be seen by high resolution transmission electron microscopy in Fig. 5, similar to
observations in porous silicon.29-30 This observation is further supported by Raman scattering!1
and selected area electron diffraction in the powder which find a heterogeneous distribution of
crystalline and amorphous phases similar to measurements made in porous silicon.30:31 The
Raman measurements!l also indicate a large range of crystal sizes, consistent with an
inhomogeneously-broadened PL spectrum, of average diameter below 10 nm. Raman scattering
in porous silicon32 and nanocrystalline photoluminescent PECVD films27 estimate an average
nanocrystal size of approximately 3 nm.

The observation of nanocrystals is not sufficient to prove that quantum confinement is the
origin of the PL, nevertheless it is important corroborative evidence.27:29-33 Using the results
from the previous section, one could speculate that the nanocrystals are formed by quenching or

condensation during the agglomeration phase.34



4. DISCUSSION

The vast majority of visible PL studies are concerned with porous silicon and we now
consider our results in this context. Different interpretations for the origin of visible PL in silicon
are quantum confinement in nanocrystalline silicon,? and oxygen effects via surface oxides or
siloxene (SigO3Hg) and its derivatives.7.8.20

The large specific area of porous silicon and powders implies a sensitivity to physisorbed
molecules which can stabilise electrons or holes at the silicon surface.33:36 This may be
responsible for the quenching of PL in silicon powder by gas pressure as observed by Costa et
al 37 and independently by us. Surface passivation via a good quality silicon dioxide barrier layer
on porous silicon gives intense PL.38.39 Nevertheless, when surface passivation is achieved
without relying on an oxide layer, it is found that efficient PL still occurs.27:40-42 It would
appear that the oxide layer is not the origin of the PL, but provides the surface passivation which
permits radiative recombination in the crystallites by removing competitive nonradiative
relaxation at surface states.43 The results in Section 3.2 also find that oxygen plays no rdle in the
visible PL emission of hydrogenated silicon particles, and so neither oxides nor siloxene are at
the origin of this visible PL. Furthermore, PL is not observed in amorphous hydrogenated
silicon2%:33 or purely amorphous silicon32: some degree of crystallinity is necessary to obtain
visible PL.29:33 PL in siloxene has even been attributed to quantum confinement in silicon
nanocrystals.44

These PL observations are consistent with quantum confinement in nanocrystals which
enhances the band gap of the material and results in a relaxation of the momentum selection rule
to allow transitions forbidden in bulk silicon - the nanocrystal becomes a direct bandgap material

with consequently higher PL intensity.24.25 During agglomeration, the host atoms of the

amorphous matrix may simultaneously satisfy two conditions: passivation of surface states,*3
and stabilisation of the nanocrystal surface.25.27

Future objectives would be to select the nanocrystal size, distribution and volume fraction
by controlling the plasma parameters. Nanostructures can be synthesised from macromolecular

clusters in plasmas, in ion traps,*> or directly grown in hydrogenated silicon films.26,27



5. CONCLUSIONS

Broad spectrum visible photoluminescence is observed at room temperature in
hydrogenated silicon particles during suspension in a radio-frequency silane plasma. The
photoluminescence appears only after a particle agglomeration phase and does not depend on the
presence of oxygen. A large size range of silicon nanocrystals exists, embedded in the
amorphous matrix of the particulates. The origin of this photoluminescence is consistent with the

model of quantum confinement in the nanocrystals.
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FIGURE CAPTIONS

FIG. 1. Schematic plan view of the ground electrode, lasers and light collection system. The
argon ion laser beam height is adjusted to intersect the powder suspended in the plasma, with the
low power He-Ne laser aligned co-linearly to monitor the Mie scattering from the powder
particles. The optical multichannel analyser (OMA) gating relative to the rf power modulation is

shown diagrammatically. The mass spectrometer orifice is at the center of the ground electrode.

FIG. 2. Steady-state photoluminescence spectra from the suspended particles irradiated by an
argon ion laser separately for the 488 nm wavelength and the UV range (with highpass optical
filter edges indicated at 515 nm and 420 nm respectively). The intensities are corrected for the
optical system response whose limit for reliable calibration was 850 nm. Time-averaged rf input

power 4 W; laser power 1 W,

FIG. 3. Positive ion mass spectra for: (a) silane plasma (30 sccm) showing Si:H* ions; and (b)
the same plasma with 1 sccm of oxygen added. The shaded areas correspond to Si:O:H ions.

Time-averaged rf input power 3 W.

FIG. 4. Development of particle agglomeration and photoluminescence with time after plasma
ignition. (a) Measured intensities of polarised light scattering and transmitted light, compared
with a self-consistent fitting procedure HOLLENSTEIN) ysed to estimate: (b) particle radius and
number density. (¢) Simultaneously-measured photoluminescence intensity for the same

particles. Time-averaged rf input power 4 W; laser power 1 W.

FIG. 5. Micrograph of a particle measured by high resolution transmission electron microscopy

showing nanocrystalline regions.
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