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ABSTRACT

Visible photoluminescence at room temperature has been
observed in silicon particulates prepared in a silane rf plasma.
Photoluminescence measurements were carried out on ‘as-deposited’
particulates and also on particulates suspended in the plasma during
processing. The photoluminescence spectrum peaks at 730 nm and
780 nm (using the 488 nm line of an Art ion laser), partly covering
the visible region, for some of the particulates suspended in the
plasma and for the others collected on a steel plate, respectively. It is
suggested that the photoluminescence originates from nano-
crystallites of silicon formed in these particulates. The in situ
photoluminescence measurements in processing plasmas could serve

as a diagnostic tool for plasmas involving particulate formation.



Ever since Canham et. al.l demonstrated the viability of
preparing visible light-emitting silicon materials by electrochemical
means, there has been a strong interest in these types of materials as
they are promising for a wide range of applications in opto-electronic
devices. Many groups have since repeated the experiment and have
successfully prepared porous silicon materials.2 "4 Canham et. al.l
originally explained their results in terms of quantum confinement of
the electrons resulting in band-gap enhancement in the silicon wires
which are formed due to the electrochemical etching. However,
Stutzmann et. al.4 proposed that the visible photoluminescence
originates from siloxene-type compounds formed during the
electrochemical etching of silicon because these compounds have a
broad photoluminescence signal in the visible region, quite similar to
the porous silicon photoluminescence spectra. Although it is now
generally agreed that quantum confinement of the electrons increases
the optical gap of porous silicon which leads to the visible light
emission, limitations in the sample preparation techniques still do not

allow the oxygen-related effects to be completely eliminated.

Several other attempts to prepare silicon materials by
various techniques have shed further light on the origin of the visible
(above gap) photoluminescence in nano-crystalline silicon.s'11 As
early as 1983, Wolford et. al.6 showed the possibility of achieving
efficient visible light emission at room temperature from silicon
particulates prepared by plasma enhanced chemical vapour

deposition from disilane. They interpreted their results in terms of



hydrogen rich regions being responsible for the luminescence.
However, Takagi et. al.” have recently shown that the particulates
formed from a silane plasma by a microwave discharge consist of
nano-crystallites of silicon embedded in an amorphous matrix. These
particulates were found to photoluminesce in the visible region and
the spectra showed quantum size effects. In separate studies,
Furukawa et. al.,8 Morisaki et. al.,9 Brus et. al.lo' and Kawaguchi et.
al.ll have reported room temperature visible light emission from
silicon particulates prepared by sputtering of silicon in hydrogen,
evaporation of silicon powder, pyrolysis of silane and by the
dissociation of silane by ultraviolet irradiation, respectively. In all of
these cases, however, the photoluminescence measurements were
carried out in the ambient or the particulates were oxidised and hence

oxygen-related effects can still not be clearly discounted.

In this letter we report on the preparation of room
temperature photoluminescing particulates of silicon by a Plasma
Enhanced Chemical Vapour Deposition (PECVD) technique.
Photoluminescence measurements were carried out on ‘as-deposited’
particulates and, for the first time to our knowledge, on particulates
suspended in the plasma, in conditions with minimal oxygen
contamination. We observe that these particulates contains nano-sized
crystals and suggest that the room temperature photoluminescence

originates due to band gap enhancement in these crystallites.

The silicon particulates were prepared in a PECVD system

evacuated to less than 10°° Torr prior to processing. These



particulates are similar to the ones generally formed during
hydrogenated amorphous silicon deposition.12 The capacitively-
coupled, parallel plate electrodes were driven by a rf frequency of 30
MHz. The source gas used for the deposition was silane (flow rate 30
sccm) which was dissociated by a rf input power of 6-10 W. The
processing pressure was kept constant at 0.1 Torr and the reactor was
maintained at room temperature. In figure 1 we have schematically
represented the deposition system and the measurement set-up; a
detailed description of the reactor is available elsewhere.l 2 Samples
were either deposited directly on the electrodes, or were collected on
stainless steel plates (2 cm x 3 cm) placed outside the edge of the
plasma ('Position B', Figure 1). In some other runs, particulates were
deposited onto Corning 7059 glass substrates, which were placed on
the top electrode. The plasma was stopped after the stainless steel
plates were completely covered by the particulates and the silane in
the reactor was evacuated by a turbomolecular pump. The sample
was then adjusted to 'Position A' (Figure 1) and irradiated at 45°
through a band pass filter (488 nm, band width 9 nm) by an Art ion
laser (power density ~ 100 mW/Cm2) in vacuum (less than 10'5
Torr). The photoluminescence signal was detected through a coloured
high-pass filter (edge position at 530 nm) by a spectrometer coupled
to an Optical Multichannel Analyser (OMA). The recorded spectra
were corrected for the spectral response of the detection system with
respect to a standard calibration source. For the photoluminescence
measurements of the particulates suspended in the plasma a similar
arrangement was used except that the background plasma emission

was subtracted from the measured signal. For these measurements



light from a small volume around 'Position A' was collected and

analysed by the OMA.

In Figure 2 we have shown the normalised
photoluminescence signal from three different samples, two collected
outside the plasma (i.e. in 'Position B' of Figure 1), and the other
deposited on a glass substrate placed on the upper electrode. We
noticed that the particulates collected on the electrodes always
showed a photoluminescence peak beyond 900 nm (i.e. beyond the
detection limit of our OMA). However, the particulates collected
outside the plasma showed a clear photoluminescence with peaks at
~780 nm and ~810 nm (Figure 2), partly covering the visible region,
which is very similar to the photoluminescence spectra from
unoxidised silicon particulates reported by others.7’9 The sample
luminescing at 780 nm was collected further away from the plasma
edge compared to the other, and possibly due to the differential
pumping of the particulates (depending on their sizes) they have
different size distributions. The major problem in these experiments
was inefficient collection of particulates on the probe. Special
attention needs to be given to solve this problem of particulate

collection.

In Figure 3 we show a typical spectrum of the
photoluminescence signal which peaks at ~730 nm from particulates
suspended in the plasma. This photoluminescence is visible to the
naked eye using a 530 nm high pass filter to cut off the scattered

laser light. It is relevant to mention here that observation of the



photoluminescence signal from particulates suspended in the plasma
is only possible after proper conditioning of the reactor. We do not
yet completely understand the evolution and dynamics of the
photoluminescing particulates in silane plasmas. Only those
particulates suspended in a silane plasma near the plasma/sheath
boundary photoluminesce. The processes leading to the formation of

these photoluminescing particulates merit further investigation.

Since all the processing and measurements were carried out
in conditions where minimal oxygen contamination is possible,
contributions to the photoluminescence signal from oxide-like phases,
if any, should be negligible. Since we observe the photoluminescence
from particulates during their formation in the plasma, this also
suggests that the origin of the room temperature photoluminescence
in the particulates is probably not from any oxide-like phases of
silicon, as some researchers have suggested for the porous silicon

materials.4

Although it is difficult to comment at this stage on the
possible effects of post-oxidation of these particulates on the
photoluminescence properties, it does not seem a necessary condition
for achieving room temperature photoluminescence. Oxidation of the
particulates might in retrospect lead to the passivation of non-
radiative centres, which could lead to higher luminescence
9

efficiencies.

In figure 4 we have shown a typical high resolution
transmission electron micrograph of a particulate collected on a

carbon-coated copper grid placed on the bottom electrode. In these



particulates we observe that silicon crystallites with a mean size of
about 70 A are embedded in an amorphous matrix. Although we have
not yet made any detailed structural characterisation of these
crystallites, the transmission micrograph of these particulates looks
very similar to the other silicon nano-crystallite structures reported
in the last couple of years.7'11 Theoretical calculations and
experimental observations have shown that crystallites of these
dimensions show quantum confinement effects leading to an effective
increase in the band gap.13'16 We believe that the room temperature
visible photoluminescence we observe originates from band-gap

enhancement in silicon nano-crystallites present in these particulates.

It may be interesting to add here a few comments on the
formation of the crystallites in these particulates. According to the

calculations of Brus,17

the crystallisation energy in clusters is much
reduced compared to the bulk. Particulates formed in the plasma due
to polymerisation can be heated by the plasma and this could give

sufficient energy to melt these particulates,18

which by heat
exchange processes can quench to form the nano-crystallites. The
particulates collected in the plasma (at the top or the bottom
electrodes) which luminesce with a peak beyond 900 nm are possibly
of larger size. For a better understanding of the particulate/crystallite
formation however, it is necessary to carry out a detailed systematic

structural analysis of these particulates formed under different

plasma conditions.



In conclusion, we have demonstrated a new processing
technique for the preparation of nano-crystalline silicon and have
shown that this material photoluminesces in the visible region at
room temperature. Since all the processing and subsequent
measurements were carried in conditions with minimal oxygen
contamination, and since we also observe photoluminescence from the
particulates suspended in the plasma during processing, the
photoluminescence signal probably does not originate from any oxide-
like phases of silicon. We believe that the room temperature visible
photoluminescence in the silicon particulates results from the band
gap enhancement due to quantum confinement in the nano-sized
crystals embedded in the particulates. In situ photoluminescence
measurements during plasma processing could serve as an
interesting diagnostic tool for processing plasmas involving particulate
formation.1920 Finally, since the PECVD process is a well-known and
commercially well-developed process, possibilities of using this
technique for suitable preparation of particulates will be fairly simple
and thus this processing technique presents further possibilities for

future applications towards the fabrication of nano-sized structures.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Schematic representation of the deposition system and the
in situ photoluminescence measurement set-up.

'Position A': Sample measurement position

'Position B': Sample deposition position (outside the

plasma)

Normalised photoluminescence spectra of typical samples:
(a)&(b): Particulates collected outside the plasma
('Position B')

(c)Particulates collected on the electrode.

A typical in situ photoluminescence spectrum of
particulates suspended in the plasma during processing
(The spectrum was recorded by subtracting the plasma

emission).

Micrograph of a typical particulate as measured in a high

resolution transmission electron microscope.
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