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Luminescence efficiency measurements of silicon nanoclusters
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We present the results of what we believe to be the first study of the power efficiency of room
temperature photoluminescence from thin films of silica containing silicon nanoclusters. Films were
prepared by plasma enhanced chemical vapor deposition from silane and nitrous oxide precursors.
Luminescence was excited using the 476 nm line of an argon-ion laser. We have measured power
efficiencies for samples that exhibit luminescence solely due to radiative recombination of quantum
confined excitons. Efficiencies around 0.04% are reported1988 American Institute of Physics.
[S0003-695(98)03330-0

Following Canham’s report of visible luminescence multiplier tube. Spectra were corrected for the spectral re-
from porous silicort, there has been an explosion of interestsponse of the optical system and the whole apparatus was
in light emission from novel forms of nanoscale silicon. computer controlled.

There have been a number of reports in the literature of For measurements of power efficiency, the total incident
visible and near-IR emission from silicon nanoclustefs. laser power was measured using an optical power meter, the
Typically, such clusters lie in the sub-100-A diameter regimespecular laser reflection was measured directly, and diffuse
and exhibit a broad red luminescence band similar to thalaser scatter estimated by measuring the laser light intensity
reported from porous silicon. Reports have been published cdway from the specular reflection, knowing the area of the
nanoclusters deposited onto silicon substrates and embeddpdwer meter head and film-to-detector distance, and hence
within dielectric matrices such as silica. There has beemalculating the total scattered power. Account was taken of
much debate over the nature of the luminescence mechanisiie reflection of laser scatter at the thin film/silicon interface
in this material and contradictory reports of its optical prop-by measuring the reflectivity of a clean silicon wafer at the
erties, but there is a growing consensus that, in common wittaser wavelength.

porous silicon, quantum confinement of excitons within the  Photoluminescence from the silicon nanoclusters was
nanoclusters plays a significant rdié® Previous work by collected using a BK7 glass lens which focused the light
this group has addressed the nature of the luminescenemto the power meter head through a filter which served to
mechanism and has indicated the presence of two distingemove the laser scatter. The transmission factors of the lens
processes: radiative recombination of confined excitongind the filter were measured at 820 nm using a gallium ars-
within the silicon nanoclusters and defect luminescence frongnide semiconductor laser. This wavelength was chosen as
the surrounding matri%® A single unique mechanism does being representative of the peak of the photoluminescence
not provide a good enough explanation of the luminescencBand from silicon nanoclusters, and could therefore be used
properties of nanoscale silicon. However, whatever theo estimate losses in the lens and filter. Once again, the re-
mechanism, this remains a technologically important mateflectivity of the silicon substrate was taken into account in
rial as it makes a significant contribution to the search for ayrder to calculate the total luminescence yield, including that
silicon-based light emitting material. For this reason, it iSemitted into the substrate.

imperative to obtain measurements of luminescence effi-  Figure 1 details the geometry of the measurements and
ciency from nanoclustered silicon. To date, despite the numghe Juminescence collection arrangement.

ber of reports of luminescence from silicon nanoclusters,  Figure 2 illustrates a photoluminescence spectrum typi-
there have been no reported studies of luminescence effiy| of a silica film containing silicon nanoclusters. Indicated
ciency from this class of material. are the two bands which we ascribe to quantum confinement

In this letter we present the results of a study undertakefigyy energy bany and defect luminescencénigh energy
to measure photoluminescence power efficiencies of thihang. Further details of these assignments can be found in
films of silica containing nanoclustered silicon. The films Ref. 7. For this study, it was proposed to measure the lumi-
were produced by plasma enhanced chemical vapor deposiascence efficiency of the quantum confinement band in iso-
tion (PECVD): details of their growth can be found in Ref. 7. |ation, as this is the more useful of the two luminescence
Films were 1-2um thick and were grown on silicon sub- mechanisms and the only one that can be assigned to the
strates. Photoluminescence was excited using the 476 Np}esence of silicon nanoclusters. For this reason, the samples
line of an argon-ion laser, and for the purposes of recordingg|ected were those that exhibited very little or no defect
spectra luminescence was dispersed through a ?ingle'gratimﬂninescence. We have shown in previous work that it is
Bentham M300 monochromator and detected using a photQspssiple to control the relative intensities of the two lumines-
cence bands through careful choice of deposition and post-
dElectronic mail: t.kenyon@eleceng.ucl.ac.uk processing parametefsConsequently, the samples studied
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FIG. 1. Geometry of efficiency measurements. The setup illustrated is for Energy (eV)

measurement of luminescence. Reflection and scatter of the laser light is
measured by moving the detector and removing the filter used to removEIG. 3. Photoluminescence spectrum of sample SS27 following 1000 °C

laser scatter from the luminescence measurement. anneal. Note the absence of the high energy defect luminescence band.
here were either deposited at high temperathteL10, de- (i) Total scattered laser light is given by

posited using a substrate temperature of 350diCannealed

at a sufficient temperature to remove defd&S27, annealed L= R s 5

in nitrogen at 1000 °C for 90 mjn - Tisre 1+ paze) ' @

Below is detailed the efficiency calculation for one of
the samples studied, SS27. This sample had been annealed at (i) Total luminescence power is given by
1000 °C in a dry nitrogen atmosphere and exhibited bright R
luminescence with a peak around 1.55@@0 nn). Figure 3 P =
shows the photoluminescence spectrum of SS27. It should be Tig20X T1g20X (1+ pg20)
noted that the silicon clusters within this sample are thought
to be amorphous. X-ray diffraction studies of similar films
have shown no significant degree of crystallization, and itis A= (pP476X Paze) — Prer— L. 4
the consensus opinion that nanoclustered silicon only crys-  (v) Finally, the power efficiency is
tallizes following annealing at temperatures in excess of
1050 °c** P .
Given that the diameter of the collection lens was 75 mm 9~ A ®
and the lens-sample distance was 95 mm, we can calculate o ]
the total laser scatter and total emitted photoluminescence as Putting in the values quoted for sample SS27, we obtain

X (Pger— Py). )

(iv) The total laser power absorbed is given by

follows:
(i) Ratio of light through lens to total light emitted into a Q=— =m:4.1>< 104 (0.041%. (6)
sphere of radius equal to focal length of lens: approximated A -com
by ratio Area of sphere/Area of leriFable |) We estimate the error on this figure to be arourt%.
47(95)2 Figure 4 shows a photoluminescence spectrum for
= ;=25.7. (1) sample NEL10: this sample had been grown at a higher tem-
m(37.9 perature than SS27 and had not been annealed. There are

clearly two luminescence bands in this spectrum, though it is
not clear what their assignments are. The higher energy band

L . :
] is at too low an energy to be due to luminescence from the
N I nonbridging oxygen hole centers as customarily seen in such
&0 r material(this band typically lies around 2.0-2.3 g¥It may
12}
g 3 ’ i
5 &0 - TABLE I. Experimental results.
= 7 L
< 4
= 400° 1 i Total laser power at sample surfade,ge) 14.0 mW
Eo R L Specular laser reflectiorP() 6.0 mW
v 1 I Diffuse laser scatter into collection leKS) 6.1 nW
2:10° - L Luminescence collected by lenB ) 44.0 nW
] [ Background noise level of detectqP,) 2.1 nW
Transmission of collection lens at 476 nmf7¢) 89.2%
0 T T T T Transmission of collection lens at 820 nif{,q) 93.5%
1.6 1.8 2 2.2 2.4 Transmission of filter at 820 nnilg,g) 74.6%
Energy (eV) Reflectivity of silicon at 476 nmd,7¢ 97.6%
Reflectivity of silicon at 820 nmdg,() 7.9%

FIG. 2. Typical photoluminescence spectrum of silicon-rich silica sample;
showing two luminescence bands centered at around 2.1 and 1.7 eV. qncludes any residual 476 nm light not blocked by the filter.
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In this and previous studies we have demonstrated that

4 . N N R
b0 silicon-rich silica may be conveniently fabricated by
8x103£ i PECVD, overcoming some of the processing complexities
. ] I associated with porous silicofprincipally drying and pro-
*2 \ I tecting the fragile surfage Through a careful choice of
e 6-10° - deposition parameters and postprocessing, it is possible to
&l ] i minimize the defect contribution to luminescence in this ma-
T 4107 - terial, and the peak emission wavelength of the quantum
-C;gf . i confinement band exhibits a marked dependence on silicon
240° L nanocluster size. By tailoring the production process appro-
] i priately, it would in principle be possible to manufacture
o material with a peak emission tailored to the desired appli-
1.6 1.8 2 22 2.4 cation. Furthermore, there have been reports of luminescence
Energy (eV) from silicon nanoclusters doped with luminescent centers
that exhibit fast narrow-band luminescence via an excitation
FIG. 4. Photoluminescence spectrum of sample NEL10. exchange process from the silicon nanoclustéré As yet

there are no efficiencies quoted for such material, but work

be that there are two peaks in the size distribution of clusterd] 0Ur 9roup is progressing in this direction. There have also
in this film. However, measurements of this sample yield een a small number of demonstrations of electrolumines-

power efficiency of 0.025% for the total luminescence bandC€nce from films of silicon-rich silic*~* This material

No reports have been published of efficiency measuregoes not suff_er from the_ problems c_>f poor surface contact
ncountered in porous silicon; opening up the way for the

ments on this material: the only figure we have found in thefj | £ lumi devi based i
literature quotes an efficiency of 0.011% for PECVD- Ieve opment of luminescent devices based on silicon nano-
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