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We report Raman spectra of a single layer of silicon nanoparticles, spatially ordered,iatS0O
tunneling distance from a silicon substrate. This is achieved by exploiting effects which enhance the
nanocrystal signal, while suppressing the substrate one. The method is applied to investigate the
structure of ion-implantation-produced Si nanoparticles annealed under different conditions. The
results, which are in good agreement with transmission electron microscopy data, are used to
explain photoluminescence measurement2004 American Institute of Physics

[DOI: 10.1063/1.1765833

The study of materials and devices containing siliconing in N, or N,+1.5% O, at 950 °C for 30 min. The samples
nanocrystals(NCs) has been extremely active, since theywere imaged by TEM. Cross sectional imagésg. 1(a))
display intense light emission offering new possibilities for were taken with a CM30 Philips TEM operating at 300 keV
Si-based optoelectronics. Recently, it was also found that Sising strongly underfocused bright-field imagiigresnel
NCs could have applications in microelectronics, for ex-contras).lo The layer of Si excesghick black ling is ex-
ample as storage elements within the gate oxide of non voldremely well depth localized and forms a quasi two-
tile memory devices. In order to optimize the electrical dimensional array of NCs 3 nm in thickness. Spatially re-
properties of such devices the structural characterization dg§olved electron energy loss spectroscopy using the spectrum-
the nanoparticle layer is indispensable. Most commonlyimaging mode of a scanning TEKRef. 1) was performed
transmission electron microscopyEM) is employed> but ~ On plane-view specimen to measure the size distribution and
the differentiation between amorphous Si, crystalline Si, an@urface density of the NCs populatigiiFigs. Xb) and ¥c)).

SiO, remains a very challenging task. The development of The Raman scattering experiments were performed at
other characterization methods is therefore highly desirable’@0m temperature using a UV-specified Dilor XY spectrom-

A powerful nondestructive method for the characteriza-ter equipped with a liquid nitrogen-cooled charge-coupled-
tion of Si nanostructures is Raman spectroscopy. It allowslevice (CCD) detector. The light was focused to a spot of
differentiation between amorphous and crystalline pHases aPout S0um in diameter with the laser power being
and stress measuremefitSize measurements of Si NCs 400 MW (20 times less on the sample surfachlo laser
(Refs. 4, 7, and Bexploit phonon confinement effects in the heating effects shoulld occur .under such COI’ld.I'[IOHS.. The
NCs which lead to a size-dependent down shift and broagSPectrometer was calibrated using a monocrystall!ne Si wafer
ening of the optical phonon pe&R.Generally Raman spec- S @ reference. We also measured the photoluminescence of

troscopy of Si nanostructures has to be performed on thick'® samples. The spectra were recorded using a Dilor XY
layers or multilayers and preferably without Si substrateR@man spectrometer equipped with a liquid-nitrogen-cooled

since it can mask the signal arising from the Si nanostruc-
tures. These constraints rendered the technique unusable for
the structural characterization of Si NCs at a tunneling dis-
tance from a Si wafer, the channel of nonvolatile memory
devices. In this paper we present a method that allows the
detection of the Raman signal of a single layer of Si NCs
embedded in a thin oxide on a Si substrate. We apply this
method to investigate thin Si implanted Sifayers annealed
under different conditions. The Raman spectra are also cor-
related to TEM and photoluminescen@l) measurements.
The Si NCs were produced by low energigi ion im-
plantation (1 keV, dose %10 cm™) into a 10 nm thin
SiO, layer on a Si(100) wafer followed by thermal anneal-

3Electronic address: Anja.Wellner@Ipst.ups-tlse.fr. FIG. 1. Bright field cross sectiodeft) and plane-view spectrurright)
POn leave from loffe Physico-Technical Institute, St.Petersburg. TEM images of Si NCs annealed ia,0 N,+O, and(b) N, atmosphere.
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FIG. 2. Raman spectra of a single layer of Si nanocrystals on a silicon
substrate for different excitation conditions. FIG. 3. (&) Raman andb) PL spectra of Si implanted Siayers for
different annealing conditions.

CCD detector. The excitation wavelength was 488 nm usingayers annealed under different conditions. Figuia)3pre-
a power of 0.1 mW. A 108 objective was used to focus the sents typical Raman spectra obtained. A spectrum of an un-
incident laser light on the sample and to collect the light. implanted Si substrate is also shown for comparison. The

In order to detect the weak Raman signal arising from aas-implanted sample shows a broad Raman band centered at
single layer of Si NCs on a Si substrate both, the enhancet80 cn! and a small peak arising from the Si substrate. The
ment of the signal from the Si NCs and the minimization ofbroadband is typical for amorphous Si and indicates that the
the Si substrate signal, are crucial. Firstly, Raman selectioas-implanted Si rich layer is amorphous. After annealing at
rules can be exploited as illustrated in Fig. 2. Since the sub950 °C in N, the amorphous band is still present while the
strate signal is highly polarized it is greatly reduced when thepeak arising from crystalline Si is about twice as intense as
spectra are recorded in the backscattering configuration arttie Si peak from the bare Si substrate. This peak is also
crossed polarizations for incident and scattered light withsignificantly broadened but it is not noticeably shifted with
respect to th€001) Si substraté® The signal of the NCs is respect to the bulk reference. Annealing in an oxidizing at-
nearly unaffected due to their random orientation. Secondnosphere results in a reduction in the intensity of the amor-
resonance conditions are applied to enhance the Raman scptious band. The crystalline Si peak is also reduced but still
tering cross section. Resonant conditions occur when the exnore intense than the Si reference. Again, it is broadened but
citation energy coincides with a direct electronic transition.not shifted.
Bulk silicon has a resonance at 3.4 eV corresponding to the The high intensity and the broadening of the crystalline
Eg band gap® and it has been demonstrafetat excitation ~ Si Raman peaks indicates the presence of Si NCs. However,
at this energy already results in a large increase of the Ramahonon confinement in Si NCs should lead not only to
signal of Si NCs deposited on an alkali halide substrate. Irbroadening but also to a size-dependent downshift of the
the case of an underlying Si substrate, however, the resonaaptical phonon pe&l@ which is readably observed in
Raman signal of the substrate can still mask the signal of th&i/SiO, systems“.’5 Filtered images(Figs. Xb) and Xc))
NCs, especially if the optical absorption of the NC layer isshowed Si NCs with an average size of 9.3 nm and 6 nm in
not sufficient to absorb all incident photons. Fortunately, it isthe samples annealed i, ldnd N,+O,, respectively. NCs of
still possible to obtain a signal from the NCs since the electhis size display shifts to lower frequencies by 0.6 &mnd
tronic transitions of NCgand therefore their Raman reso- 1.1 cnt 18 respectively. We also performed Raman scattering
nance are expected to be shifted to higher energies due ton thick layers of Si NCs similar in size where a contribution
the quantum confinement effect. Such a shift of the Ramafrom the Si substrate can be excluded and also found no
resonance has indeed been observed for Ge nanocrystalsdownshift of the Raman peak position. The absence of the
For Si NCs no such data are available but optical absorptioshift can be explained by an isotope effect as reported in the
experiments show a blueshift of the absorption edge witttase of Ge NC¥’ Since the diffusivity of Si in SiQis very
decreasing cluster siZ&We therefore used an excitation en- low'® and the implanted Si excess very high, the NCs are
ergy of 3.7 eV which is resonant with the NCs. Moreover,formed here by spinodal decomposittbrand thus consist
this energy presents the additional advantage that the Ramamainly of 28Si, the isotope implanted. The Raman peak of
cross section of bulk Si is decreased by two orders of®Si is shifted by about 1 cm to higher frequenciégwith
magnitude'® By combining these three phenomefraaxi-  respect to our natural Si reference. This effect compensates
mum Raman scattering cross section of the NCs and minithe downshift from the quantum confinement effect.
mum Raman scattering cross section of bulk Si for an exci- We also measured the photoluminescence of the
tation energy of 3.7 eV, as well as use of selection pulle ~ samples. The spectra are shown in Figh)B All samples,
substrate signal is so strongly reduced that the signal froreven the Si substrate, showed a band centered at 560 nm
the NC layer is clearly discernibldig. 2). which probably arises from transitions in the oxide IaJ&t.

We applied this method to investigate Si implanted.SiO Here, we are interested in the PL in the red to infrared region
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which is generally observed from Si nanostructures. Asteduced by annealing in an oxidizing atmosphere. The results
implanted samples showed no photoluminescence in this rere in excellent agreement with TEM and can explain the PL
gion. After annealing at 950 °C in Ntwo very weak PL ~measurements.

bands centered at about 730 nm and 828 nm appear. These

bands increase strongly in intensity for annealing in an oxi- The authors want to thank A. Agarwal from Axcelis
. gy y 9 Technologies, Inc. and G. Ben Assayag from CEMES/CNRS
dizing atmosphere.
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