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Spectroscopical analysis of luminescent silicon rich oxide films
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Compositional, structural and optical properties of silicon rich oxide (SRO) films containing different silicon excess were investigated using
X ray photoelectron spectroscopy (XPS), Raman spectroscopy, energy filtered transmission electron microscopy (EFTEM) and photolu-
minescence (PL). The XPS-Si2p peaks fitting showed the presenge-ofSi, tetrahedra only for the SRO film with the highest silicon
excess. Raman spectroscopy revealed amorphous phase silicon in the SRO films with lowest silicon excess; when it was increased, a sha
peak at around 517 cnt appeared, which corresponds to crystalline silicon. Si-nanoclusters were slightly observed by EFTEM in the SRO
film with the lowest silicon content. They became more evident when the silicon excess was increased, in agreement to Raman spectra. A
strong PL was observed in the SRO films with low silicon excess. However, in SRO films with the highest silicon excess, where the silicon
agglomeration is greater, the PL practically disappeared. According to these results, we have analysed the dependence of photoluminescen:
on the composition and structure of the SRO films.

Keywords:Silicon rich oxide; Silicon clusters; Raman; XPS; EFTEM; Photoluminescence.

La composiadbn, estructura y propiedadégticas de pétulas dedxido rico en silicio (SRO) con diferentes excesos de silicio fueron in-
vestigadas usando espectrodeoge fotoelectrones de rayos X (XPS), espectroscBaman, microscdp electbnica de transmiéin con
energda filtrada (EFTEM) y fotoluminiscencia (FL). El ajuste de los picos XPS-Si2p solo mostraron la presencia de tetighedtasen la
pelicula de SRO con &s alto contenido de silicio. La espectroseoRaman revél una fase de silicio amorfo en pallas de SRO con as
bajo exceso de silicio, cuando este se increfmeapared un pico en 517 cm', el cual corresponde a silicio cristalino. Mediante EFTEM,
nano-aglomerados de silicio fueron ligeramente observados en laslaglcon el ras bajo exceso de silicio. Estos llegaron a sasm
evidentes cuando el exceso de silicio se increfmesm acuerdo con los espectros Raman. Lasylak de SRO con bajo exceso de silicio
mostraron una fuerte FL. Sin embargo, para mayor exceso de silicio, donde la aglomesagiayor, la FL @cticamente desaparéciLa
dependencia de la FL con respecto de la compasigiestructura de las pellas de SRO ha sido analizada.

Descriptores:()xido rico en silicio; aglomerados de silicio; Raman; XPS; EFTEM; fotoluminiscencia.

PACS: 82.80.Gk; 79.60.-i; 68.37.Lp; 78.55.-m

1. Introduction the Si2p peak obtained in XPS spectra was performed by tak-
ing the random bonding model (RBM) [14, 16] into account.

It is known that bulk silicon is not an appropriate mate- Different silicon environments were obtained for each SRO

rial to exhibit light emission properties, due to its indi- film, depending on the silicon excess. Raman spectroscopy

rect band gap. Several silicon (Si) based materials haveras used to observe the formation of a crystalline or amor-

been reported to solve the physical inability of silicon to phous silicon phase. EFTEM was used to confirm the level

act as light emitter, including porous silicon [1, 2], hydro- of silicon agglomeration, leading to the formation of silicon

genated silicon rich oxynitride [3], multilayers [4, 5] and sil- clusters (Si-clusters) inside the SRO films. These nanoparti-

icon rich oxides (SiQ, x<2) [6-9]. The key for the excel- cles were more obvious in the SRO films with silicon excess

lent light emission properties in these materials are the engreater than 5.1 at.%. The mean particle size increases with

bedded silicon nanoparticles. Because porous silicon lackigher silicon excess. Contrary to this, a higher PL inten-

chemical stability and robustness, Si-rich oxides seem to bsity for the SRO films with low silicon excess was observed.

a better alternative. A great variety of techniques to pro-Therefore, the relation between structure and optical proper-

duce Si-nanoparticles have been reported, such as Si idies is analyzed.

implantation into thermally grown SiQOfilms [10, 11], co-

sputtering [7,12], Pulsed laser deposition [9,13], low pressure

chemical vapor deposition (LPCVD) [14], plasma enhanced?. Experiment

chemical vapor deposition (PECVD) [3,5, 6, 15], etc. In this

work, we present a study about phase separation in SRO filn8RO films were deposited on n type (100) silicon substrates

deposited on silicon substrates by LPCVD. An analysis oby LPCVD hot wall reactor at 70@€ using NO and SiH as
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the reactant gasses. The flow ratio (Ro)(MSiH,, was used ence of Si was not observed in any of these films indicating
to control the amount of silicon excess in the films. The thick-the absence of Si-gitetrahedra. The low silicon excess in
ness of the films was around 700 nm. After deposition, SRQhese films could be the cause of this behaviour, that is, the
films were thermally annealed at 1@ for 60 minutes in  phase separation forming Si-clusters inside of a;Sitatrix
N, atmosphere. The thickness and the refractive index wereould be present; however, it is possible that the size of Si-
measured with a Gaertner L117 ellipsometer. X-ray photo¢lusters compared to the Si®natrix surround them is rela-
electron spectroscopy (XPS) analysis was carried out usintively small, being easier to detect the Sj-€@mponent in the
a PHI ESCA-5500 spectrometer with a monochromatic AlSi2p peak. When the silicon excess was increased (SRO
radiation and energy 1486 eV. Energy Filtered Transmissiothe Si2p spectra displayed an asymmetrical peak, indicative
Electron Microscopy (EFTEM) images were obtained usingof the presence of bigger concentration of suboxide compo-
an electronic microscopy JEOL JEM 2010F. Raman spectraents. In this film, the fitting produced, in addition to the
were recorded using an Ar+ laser operating at a wavelengtBi?* and St* peaks, the peak corresponding t6,Sndicat-
of 488 nm. PL at room temperature were carried out withing the presence of elemental silicon. Nevertheless, the area
a Perkin EImer luminescence spectrometer; model LS50B;orresponding to suboxides,°Sind St+, was smaller than
which is controlled by computer. The samples were excitedhe SiQ, (Si*T) area. Table Il shows the peaks and area from
using a 250 nm (4.96 eV) radiation. PL spectra were scannedifferent oxidation states.
in the 400-900 nm with a resolution of 2.5 nm . In Fig. 2, the Raman spectra from the SRO films after
thermal annealing at 110G is shown. A peak at around

3. Results

TABLE |. Characteristics of the SRO films.
Table | summarizes the thickness and refractive index of the

deposited SRO films measured by null ellipsometry. The Ro= Thickness Refractive Si excess
variation of the refractive index as the flow ratio Ro changes N20/SiH4 (nm) index (at.%)
shows the presence of excess silicon in the films. Results for 10 770 1.99 12.7

the silicon excess of the different samples from XPS analyses 20 730 1.64 51
::i/?_lso presented in Table I; the value ranges from 4 to 12.7 30 720 1.48 4.0

There are two models describing the microstructure of
SiO, (z < 2) films. First, the random bonding model TABLE Il. Oxidation states obtained from the Si2p peaks.
(_RBM) [14,16], in Wh_ich the silicon environmen_t can be _dis- Oxidation SRO127 SROs ;1 SRO.
tinguished between five different tetrahedral units, Si-($i

0O,) with n=0-4, corresponding to five possible oxidation state Peak Area Peak Area Peak Area
states of silicon (Si Si'*, Si#*, SP* and St*). The second si° 98.7 0.52 - - - -
model, the random mixtures model (RMM) [14,17], suggests  Si+ 101.8 223 1018 46 1019 1.4
SiO, (.73 < 2) films consist ofSi — Siy (SIO) and Si-Q (Si4+) Sitt 104.1 325 103.9 48.9 104.4 585

tetrahedras, neglecting the existence of intermediate states:
Figure 1 presents the XPS Si2p peak of the $RO

SRG 1, SRQ films annealed at 110C; the sub-index in

the notation refers to the silicon excess. According to the

RMM model, the SR@; and SRQ films should be stoi-

chiometric; however, a phase separation must take place in

these samples by the high annealing temperature (300

and because a phase separation starts at temperatures of 400-

700°C [6, 13]. The peak energy shifted toward lower energy

when the silicon excess was increased, at the same time that

the distribution width became broader, indicating the contri-

bution of different oxidation states, in agreement with the de-

scription of the RBM model. The inset of figure 1 shows the

fitting Si2p peak for SRQfilm using Gaussian components.

A contribution of two peaks placed at 101.9 and 104.4 eV re-

lated to St+ (Si-SkO,) and St* (Si-Oy), respectively, has

been found. The biggest component is associated to pure sil-

icon dioxide, as expected due to the low silicon excess. The

fitting of the Si2p peak for SRE film produced the same Figure 1. Variation of the Si2p peak in the SRO films thermally

oxidation states, 8f and St*, but an increase in the area of annealed at 110€ with respect to the silicon excess. Inset: Si2p

the SP* peak was observed, as shown in table Il. The prespeak fitting of the SREfilm.

Rev. Mex. is. S53(7) (2007) 279-282
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FIGURE 3. EFTEM images from the SRO films with a) 4 at.%, b)
5.1 at.% and c) 12.7 at.% of silicon excess and annealed af €100
for 60 minutes.

FIGURE 2. Raman spectra of the SRO films after thermal annealing
at 1100C.

517 cnt! indicates the presence of crystalline sili-
con [8,9,13]inthe SRO films with silicon excess>.1 at.%
(SRG;; and SRQ 7); its intensity decreases with lower sil-
icon excess. In addition, a broad peak at 480 ¢ris ob-
served, which is due to an amorphous silicon phase [5,9,13],
being most intense for the film with the highest silicon ex-
cess, the SRQ ; film. For the SRO film with the lowest
silicon excess (SRQ), a broad peak with low intensity in
the area ranging from 430 to 530 cihwith a maximum at
around 492 cm’, is observed, which was attributed to a-Si. FI.GURE 4. PL spectra from SRO films annealed at 1 10@or 60
The Raman results concerning phase separation (between '8inUtes:

and SiQ) in the SRO;,.7 film agree with the Si2p fitting

. Figure 4 shows the PL spectra of the SRO films thermally
analysis.

] o annealed. All films exhibited a PL band in the red region from
In order to corroborate Si-clusters formed inside of they,e yisible spectra. A dependence of the energy and intensity
SRO films after thermal annealing, the samples were angs the photoluminescence peak on the silicon excess is recog-
lyzed by means of the EFTEM technique. Figure 3 shows,i;aple. For SRQ, a PL peak at about 1.69 eV appears with
the EFTEM images for the SRO films thermally annealed, g, intensity, even observable with the naked eye. A red-
at 1100C for 60 minutes. The bright zones are associatedif (towards 1.62 eV) and an increase in the intensity were
to silicon nanoparticles in the film. The EFTEM image for jpserved for a silicon excess of 5.1 at.% (SRD However,
the SRQ film shown in Fig. 3 a indicates some slightly e sample with the highest silicon excess (SR emits
bright zones. Because of low contrast and sharpness, thg ihe same peak position (1.62 eV) regardless of difference
contour of the Si particles is not clear. Taking into consid-j, the mean size of the Si clusters, 4.1 nm for SROand

eration the results discussed above for SROM Raman 2.7 nm for SRQ ;. Besides, the intensity was reduced by a
spectroscopy, the silicon clusters observed in this film are eX,tor of almost 20 times for SRQ-.

pected to be amorphous. As expected, a phase separation

between Si and Sibecomes more evident when the silicon

excess increases. Figure 3b) shows the EFTEM image forth¢, Discussion

SRG; ; film, where more well-defined Si-nanoclusters were

observed. The size of the Si-clusters is in the 1.5 to 4 nnit is widely accepted that Si-clusters are created when the
range, with an average size of 2.7 nm. The largest Si-clusteiSRO films are subjected to high temperature anneal because
were observed in the SRO film with the highest silicon excesshe thermal annealing produces a phase separation between
(Fig. 3c). While some show an elliptical shape, others haveSi and SiQ. Although the fitting of the XPS Si2p peak of

an enlarged one, which could be a result of the agglomerahe SRQ and SRQ ; did not show the presence of a silicon
tion of neighboured Si-clusters. A great dispersion of sizephase, the Raman spectra does. The results indicated that a
is observed; the size is in the 0.5 to 7.5 nm range, the meatomplete phase separation took place. EFTEM images cor-
size being around 4.1 nm. Therefore, the phase separatiognborated the presence of Si-clusters inside of the SRO films,
observed by Raman is confirmed with the EFTEM results. where their mean size and density increased as the silicon

Rev. Mex. is. S53(7) (2007) 279-282
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excess was greater, accoiding to other results [6—8]. The Sstate will be localized out of the Si-cluster band-edge, and
clusters inside of the SRTilm were slightly observed; ap- then PL will not be observed, as occurs in the SREOfilm.
parently, with a smaller mean size than the one observed iA maximum PL intensity was observed in the SRO films
the SRQ ;. where the mean size of Si-clusters is around 2.7 nm, so we

The mechanism of light emission observed in SiIiCon_could consider it as the optimum size for these experiments.

based materials where Si-nanoparticles are embedded has not

yet been completely understood. Some defects have beén Conclusions

shown to act as radiative recombination centers [10, 11]. So,

luminescence in the blue region of the visible spectra ha¥Ve have studied the composition, structure and optical prop-
been related to defects such as neutral oxygen vacancies [1£[ties of SRO films obtained by LPCVD annealed at TIDO0
However, the emission in longer wavelengths has been exand with diﬁerent silicon excess. The phase separation was
plained according to two models: the first one describes thatnalyzed using the XPS Si2p peaks and Raman spectroscopy.
the luminescence take place in silicon nanocrystals (Si-nc'sfrom the Si2p peak, we deduce that a phase separation took
by quantum confinement effects (QCE) [3, 6,9, 15]. The secblace in the SRO films with the highest silicon excess. The
ond model relates the PL with the presence of defects in thBhase separation observed by Raman spectroscopy was cor-
SiO,/Si-nc matrix and/or interface [1,2,4,7,8, 10, 11]. Theoborated by EFTEM images. EFTEM analysis showed Si-
PL band in 1.62 eV could be correlated to the Si-nanoclusterganoclusters in the SRO films, being more evident with sil-
inside of the SR@; film; however, inthe SRQ, - film (high-  icon excess hllgher than 5.1 at.%. The average size of the
est silicon excess) where the size of the Si-clusters increasegi-clusters varied according to the silicon excess. A strong
the PL band strongly reduced and no redshift was observe® L was obtained in SRO films with 4 and 5.1 at.% of sili-
contrary to the QCE model. Therefore, we think that an-CON €xcess annealed at 12@0 A redshift only took place
other mechanism is responsible for the emission in these SRgNeN the silicon excess was increased between these two
films. A possible explanation is the presence of defects afilms. The photoluminescence strongly reduced when the Si-
the interface Si-cluster/SiQ In fact, it has been reported clusters size was 4.1 nn§£01.7). Then, the PL origin was

that a SiQ shell exists at the surface of the Si-clusters and@Scribed to defects surrounding the Si-clusters. The biggest
then a SiQ matrix [5, 12]. In the SiQ matrix, some de- PL intensity was obtained with the SRO films containing 5.1

fects could exist. Then, we can consider that the Si clus@t-% of silicon excess annealed at 1100 which contains

ters are surrounded by defects and they could be acting ad-clusters of 2.7 nm in mean size.

localized states. Therefore, e-h pairs could be generated in-

side of the Si-clusters and the emission taking place betweencknowledgments
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