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 1 Introduction SRO (Silicon Rich Oxide), also 
known as off-stoichiometric silicon oxide, is a material 
composed of Si agglomerates embedded in an oxide matrix. 
An indication of the Si content in the material is the pa-
rameter Ro, which is the ratio of the partial pressure of the 
precursor gases (for example, N2O and SiH4). SRO is an 
extensively studied material due to its interesting optoelec-
tronic properties, such as photoluminescence in the visible 
range [1], which is ascribed to quantum confinement  
effects in the agglomerates of Si (commonly nanocrystals, 
nc) or to defects at their interfaces. Superlattices (SLs) and 
multilayer structures (MLs) could exhibit interesting quan-
tum confinement effects too, due to the reduced size of 
their composing films. There are many reports about  
nc-Si/SiO2 SLs and MLs that have mostly been prepared 
by PECVD (Plasma Enhanced Chemical Vapour Deposi-
tion) and magnetron sputtering [2–6]. Also epitaxial 
growth has been used [7]; however, there are just a few re-
ports of MLs prepared by LPCVD [8]. Most of the works 
present MOS-like structures with embedded nanocrystals 
[9, 10]. On the other hand, to our knowledge there are no 

reported multilayer structures based on SRO with a high Si 
content prepared by LPCVD. LPCVD is a very simple 
method for film deposition and is thoroughly compatible 
with Si technology. Furthermore, it permits an easy varia-
tion of the silicon content of the deposited layers in a wide 
range. 
 In this work, a multilayer structure composed of two 
different layers of SRO, one with high silicon excess, de-
posited by LPCVD are studied. FTIR (Fourier Transform 
Infrared), XPS (X-ray Photoelectron Spectroscopy), SIMS 
(Secondary Ion Mass Spectroscopy), TEM (Transmission 
Electron Microscopy) and AFM (Atomic Force Micros-
copy) measurements were performed in order to study the 
composition and structural characteristics of the multilayer. 
In addition, single layers of SRO with the same character-
istics as that of the multilayer were studied for comparison. 
 
 2 Experimental SRO single layers with Ro = 1 
(SRO1) and Ro = 50 (SRO50), and a multilayer structure 
composed of the stacks of SRO1 and SRO50 were depos-
ited on p-type Si(100) wafers with 30–50 Ω cm resistivity  

Single layer films and a multilayer structure of SRO (Silicon

Rich Oxide) have been prepared by LPCVD (Low Pressure

Chemical Vapour Deposition) and characterized by FTIR,

SIMS, XPS, TEM and AFM measurements. The stacked

structure is composed of alternating layers of SRO with high

Si content and SRO with low Si content. The layered struc-

 ture is confirmed by SIMS and TEM measurements. The

composition of the materials is discussed. Besides Si nano-

crystals, the existence of agglomerates of silicon oxide with

structure close to fused silica and the existence of oxynitrides

is evidenced in the films with high Si content. 
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Table 1 Deposited samples. 

sample layer ~ thickness (nm) 

SRO1 single layer ~133 

SRO50 single layer ~60.8 

first* layer of SRO50 ~11 

first layer of SRO1 ~23 

second layer of SRO50 ~21 

second layer of SRO1 ~21 

multilayer 

third layer of SRO50 ~23 
   

* The layers are numbered parting from the substrate. 

 

by LPCVD at 725 °C, using SiH4 and N2O as the precursor 
gases. A list of the deposited samples is shown in Table 1. 
The multilayer is composed of 2 periods of films: 3 barrier 
layers of SRO50 and 2 well layers of SRO1. The deposi-
tion of the multilayer was done varying manually the pre-
cursor gases during the deposition. 
 The microstructure of the samples was studied with 
TEM measurements (Tecnai F30, 300 kV). Measurements 
of the roughness of the films were performed with an AFM 
Autoprobe CP (Park Scientific Instruments) in contact 
mode, which has a lateral resolution of 0.025 nm and a ver-
tical resolution of 0.0025 nm. 
 SIMS measurements were performed on a Time-of-
Flight SIMS machine (TOF-SIMS IV, IONTOF, Münster). 
Secondary ions for analysis were produced by bombard-
ment with 15 keV Ga+ ions. Sputter etching of the sample 
surface was accomplished by bombardment with 1 keV 
Cs+ ions for negative secondary ion analysis, and with 
2 keV Cs+ ions for positive secondary ion analysis (the 
higher yield of MCs+ secondary ions at 2 keV was more 
important than the reduced depth resolution). XPS analysis 
was carried out with an electron spectrometer (Omicron) 
equipped with a non-monochromated Al Ka source at 0° 
take off angle. For these measurements, the samples were 
previously sputtered in a preparation chamber (Omicron 
Full Lab) bombarding the samples with argon ions with a 
kinetic energy of 1 keV at an incident angle of 36° for 
5 min. 
 FTIR spectra of the films were measured with a Bruker 
FTIR spectrometer model V22, which works in the range 
of 4000–350 cm–1 with 2 cm–1 resolution. 
 

3 Results and discussion 
 3.1 TEM and AFM measurements A typical TEM 
micrograph of SRO1 is shown in Fig. 1. Two phases could 
be easily distinguished: nanocrystalline Si and amorphous 
silicon oxide. The material presents good phase separation, 
and most of the SRO1 film is composed of zones of crys-
talline Si. Therefore, it can be considered as agglomerates 
of silicon oxide embedded in a crystalline silicon matrix. 
 The layered structure of the multilayer can be seen in 
Fig. 2. According to the TEM micrograph, the total thick-
ness of the multilayer can be estimated to be about 100 nm. 
The different layers are clearly discernible. 

 
Figure 1 TEM micrograph of SRO Ro = 1. For an easier identi-

fication the areas containing Si nanocrystals are enclosed with 

white lines.  

 

 The first layer of SRO50 in the multilayer (from the 
substrate’s side) is very uniform, with a thickness of 
~10 nm. On the other hand, the bottom interface of the 
first layer of SRO1 is very well defined, but its top inter-
face is very rough. This is an indication of the large differ-
ence in roughness between the SRO1 and SRO50 films. 
The large roughness of the SRO1 layer is due to the forma-
tion of Si nanocrystals during the deposition process. The 
layers deposited onto the first SRO1 layer are then rela-
tively rough, but are still easily distinguishable. Figure 3 
shows an AFM micrograph of the single SRO1 layer de-
noting the large roughness of this material. 
 The mean peak height of the surface bumps is 41 nm 
and represents ~30% of the total film thickness. The multi-
layer exhibits a rough surface too (image not shown) with 
the mean peak height of the surface bumps being 34 nm. 
 

 

Figure 2 (online colour at: www.pss-a.com) TEM micrograph of 

the multilayer. The layers of SRO50 are the smooth zones, and 

the SRO1 layers look like protuberances (Si nanocrystals). The 

total thickness of the sample is ~100 nm. 
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Figure 3 (online colour at: www.pss-a.com) Three dimensional 

AFM image of the surface of the film SRO Ro = 1. The mean 

peak height of the surface bumps corresponds to ~30% of the 

film thickness. 

 
 3.2 SIMS measurements Figure 4 shows a ToF-
SIMS depth profile of the multilayer. The distribution of  
O, Si and N were detected from SiO2

–, Si2
– and SiN– ions re-

spectively. This does not mean that the sample contains 
these compounds but indicates the presence of the men-
tioned elements together in the sample. As expected, the 
Si2

– and SiO2

– signals show variations complementary to 
each other, again indicating that a layered structure was 
deposited. Interestingly, the multilayer also contains nitro-
gen. The SiN– signal disappears at the interface multilayer/ 
silicon substrate, as happens with the SiO2

– signal, demon-
strating that nitrogen and oxygen are only present in the 
multilayer. Nevertheless, the intensity of the SiN– signal is 
only about 1% of the intensity of the Si2

– signal. 
 The low intensity of the SiN– signal could be an evi-
dence of the small amount of N in SRO1, but without 
knowing the relative ionisation probabilities of SiO2

–, Si2
– 

and SiN– it is not possible to determine its amount. The N 
atoms in the multilayer may enhance a possible photolu-
minescence effect (PL) from the Si nanocrystals in the as- 
 

 

Figure 4 (online colour at: www.pss-a.com) ToF-SIMS depth 

profile of the multilayer. The elemental distributions of O, Si and 

N have been detected as Si2
–, SiO2

– and SiN–. 

 

Figure 5 (online colour at: www.pss-a.com) Normalized ToF-

SIMS Si2
– signal as a function of sputter time. The silicon concen-

tration apparently increases, from ~56% of the outer layer of 

SRO1 to ~91% of  the next layer. 

 

deposited sample [11, 12]. Nevertheless the N content in 
the present samples is very low and may not have a signifi-
cant effect on the PL intensity. Eventhough, only PL 
measurements and analyses will provide the answer to the 
question how N influences the PL properties. Such PL 
measurements will be performed in the near future. 
 Figure 5 shows the normalized Si2

– signal. From this 
figure it can be deduced that the Si content is reduced in 
the outer SRO1 layer. The intensity of the Si2

– signal from 
the first SRO50 layer (to the substrate’s side), is around 
10% compared to that from the Si substrate. As a conse-
quence it can be concluded that the probability to obtain 
Si2

– ions from the SRO50 layer is around 10% compared 
with the probability to obtain such ions from the Si sub-
strate. Since SRO1 presents a very good phase separation 
and Si nanocrystals represent its major phase (see TEM 
micrograph), the SIMS Si2

– signal corresponds mainly to 
the Si nanocrystals and the matrix effects to obtain it 
should be less significant. In this way, an approximation of 
the concentration of Si was made taking into account the 
maxima of the Si2

– signal. In the outer SRO1 layer it is 
about 56%, and it amounts to about 91% in the other layer 
of the same material. SIMS analysis of positive ions was 
also carried to confirm the Si profile, since it is far less 
sensitive to matrix effects. The obtained spectrum (Fig. 6) 
presents the same behaviour as the one obtained with nega-
tive ions, with close values (and much closer when the Si 
content in the sample is larger) but with a much poorer 
resolution. Nevertheless, even when the concordance of 
SIMS measurements of positive and negative ions indicate 
a good approximation of the Si concentration in SRO1 lay-
ers, the exact value can not be determined by this method 
alone. 
 The graded concentration of Si in the multilayer may 
be caused by residual gases in the LPCVD chamber due to 
the manual variation of the gas flow, which give the oppor-
tunity to obtain more silicon oxide. This experimental fac- 
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Figure 6 (online colour at: www.pss-a.com) Positive SIMS nor-

malized spectra of the SiCs+ signal (Si is detected in the way of 

SiCs+ ions). The silicon concentration increase in depth, as was 

also evidenced with the SIMS of negative ions. 

 
tor must be taken into account if many layers should be 
deposited. 
 
 3.3 XPS measurements In the study of Si oxides by 
XPS, the oxidation states of Si can be estimated from the 
chemical shifts of the Si 2p core level line [13, 14]. The Si 
2p spectrum of silicon oxides contains contributions of the 
spin orbit Si 2p1/2 and Si 2p3/2 lines [13, 15–17] being sepa-
rated by 0.6 eV. This is an atomic property, practically in-
dependent of the chemical environment [15]. 
 In the XPS spectra, each Si 2p core level line occurs at 
positions corresponding to the energy shifts from the dif-
ferent oxidation states of Si (Si0, Si1+, Si2+, Si3+, Si4+). The 
position of the peaks corresponding to Si0 and Si4+ (SiO2) is 
well known and is easily distinguishable [16]. On the other 
hand, the peaks related with silicon sub-oxides have been  
  

 

Figure 7 (online colour at: www.pss-a.com) XPS spectrum of 

SRO1. The peaks of the Si 2p1/2 and Si 2p3/2 of Si
0 and Si4+ were 

fitted. The existence of sub-oxide species can be noted in the re-

gion between Si0 and Si4+. 

 

Figure 8 XPS spectrum of SRO50. Just the contribution of SiO2 

could be observed in the spectrum. 

 
studied at Si/SiO2 interfaces [13, 14, 17, 18], but they can-
not be distinguished unequivocally in a complex spectrum 
composed of different Si oxide species. Hence, a quantita-
tive analysis of such highly convoluted spectra is not 
straightforward and the results obtained by such fittings 
sensitively depend on the fitting parameters applied. 
 In the XPS spectra, each Si 2p core level line occurs at 
positions corresponding to the energy shifts from the dif-
ferent oxidation states of Si (Si0, Si1+, Si2+, Si3+, Si4+). The 
position of the peaks corresponding to Si0 and Si4+ (SiO2) is 
well known and is easily distinguishable [16]. On the other 
hand, the peaks related with silicon sub-oxides have been 
studied at Si/SiO2 interfaces [13, 14, 17, 18], but they can-
not be distinguished unequivocally in a complex spectrum 
composed of different Si oxide species. Hence, a quantita-
tive analysis of such highly convoluted spectra is not 
straightforward and the results obtained by such fittings 
sensitively depend on the fitting parameters applied. 
 The XPS Si 2p spectrum of the surface of SRO1 is 
shown in Fig. 7. For elemental Si the signal of the Si 2p3/2 

line is found at 99.45 eV and that of Si 2p1/2 at 100.05 eV, 
both having a FWHM of 1.2 eV. For Si4+ the correspond-
ing signals occur at at 103.3 eV and at 103.9 eV with a 
FWHM of 2.1 eV for both emissions. The peaks of the Si 
sub-oxides are located in the region between these two 
species. As an individual assignment of SiO

x
 sub-oxides is 

not unambiguously possible, all the sub-oxides are consid-
ered as one group. The amount of sub-oxides was obtained 
by subtracting the area of the fitted peaks of Si0 and Si4+ 
from the total area. According to the fitting procedures, the 
top region of the SRO1 film consists of 50% of elemental 
Si (Si0), 34% of SiO2 (Si4+) and 16% of SiO

x
 (Si1–3+) with  

0 < x < 2. The value of the amount of Si on the surface of 
SRO1 is very close to the amount of Si in the outer layer of 
SRO1 in the multilayer. This result is expected, since the 
concentration of Si is reduced going from the substrate to 
the top of the samples with deposition time, and the depo-
sition time to obtain SRO1 and the multilayer are similar. 
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 The high amount of silicon sub-oxides in SRO1 is the 
result of the large amount of Si/SiO2 interfaces that exist in 
this material. In contrast, in the XPS spectrum of the single 
SRO50 layer just the contribution of SiO2 could be ob-
served (Fig. 8) evidencing that this material is practically 
SiO2. Only possible differences in density and the degree 
of disorder in the Si–O environments within the material 
compared with a thermal stoichiometric oxide can be ex-
pected. 
 
 3.4 FTIR spectra Figure 9 shows the FTIR spectra of 
the samples SRO1, SRO50 and of the multilayer in the 
range of 900 cm–1 to 1300 cm–1. The absorption curves 
were normalized for clarity. The real peak intensity of 
sample SRO1 is around 3 times lower than that of the other 
samples. As can be noted in sample SRO50 just the typical 
absorptions of SiO2 are evident (peaks B and D). 
 Peak B located at 1064 cm–1 corresponds to the Si–O 
TO (Transverse Optic) stretching vibration [19–22], and 
peak D occurring, as a shoulder at 1140 cm–1, corresponds 
to the Si–O TO asymmetric stretching mode [21, 23]. The 
position of these bands corresponds to as-deposited Silicon 
Rich Oxide with low silicon excess [24]. The number of 
considered bands is consistent with the deconvolution of 
the peak centred at 1064 cm–1 in two peaks, as proposed by 
some authors studying thin thermal SiO2 films [25, 26]. 
 On the other hand, in the sample SRO1 the absorption 
peaks A, C and E are evident. Peak A, at 966 cm–1, has 
been found by some groups as an indication of the exis-
tence of nitrogen in Si ingots. The intensity of this peak in-
creases with increasing exposure time of the ingots to N2 
atmosphere [27]. Silicon nitride films prepared by nitrida-
tion of silica also exhibit this peak [28], and it is explained  
 

 

Figure 9 (online colour at: www.pss-a.com) Absorption spectra 

of the different samples. Five absorption peaks could be identi-

fied: A (966 cm–1) related with some N in the films, and peaks B 

(1064 cm–1), C (1107 cm–1), D (1140 cm–1) and E (1233 cm–1) 

that are related with Si–O bonds. 

 

Figure 10 (online colour at: www.pss-a.com) Deconvolution of 

the absorption spectrum of the film of SRO Ro = 1. Besides the 

peaks C (1107 cm–1) and E (1233 cm–1) an absorption peak at 

1178 cm–1 can be observed, which is related to TO Si–O asym-

metric stretching vibration. 

 

as the Si–N–Si asymmetric stretching vibration in SiN4  
tetrahedra joined via corners with SiO4 tetrahedra. Never-
theless, this vibration has not only been observed on crys-
talline Si or crystalline silicon oxide, but also on polysili-
con films annealed in N2 and is accompanied by oxygen 
incorporation in the films [29]. As the SRO Ro = 1 is a ma-
terial close to SIPOS (Semi-Insulating Polysilicon, see 
TEM results), the idea of oxynitrides in these films is very 
feasible. Because peak A only appears for SRO1 and not in 
SRO50, it can be concluded that both materials contain N 
(as evidenced by SIMS), but only in SRO1 N is bonded to 
Si in tetrahedral configuration along with oxygen forming 
a type of oxynitride. The N in SRO50 may be located on 
interstitial positions, presenting a different bonding con-
figuration since the FTIR spectrum of this material does 
not show any characteristic peaks of silicon nitrides or 
oxynitrides. 
 Peak C being centred at 1107 cm–1 in SRO1 occurs on 
a position which has been reported as interstitial oxygen in 
Si ingots [30, 31] and at Si/SiO2 interfaces [21]. It has been 
reported that the TO Si–O stretching vibration of segre-
gated oxygen in polysilicon also produces this absorption 
peak [29], and actually coincides with the Si–O TO 
stretching vibration in fused silica [31, 32]. It has been 
proposed that the interstitial oxygen in Si could adopt a 
structure close to that of fused silica, but with the Si–O–Si 
bond angle of around 100°, ascribing then the absorption 
peak at 1107 cm–1 to the TO Si–O stretching vibration [31]. 
As the SRO Ro = 1 is a material close to SIPOS this ab-
sorption peak could be expected. 
 The deconvoluted IR spectrum of SRO1 (Fig. 10) 
shows an extra absorption at 1178 cm–1 which is blue-
shifted by 38 cm–1 with respect to the Si–O TO asymmet-
ric stretching vibration of SRO50. This value is very close 
to the blue-shift of peak C with respect to the TO Si–O 
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stretching vibration of SRO50 (43 cm–1). According to this 
analysis, peak C and the one located at 1178 cm–1 may be 
caused by TO Si–O stretching vibrations of silicon oxide 
agglomerates with bonding angles and Si–O bond lengths 
close to those of quartz. In fact, according to the TEM mi-
crograph of SRO1 in Fig. 1, this material can be consid-
ered as agglomerates of silicon oxide embedded in a 
nanocrystalline silicon matrix. The consideration of two 
peaks for the Si–O TO vibrations of SRO1 agrees with the 
number of vibrations found in SiO2 films with thickness 
lower than 40 nm [26]. 
 Peak E (at 1233 cm–1) is related to LO Si–O vibrations 
[26, 33]. LO vibrations are inactive in normal incidence of 
the IR light, but it has been found that they become active 
when the particles of silicon oxide have a platelet shape 
with size <0.36 µm [21, 29, 30]. The agglomerates of sili-
con oxide in SRO1 are much smaller than this size in all 
their dimensions, as can be observed in Fig. 1. 
 The IR spectrum of the multilayer shows all 5 absorp-
tion peaks (with peaks A, D and E as shoulders), as can be 
seen in Fig. 9. Peaks B and C can be identified as the ex-
tremes of an asymmetric peak centred at ~1090 cm–1. 
 The positions of all peaks in the multilayer remain very 
close to the ones in SRO Ro = 1 and Ro = 50. This evi-
dences that 2 phases coexist in the multilayer, in accor-
dance with the results of TEM and SIMS investigations. 
The distinction of the two phases is a good indicator that 
the composing materials do not react with the subsequent 
layers during the deposition procedure. 
 
 4 Conclusion The creation of a multilayer structure of 
SRO with high Si content by LPCVD has been evidenced 
by TEM and SIMS measurements. The multilayer is com-
posed of layers of SRO1 and SRO50. A couple of techno-
logical constraints have been found to obtain a multilayer 
by LPCVD: SRO1 presents a high roughness and the 
amount of silicon in this material diminishes along the 
layer thickness. A layered structure of two independent 
phases was obtained even with the existing constraints. All 
results demonstrate that it is possible to produce layered 
structures by LPCVD, but the fact that silicon diminishes 
has to be taken into account. 
 Si-nanocrystals are the major component of SRO1, and 
agglomerates of silicon oxide with reduced size are the mi-
nor phase. The agglomerates of silicon oxide may have a 
structure close to fused silica, as evidenced by FTIR. The 
large amount of silicon sub-oxides found in SRO1 may be 
due to the large amount of Si/SiO2 interfaces in this mate-
rial. 
 Nitrogen is present in small amounts in the whole mul-
tilayer, but it is present as oxynitrides only in the layers of 
SRO1. Nevertheless the contribution of the oxynitrides to 
the total composition of SRO1 should be in a very low 
range. In SRO50 the nitrogen is thought as interstitial. 
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