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Silicon Rich Oxide (SRO) is a dielectric material that contains Si nanopatrticles, thus showing novel physical characteristics which permits

its use in optoelectronic devices. In this work, the composition and structure at the surface, volume and Si/SRO interface of the SRO films
deposited on c-Si substrates were studied. Different techniques, such as Atomic Force Microscopy (AFM), High Resolution Transmission
Electronic Microscopy (HRTEM), Rutherford Backscattering Spectrometry (RBS) and X-ray Photoelectron Spectroscopy (XPS) were used

in the study. XPS and RBS reveal that the composition of the films varied with respect to the gas flow ratio. These results allow us to correlate
the compositional and structural [as size of the grains (roughness), nc-Si size and different oxidation states of Si] changes of the surface
volume and interface from the SRO films with the flow ratio (Ro) used during the deposition process and with the high temperature annealing
time.
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El 6xido de silicio rico en silicio (SRO) es un material diefrico que contiene nanopiarilas de silicio. Por lo tanto muestra caraidicas

fisicas novedosas las cuales permiten su uso en dispositivos optomtzsr En este trabajo, fueron estudiadas la compwsicestructura

de la superficie, volumen e interfaz del SRO/Si de lascpkls de SRO depositadas sobre substrato de silicio. En este estudio fueron
usadas diferentegé¢nicas como Microscopia de fuerzamica (AFM), Microscofma electbnica de transmiéin de alta resoludn (HRTEM),
Espectroscopia de retrodispé@nrside iones Rutherford (RBS) y Espectroscopia de fotoelectrones de rayos-X (XPS). XPS y RBS revelan que la
composicdn de las pétulas vara con respecto a la Ro. Estos resultados nos permiten relacionar los cambios estructurales y composicionales
[como el tamao de grano (Rugosidad), tafimde los nanocristales de silicio, y de los diferentes estados de aidaei silicio] de la
superficie, volumen e interfaz de lasigelas de SRO con la rén de flujo Ro y tiempo de tratamienterinico.

Descriptores:Oxido de silicio rico en silicio; AFM; HRTEM; nanocristales; rugosidad superficial; RBS; XPS.

PACS: 73.22.-f; 79.20.Rf; 81.07.Bc; 82.80.Pv

1. Introduction precursor gas flow ratio (Ro) and thermal annealing time, it
is possible to obtain Si-nc’s and nanodet$0 nm and< 1

B ) ] o ] ] nm in size, respectively. In this work, we will present our
Silicon Rich Oxide (SRO) thin films have been intensively gynerimental results on the characterization of surface, vol-

studied because of their technological importance for optoyme and interface structure of SRO films. The morphology

electronic devices based on silicon technology. To date, thg; SRO has been determined by AFM. AFM images show
atomic structures of the films and their physical propertiesyigtarent morphologies at the surface of the SRO films de-
such as the optical and electrical characteristics, have not yf)'énding on the flow ratio (Ro) and thermal treatment time;
been fully understood. SRO can be considered as a multhg.q,se the annealing process caused the grain agglomera-
phase material composed of a mixture of stoichiometric siliyio, Al images show grain like structure with nanometer
con oxide (SiQ), off stoichiometric oxide (SiQ, x<2) and  gjz¢ which was characterized by height distribution, average
elemental silicon (as nanocrystals). SRO can be prepargg,,ghness and grain and pore average diameter. The compo-
by a number of techniques including silicon ion implanta-gjion was obtained by RBS and XPS techniques; the results
tion into the j[hermal dioxide films [1], reactive sputterlng (2], show a SiQ@ small layer formed at the surface of the SRO
co-evaporation [3], sol-gel, low pressure chemical vapor defjjms. The composition of the SRO films and oxidation states
position (LPCVD) [4] and plasma enhanced chemical vapoky, the syrface, volume and interfaces varied with the flow ra-
deposition (PECVD) [5]. In all of these techniques, the sili-j, Ro. The size of the silicon nanocrystals was obtained by

con excess can be controlled by changing the process paralrTEM, and it has been found that the size varied in agree-
eters. Thermal treatments are generally used to enhance th& nt with the flow ratio and thermal treatment time.
luminescent properties of the SRO films. Depending on the
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2. Experiment

) . . TAaBLE |. Compositional results of SRO films obtained by XPS.
SRO films were deposited on N type Silicon (100) substrates

with a resistivity of 2-50-cm. SRO layers were obtainedina g, 1Mickness Concentration SiExcess _ i
horizontal LPCVD hot wall reactor using SiHSilane) and nm 0% Si% NorAr% %

N> O (nitrous oxide) as reactive gases at00The gasflow 10 100.00 53.50 4550 1.00 12.50 1.176
ratio, Ro = [N;O]/[SiH4] = 10, 20 and 30, was used to con- 20 65510 60.81 3846  0.73 5.46 1580

trol the amount of excess silicon in the SRO films, and the
pressure was varied for each Ro from 1.64- 1.94 Torr. After
deposition, the samples were densified by a thermal anneal-

ing at 1000C in Ny during 30 minutes. Some of the den-

sified samples were also thermally annealed at 1°XD0n

N> during 180 minutes. The surface morphologies of SRO

samples were studied using an easyScan Dynamic Force Mi-

croscope (DFM) Nanosurf system version 2.3, operating in a

static mode. The topography for each image was measured

at a scan size of44 um?. For each sample, several different

scans were done with good reproducibility. The AFM im-

ages were statistically analyzed with the software Scanning

Probe Image Processor (SPIP). Average roughness and grain

and pores diameter were calculated from AFM images. The

sizes of the nc-Si were obtained using Tencai F30 high reso-

lution transmission electron microscope (HRTEM) operated

with an acceleration voltage of 300 kV. The oxygen and sil-

icon content of the as deposited SRO films was obtained by

RBS of 3.2 MeVa-particles beam of 1 mm diameter; the

a-particles were obtained using the 3MV 9SDH-2 Pelletron - ]
accelerator, and projectiles scattered at°16@re detected FIGURE 2. XPS spectra show the composition of the SRO films,
with an OXFORD 50-11 surface barrier detector. XPS datd®" R0 =20 and 30.

were obtained using a PHI ESCA-5500 X-ray photoelectro
spectrometer with an Al radiation, E = 1486 eV.

30 696.60 62.01 37.35 0.64 4.35 1.660

Yilms are shown in Fig. 1. It shows two different profiles cor-
responding to Ro = 20 and 30; the other two profiles are the
respective simulations in order to analyze the RBS spectra
3. Results and to find the oxygen and silicon content in the films, which
were done using the software SIMRA version 5.02 [6].

In this section, we show the results obtained from the differ- | poth films, a small layer of Si9was found in the sur-

ent techniques used. RBS spectra of the as deposited SRge. In the SRO bulk, the silicon and oxygen ratio was deter-
mined to be 0.43/0.57 and 0.37/0.62 for Ro =20 and Ro = 30,
respectively. The layer thickness was found by RBS te-be
490 nm, and the superficial layer of Si@ ~ 10 nm for both
samples. The simulation was established supposing different
SiO,, SiO,, SiO layers, until the better approximation was
obtained. Figure 2 shows the composition of the SRO films
obtained by XPS. Figure 2 corresponds to Ro =20 and 30. In
Table | are listed the composition results of the XPS spectra.

Figure 3 shows XPS experimental spectra of thexSine

and the evolution of the Sip line in the surface, volume and
interface SRO/Si. Figure 3 corresponds to Ro = 10. The four
oxidation states, as well as the unoxidized state, can be mod-
elled as tetrahedral bonding units, in which a central Si atom
is bonded to (4-n) Si atoms and n oxygen atoms (2i-Si
0,,) with n = 0 to 4. Therefore, the 99.2 eV peak is asso-
ciated to elemental silicon. SiGspectra increases the peak
energy to 103.6 eV, corresponding to n=4. In the case of the

FIGURE 1. SRO films RBS Spectra. The samples were depositedR0 = 10, the shift in the peak position is due to a charge ef-

with a flow ratio Ro = 20 and 30. Experimental (Exp.) curves were fect. The Si 2p binding energies are about 98 to 104 eV. The
compared with simulated (Sim.) curves. cause of the shifts in the peak position is due to the variation
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of the oxidation states of the SRO films. In Ro = 10, a peaksize goes from 3 up to 9 nm, being the average diameter size

at about 100.7 eV, in some cases accompanied by a peakatound 5.7 nm, as indicated in the histogram. Fig. 5b shows

about 103.6 eV, are present; they can be attributed to Si anthe HRTEM image for the SRO film with 5.46 at.% of sil-

SiO,, respectively, and any variation could be attributed toicon excess. Si-nanoclusters are also observed in this film.

sub oxidized silicon [7,8]. The image exhibits Si-clusters uniformly distributed in the
The increasing electronegativity of the Si-O bound rela-SRO film. Si-nanoclusters diameter sizes are extended from

tive to the Si-Si bond results in a shift to a higher binding1.5 to 4 nm, with an average diameter size of 2.7 nm, and

energy of the core level electrons in the silicon. with spherical shape. Si-nanoclusters were not observed in
It is widely accepted that the Si 2p photoelectron peak othe SRO film after annealing at 110D with 4.35 at.% of

SiO, contains five components, corresponding to a non oxisilicon excess. The existence of Si-nanoclusters with a size

dized state and four different oxidation states of Si[9,10]. < 1nm is possible, but not resolved in the images.
The AFM images of SRO films a) as deposited, b) ther-

mally annealed at 1100C for 180 minutes are presented in

Fig. 4. It can be seen that the surface exhibits different char-

acteristics depending on the Ro, which influence the size of

the grains (roughness), their form and composition. The av-

erage roughnes&Sa) measured for Ro = 10, 20 and 30 as

deposited was 17, 10 and 8 nm, respectively. Average rough-

ness is the highest for Ro = 10 and decreases for Ro = 20

and 30 after thermal treatments, which is probably due to

the agglomeration of the Si nanocrystals in Ro = 10 [8]. On

the other hand, the structure of SRO films was analyzed us-

ing an HRTEM. Figure 5 shows the HRTEM images for the

SRO films with thermal annealing at 110C for 180 min-

utes. Figure 5a indicates the presence of silicon agglomer-

ates forming nc-Si in the SRO film with 12.5 at.% of silicon

excess. Some of them are semi-elliptical, and some others

have an enlarged shape. The agglomeration process takes

place between the nearest Si-nanoclusters forming nc-Si. ficure3. Si2p XPS spectra at a different position inside the SRO

great dispersion of diameter sizes is observed; the diametéayer, in the surface, volume and interface of the film SRO

FIGURE4. Comparison AFM images in 3-D from SR@and SRQ films a) without and b) with thermal annealing, with a size scanner of
4 x 4 pm?.
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TABLE Il. Oxidation states of the SRO films obtained by means of
the convolution of the XPS curves.

OxidationStates

Ro Location in the Films Peak position (eV)
s sitt st st gt
Surface 103.60 104.78
10 Volume 100.70 101.70 102.97 104.10

Interface SRO/Si 99.65

100.71
Surface 102.50 103.45 105.50
20 Volume 102.10 103.90 106.00
Interface SRO/Si  100.76 102.00 103.88
Surface 101.57 103.81 105.00
30 \Volume 102.54 104.42
Interface SRO/Si 102.38 104.11

FIGURES5. HRTEM images and size distribution of nc-Si for the
SRO film on both images, the scale is 5 nm, with a) 12.5 at. %
and b) 5.46 at.% of silicon excess, and annealed at’&6r 180
minutes.

4. Analysis and discussion

The Si concentration of the SjQx<2) films has been ob-

102.97 and 104.6 eV were obtained for Ro = 10. Each peak
was attributed to 8j Si'*, Si¥*, and St* respectively. The
peak position at 100.7 eV is elemental silicon and 104.6 is
SiQ; [9, 10]. In the interface SRO/Si we have two peaks at
99.65 eV and 100.7 eV, again, the first and second are at-
tributed to elemental Si (&). This variation is due to the fact
that in the interface there is more silicon, and the position of
this peak varied from 99 at 101 eV. In HRTEM, nc-Si were
observed for SRO films with Ro = 10. Then, by means of
the XPS and HRTEM, it is possible to confirm the formation
of the nc-Si. For Ro = 20 and 30, the behavior of the curves
XPS are similar in the surface, volume and interface. In the
surface, a small layer of SiQs formed, which is represented
by a peak at 103.6 eV. In the volume and interface, the peaks
are near to 104.4 eV. Also, the elemental silicon peak is weak
or vanishes. These results are listed in Table Ill. These two
facts indicate the lack of formation of Si nanoclusters in these
films. The shifting of the Si 2p spectra is due to the oxida-
tion states of silicon; in this case, there is no phase separation
probably due to less silicon excess in the films,. This result
agrees with the results of HRTEM for Ro = 30, in which Si
nanoclusters weren't observed.

tained from RBS and XPS measurements. From the XPS
measurements, we have different states of oxidation in the
films for Ro = 10. As it can be seen in the spectrum of Fig. 3

in the surface, a peak corresponding to Si®©observed. In  FIGURE 6.

Peaks’ height distribution of the SRO films for a

the volume, the peak position shifts towards §ilddicative  scanned area ofx4 um? obtained by AFM. Each graph was clas-
of phase separation, and the peak width increases; then, a dified as: a) SRO films as deposited, b) SRO films with thermal
convolution was done, and four peaks around 100.7, 101.#reatments at 110C.
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TABLE Ill. Statistic results of AFM obtained for SRO films.

Parameter Average RoughnessSa) (nm) Grain Diamete(G) (nm) Pores Diametg{P) (hm)
Flow Ratio (Ro) 10 20 30 10 20 30 10 20 30
As deposited 17 10 8 514 270 206 273 232 132
Densificated at 1000C 22 7 7 330 224 331 306 176 158
Annealed at 1100C 24 6 5 243 83 167 211 88 129

SRO surface morphology was studied with AFM as a  In this case, the threshold detection method was used to
function of the Ro and annealing. The shape of the grain andbtain(G) and(P). Only the part of the segment above the
size in the surface of the SRO films changes with the flow rathreshold is considered a Grain, while the rest is disregarded.
tio Ro. In the films, the surface roughness decreases notabBiternatively, the segment parts under the threshold level are
when the silicon excess reduces (17, 9 and 5 nm for Ro the Pores. In the Pore mode, only pixels under the detection
10, 20 and 30, respectively), in films as deposited, densifietevel are considered. The detection and statistical analysis of
at 1000°C, and annealed at 1100; the roughness increases the Grains/Pores was done using the SPIP Program [11].
in SRO to 17, 22 and 24 nm, respectively. But for SRO
the roughness decreases to 10, 7 and 6 nm, respectively; agd Conclusion
for SRG;, it also decreases to 8, 7, 5 nm ,respectively, as™
shown in Table Ill. Fig. 6 shows the height distribution of the
roughness for the three Ro’s; it confirms that the roughnes,
reduces as Ro increases. The height of the peaks is bigger
SRQ, than in SRQ, and SRQ,, and varied with the ther-
mal annealing. SR§ and SRQ, seem to have the same
height. In this case, it is probable that the AFM measureme
are limited to the size of the tip.

In conclusion, RBS, XPS, HRTEM and AFM were all able

measure compositional and structural differences between
8RO films with different silicon excess which varied with the
gas flow ratio Ro and thermal treatments. RBS and XPS al-
low seeing the differences on the SRO surface in the bulk and
r“,] the interface as oxidation states and concentration, which
. S . depend on the Ro. HRTEM and XPS confirmed the existence
Due to this uncertainty in SR and SRQy, the discus- of the nc-Si in the volume and interface to SROThe films

sion will be centered on the extremes: Ro=10 and 30. As cal ; Lo o ; :
ted of th h . Si-
be seen in Fig. 6a, the average height of the peaks is bigggpnSIS ed of three phases: Si-Si, Siand SiQ, depending

. n the Ro. AFM was able to analyze the surface morphol-
for SRQ,,, but the change for SR and SRQ, is almost ) . .
not noticeable. From HRTEM studies, it has been observe gy of SRO films, where the height, roughness and mean di

. meter of the grain and pores have a significant change with
that for SRQ,, the thermal annealing at 1100 produces 9 b 9 9

agglomeration of Si, which probably formed nc-Si by diffu- respect to the flow ratio and different annealing time.
sion [8].
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