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Nanostructured silicon was formed by means of the ionizedyadé reaction on SigSi, and the
electronic structure, surface morphology, and optical properties were investigated. The
physicochemically modified thin layers were resolved to,SiNd SiQN, through the observation

of Si2p, O1s, and N Is core-level spectra in x-ray photoelectron spectroscopy. The formations of
SiON, and SiQ nanostructureg3—4 nm in siz¢, performed by the etching process followed by
adsorption of ionized nitrogen, were confirmed by atomic force microscopy. The nanocrystalline Si
(6 nm in size distributed within the modified laygapproximately 10 nm thigkwas observed after

the in situ rapid thermal annealing processes, using high-resolution transmission electron
microscopy. Photoluminescence with a wavelength peaking at around 400 nm was emitted from the
nanocrystalline Si formed from the SiW/SiO,/Si structures. This work suggests that the
nanocrystalline-Si formation and the nanostructured surface modification method, using the
controlled ionized gas, were simple and efficient methods requiring low energy and low
temperatures. €2003 American Institute of Physic§DOI: 10.1063/1.1579124

Recently, many researchers have reported on the poteneported. Since the ionized gas reaction method is a type of
tial applications of Si-based devices in optoelectrofiés. low-energy plasma exposure with no emission of photons, it
Since the visible photoluminescend®L) in porous Si  has many advantages, e.g. easy control, low surface damage,
(p-Si) was reported at room temperatyRT), many scien-  low-temperature process, etc.
tists have endeavored to understand the structure, electronic The silicon substrates used in this work had Sb-doped
properties, luminescence mechanisms,“efcP-Si can be  (001) orientation with a resistivity of 0.012cm and were
produced by anodic oxidation of a crystalline silicon anode commercial products of Nilaco Corporation. The native ox-
typically for visible light emissions. However, the mecha- jde layer on Si was cleaned using the Radio Corporation of
nism of light emission fromp-Si is not fully understood. America process in an air atmosphere. Samples were put into
Various nanostructures, such as amorphous silic@Sij  the ultrahigh-vacuunfUHV) chamber(background pressure
and nanocrystalline siliconn-Si), were also reported for 1y 1010 torr). The vacuum system was composed of an
the light-emitting device applicatiofé Plasma-enhanced analysis chamber for the x-ray photoelectron spectroscopy
chemical vapor depo_sétion was utilized mostly in the produc-xpg) experiment, and an ion beam treatment chamber for
tion of a-Si andnc-Si.” A typical formation mechanism for yhe syrface modifications. Samples were exposed to the ion-
the nanostructured Sing-Si) is based on a self-organized ized N, gas (N, 99.999% using an AG5000 cold cathode
mechanism: The transformation from nonstoichiometric thinion gun of the VG microtech at room temperature. The
sample holder was voltage biased-td kV. The exposing
gas pressure was typically maintained at41® © torr. The
exposure time varied from 5 to 180 min. The typical sample
current density was approximately 0.35A/cm?. Typical

layers of SiN or SiQ,/Si into ns-Si embedded in a stoichio-

metric SEN, or SiO, through the postgrowth thermal anneal-
ing processe¥ However, the primary flaw in such a forma-
tion mechanism is that the size and distributiomsfSi are

difficult to control. Hydrogen atoms that are introduced by, , . . . . o
ion implantation, plasma, and thermal dissociation gfd fabrication yields are high because the process conditions are
NH.. etc. can t;e 0od é:andidates for a nanometric Controrleliable. Physicochemically modified silicon surfaces were
megi,um“':lz g Investigated by XPS and atomic force microscdgy¥M).

In this article, a feasible method for the formation of The Sip, O, and_N Is core-level spe_(_:tra and the bln_dlng
ns-Si using ionized N gas reactions on SidSi at RT is energy 99.3 eV of Si@s, for the clean silicon were obtained

by referencing core-level Auf4,. The structural analysis

was performed, and the luminescent properties ofitbSi

3Also at: Department of Physics, University of Seoul, Seoul 130-743, Ko-Were determined using high—resolution transmission electron
rea.

YAuthor to whom correspondence should be addressed; electronic maimicrO.SCOF’y(HR'TEM) and PL_meaSUVementv respectively.
yipark@Kkist.re.kr Figures 1a)—1(c) show Si, O1ls, and NIs core-
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(5) si2p| | (b)

©) Nls addition, the spectral intensity of the S Zore level, de-
noted by an arrow markFig. 1(a)], increased with,., also
t indicating the chemical modification of S}@Si surfaces.
1;0 %M/\W Figures 2Za)—2(d) show the AFM surface morphology of

the ionized N gas exposure onto the SifBi surfaces. In

o 4
el

the ionized N gas-exposed surface at varioyys For the
sample at,<30 min, it was found from the AFM data analy-

E
=
=)
5 120 sis that nanostructures with an average height of 3.7 nm were
2 distributed over the surface. This means that the native SiO
7 |60 ) . A
a thin layers were partially etched by ionizeg Nas exposure
*“-é 30 and transformed into roughened surfaces, ne:Si0O,. The
= W\\wwﬁ chemical reaction should be as follows:

e TSR e RTI SiO,(layen + N —ns-SiO,+NOT . (1)

L 1 I 2 1 L

\ f Nat.iveI oxide

ot 100 or sa0 s m o aod azaw s we s At 30<t.=<60 min, the root-mean-squalems roughness
.. decreases abruptly due to both etching and adsorption pro-
Binding Energy (eV) cesses. However, for the sample E60 min, the rms
FIG. 1. (a) Si2p, (b) O1s, and(c) N 1s core-level spectra with various roughness I_S d_lmmIShed as _tt@mcreases' On the _baSIS _Of
ionized N, gas exposure times. The working pressure wad@ ¢ torrand ~ XPS analysis, it can be confirmed that the adsorption of ion-
the sample was voltage biased+d kV at RT. ized nitrogen results in thas-SiO, surface being covered
with SizN, and SiQN, compounds through the following

level spectra for the samples, with ionized jas exposure chemical reactions:

times () of 30, 60, 120, and 180 min. The peak position of N : .
native silicon oxide is marked by an arrow at 102.9 eV, St Nz = SigNg+ S, @
which is at a higher binding energy than the main bulk-Si ns—Si02+Ng’ﬂns-SiOxNy+ns-SiNy. 3)

peak observed at 99.3 eV, as shown in Fi@) 1The spectral

weight in between the arrow mark and the main peak positn particular, the chemical reactid®) is normally observed
tion increases with increasirtg. In Fig. 1(b), it is apparent on the clean Si surface under ionized nitrogen exposure, re-
that the binding energy of Oslis 533.0 eV for an as- sulting in the preferable formation of $i, islands. In Fig.
received sample, and it shifts toward a lower value with in-2(e), the average rms of the morphology is summarized as a
creasingt.. It should also be noted that the N tore-level function of the exposing timé,. In the range of the domi-
spectrum was not apparent before ionizeddds exposure. nant etching proces§i.e., 0<t.<40 min), the maximum
However, the peak intensity of the N IXore-level was en- roughness ohs-SiO, is approximately 3.7 nm correspond-
hanced with increasing,,. The peak position of the Osl ing to the thickness of the native Sitayer on a Si substrate.
core-level was consistently shifted to a low binding energyThe adsorption process is not initiated until the clean Si sur-
and the peak intensity became conspicuous astihim-  face begins to appear due to the removal of the,S&yer
creased. The shifts of peak positions were due to the creatidnom Si at aroundt,=40 min. Following this, the abrupt

of intermediate states such as @) and SiN, between chemical reaction to form nitride compounds such as,SiN
Si0, and Si*® This means that the Nslcore-level spectra SiOQN,, and SiN, occurs with increasind.. Thus, it is
have several phases of chemical composition, resulting frormproposed that the physicochemically modified structures are

(©)
(a) (b) 4F T T T &
etching process is dominant
o 3 B 7]
g
£ adsorption process
v 2r g
E FIG. 2. The AFM images of SiQYSi
1 o samples with various exposure times
_ (& te=30, (b) 60, (c) 120, and(d) 180
© @ 0 Vo=- 1KV min. (e) The average rms roughness of
1 1 1 H .
: the surface as a function. (f) Sche-
0 50 100. 150 200 matic diagram of the nanostructure
—~ t. (min) formed.

(f) lnS-SiOxNy+SiNy+Si3N4

1pm "
/ None or SiO, etched

[ /native
OO0y sio,

Si(001)
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- Py — (a) sample. This reflects the fact that the PL spectra are related to

| T=300K (2) After RTA the creation ofic-Si from thens-SiO,N, /ns-SiO, /Si struc-
(Bt 8i0,/RTA tures through the RTA processes. No other chemical bonding
b the s ¥ states related to the PL spectra can be reasonably ruled out

because all of the processes were perforimeditu in the
UHV chamber. Therefore, the RTA process performed in the
UHV chamber results in the formation ofc-Si from the
physicochemically modifiechs-SiONy/ns-SiO,/Si struc-
tures, affecting the appearance of PL spectra.

In order to confirm the formation afc-Si, a HR-TEM
image of the plane view of the annealed sample was taken, as
shown in the inset in Fig. (). As expected from the AFM
and PL measurements, the distribution roé-Si was ob-
served for all areas on the sample. The areal densitycebi
is 4.6x 102 cm™ 2 with an average size of 6 nm. Figuréa3
also shows an enlarged view of a logat-Si region. The
cross-sectional HR-TEM is provided in Fig(d3, indicating
that the nearly single layer structure roé- Si was formed in
between nanostructures such as,8lPand SiQ. The typi-
cal height of nanostructures were found to be less than ap-
proximately 5 nm which is in good agreement with the re-
sults of AFM measurement. It can be confirmed from the
HR-TEM measurement that the nanostructures played a role
Nanostructures of barrier against the random formation ro€- Si during the
RTA processes.

In summary, the structure ofc-Si has been fabricated
from in situ etching and adsorption processes on 3,

FIG. 3. (@) RT-PL spectra taken froms-SiO,N, /ns-SiO, /Si samples be-  USing ionized nitrogen gas exposure at RT. The chemical
fore and after RTA. The inset represents a HR-TEM image of the formedreactions on the surface were monitored and ana|yzed guan-
nc-S_i structure. The average sizerwé-Si was 6 nm and the average e_lreal titatively in situ by XPS. Both the etching process for
density was 4.6 10'2 cm 2. The enlargement of a localc-Si region is . . . . . .
also provided on the bottom right-hand sidb) The cross-sectional HR- ns-SiG,/Si _and.the adsorption fa“S'SIQ(Ny/nS'SIOZ/&
TEM image. followed by in situ RTA, were the main procedures for the
formation of a single layer structure ofc-Si. A typical

) ) ) ] ] nc-Si size of 6 nm and an areal density of 4.6
_mam_ly composed ohs-SloxNy/ns-S|OZ_IS| as illustrated X 10'2 cm™2 were obtained in a thin laydd0 nm in thick-
in Fig. 2f). It should also be noted in this process thatnesy resulting in a PL peak of around 400 nm. It is, there-
the SiQN, and SiN compounds are formed at a nano- 5.6 gyggested that the present method can be applied to
meter scale, due to the formation ofs-Si0, at the anostructure formation using a low-energy and low-

initial stage of the chemical etching reactions. Thus, it iSemperature process suitable for nanodevice applications.
suggested that the ionized, jas exposure is a simple, re-

producible, and low-temperature process for fabricating the  This work was supported by Ministry of Information
ns-SiON, /ns-SiO,/Si structures, which differ from the and Communication through ETRI under Contract No.
common methods, such as chemical vapor deposition d2M12090.
sputtering techniques, that have been used for the formation
of those structures.
A sample oft,=180 min was adopted for the PL mea- ;J. Robertson, Naturé-ondon 418 30 (2002.

surements. Figure(d) shows the PL spectra taken from the 5-1 grg;ggg'a S. Agarwal, E. S. Aydil, and D. Maroudas, Nafueedor)
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