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Abstract: Neodymium is incorporated into single crystalline silicon on MEVVA (Metal Vapor Vacuum Arc) ion

source. Al room temperature, strong ultra—violet and visible fluorescence are observed at the excitation wavelength

of 220nm. Luminescence intensity increases with the increase of ion fluence. XPS results manifest that Si—0, Nd—

0, Si—Siand O—0 bonds exist in the implanted layers. Luminescence mainly results from the radiation transition

. . 3 . By " » - . . P
in the intra=4f shell of Nd™* ion. The defects” and damages” contribution to the luminescence is also presented.
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1 Introduction

Silicon plays an important role in microelec—
tronics, but its application in optoelectronics is
limited because of its indirect energy gap. Many ef-
forts have been made to develop Si-based light
emitting materials with high light emission effi-
ciency, which are essential in future optoelectronic
integration. T he discovery of porous silicon, which
was integrated ! for the first time, is great ad-
vancement in Si-based light emitting materials. T he
development of porous Si and nanometer science
paves the way for nanometer light emitting materi-
als'”’. In the meantime, new theory and technology
make it possible to make progress in Si modifica—
tion. impuritv luminescence. defect engineering. and
Si-based heteroepitaxy. T he luminescent nanocrys—
tal semiconductors embedded in SiO: are under in-

vestigation. Si-hased embedded nanometer light
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emitting material is very important because of its
great vitality and potential application in the opto-
electronic integration' *. As for rare-earth-doped
materials, much attention has been paid to the er-
bium-doped silicon, because its characteristic emis—
sion at 1.54um is occurring in the minimum ab-
sorption of optical fibers. Few reports can be found
on neodymium-doped silicon, nevertheless, it is im-
portant to investigate the luminescence in Nd™* -
doped crystals'™™ owing to the excitation of
strongly quenched high-energy levels (the levels
are 12, 000cm™ ' above the ground level ‘o), be-
cause not only IR emission is produced from the
“Fi2 level, but also UV and visible luminescence
from upper levels, such as ‘Dsx.

This paper describes the luminescence in Nd
ion implantation ¢-8i at the excitation waveleneth
of 220nm. XPS results manifest that there exist
Si—0, Nd—0, Si—Si, and O—0 bonds in the im-

planted layers. The mechanism of photolumi-
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nescence has been discussed.

2 Experiment and Method

Czochralski (CZ)-grown n-type Si( 111) was
used in these experiments, with the resistivity of
3—4.5Q * em. The Si wafer was implanted on one
side, with the average energy of the total Nd flu-
ence of 1X10"7.4X 107 and 8 X 10" em™?, about
100keV. The implantation was carried out on
MEVVA (Metal Vapor Vacuum Arec) ion im-
planter at room temperature and the ion flux was
50 or 2. 5uA/em” °. Hitachi-F3010 ultra-violet fluo—
rescence spectrometer with the resolution of Znm
was used to determine the PL spectrum of the sam—
ples at room temperature; the excitation wave—
length was 220nm. XPS was performed on VG ES-
CALAB MK II with the whole resolution of 0. 2eV
and the background pressure of 1X10” "Pa. The X—

ray source came from Mg—Ko.

3 Results and Discussion

Figure 1 shows the ultra—violet and visible
photoluminescence of Nd ion incorporation single
crystalline silicon without annealing. The PL spec—
tra divides into two regions: one is in the wave—
length between 350—600nm and the other in the
wavelength between 700—800nm. The intensity of
photoluminescence increases with the Nd ion flu-
ence increasing, as implies that Nd ion plays an im—
portant role in the emission of light. In the sample
of 8.0X10"e¢m™ ? Nd ion incorporation ¢-Si, within
the range of 350—600nm, there are distinet five e-
mission bands centered around 400, 470, 507, 567
and 600nm, with the sharp peaks at 400 and
470nm, and wide emission bands center at 507, 567
and 600nm. Beside the emission peak at 400nm,
two shoulder peaks can be observed. Within the
range of 700—800nm, there are one clear lumines—
cence band center around 724nm, and two shoulder

peaks at 716 and 730nm.

Similar PL spectrum can be found in other
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FIG. 1  UltraViolet and Visible Fluorescence

Spectra of Neodymium lon Implantation Single
Crystalline Silicon Pumped at Wavelength of

220nm at Room Temperature The Sample of 1
X10"em” * Nd was implanted with two kinds of
ion flux, 2.5 and S0uA/cm”. Others were im-
planted with ion flux of 50uA /em®, and the sam—

ples are as-implanted.

samples implanted with different ion fluence except
the 400nm band, whose shoulder peaks are at 377
and 414nm. It should be noted that the lumines-
cence intensity of the samples implanted with ion
flux of 50uA/cm’ is lower than that of the sample
implanted with ion flux of 2. 5uA/cm’.

In rare-earth-doped materials, PL usually orig—
inates from the electron transition in intra—4f shell
of rare-earth ions. T here exhibit separated sharp e-
mission peaks in PL spectra because the rare-earth
ions are insensitive to the temperature and external
environment. However, no such separated sharp e-
mission peaks can be observed in the PL spectra of
Nd ion incorporation ¢-Si. PL can also originate
from the multiple emission centers. X-ray Photo-
electron Spectra (XPS) can be used to investigate
the chemical states and binding states. Figures 2
and 3 show that Si—0, Nd—0, Si—Si, and 0—0
bonds exist in the implanted layers. The standard
binding energy of Si2p in ¢8i and Si02is 99.4 and
103. 4eV, respectively. In Fig. 2, the binding energy
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FIG. 2 XPS Spectra of Si2p in Nd-dmplanted CZ-Si
( 100keV, Asdmplanted)  The spectra from top to
bottom are for the samples with a total fluence of 1X

10", 410" and 8 X 10"em™ %, respectively.
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FIG.3 XPS Spectra of Nd-implanted CZ-Si(4 X 10"
cm 2, 100keV , Asdmplanted) in Near Binding Ener-
gy of Nd3d and Ols

has a little deviation from the standard binding en-
ergy. Si2p is located at 100. 1 and 103. 6eV, respec—
tively. Between them there are transitional peaks,
maybe SiO«, in the implanted layers. Oxygen is ob-
tained from CZ-Si with an oxygen background con-
centration of (1.7%0.5) X10%ecm™ "”. Moreover,

during the ion implantation, Nd combining with
oxygen may incorporate into silicon wafer because
the rare-earth elements are rather active. Because
XPS measurement is not in situ, O may incorporate
into the implanted layer in the air. Nd—0 bonds in
Fig. 3 verifies the existence of oxygen. The bands
of 470nm and 724nm may result from the neutral

) [10]

oxygen vacancy in Si02(03=Si-8i=03) ;and the

600nm band is caused by some defects in SiOz,

11
U Electron

whose microstructure is still unknown
transition in intra-4f shell of Nd' ion also con-
tributes to the three luminescence bands. T he blue
emission band around 470nm and yellow emission
band around 600nm correspond with ‘D32 — "Tis
and *G72—"T132, respectively; the red emission band
around 724nm is associated with ‘F72—"Io/2 ground
state transition''”. These three kinds of transition
are shown in Fig. 4. Different luminescence centers
are seen to be overlapped in the same region of

light emitting. With the increase of Nd* ion flu-
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FIG. 4 Simplified Energy-Level Diagram of Nd™
Ions Indicating PL Pumping, Relaxation Processes
and Luminescence at Wavelength of 220nm  Up-
ward arrows indicate pump photons and downwards
arrows stand for fluorescence emission. A broken
vertical line represents a nonradiative transition,
while a broken horizontal line represents a virtual

state.
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ence, Nd* ion concentration increases and en—
hances the effect of the oxygen vacancy, thereby in-
creasing the PL intensity.

The 507nm band can be obtained through the
electron recombination of “Goz = *lo2; while the
567nm band is attributed to the oxygen enrichment
near the Nd" ions center, which reduces the oxy-
gen content in Si02 and form SiO.:. During the im-
plantation at high ion fluence (8.0X10"em™ %) and
strong ion flux (50uA/cm®), a large quantity of
SiO+ particles are generated. It can seen from the
XPS that Si02/Si is proportional to the Nd™ ion
fluence in Fig. 3. For the samples implanted with 1
X 10", 4% 10" and 8 X 10" Nd™ /em”, the propor-
tion of Si02/Si is 36.8%, 51.0% and 51.2%, re—
spectively. Dangling bonds (O—Si—0) come upon
during the implantation, as attributes to the violet
emission of 414nm band, which can be observed in
the PL spectrum of [ —and Il-type silica glass'"".
The strongest violet emission of 400nm is rather
complicated, which is due to the radiation recombi-
nation of ‘D32—"1i32in Nd'* ions. However, the re—
combination of electrons and holes at the interface
between crystalline Si and amorphous Si0:2 can also
result in the emission of 400nm band. It combines
two kinds of luminescence centers. The shoulder
peak at 377nm is obviously originated from ‘D3>~
4III:'OE.

During the implantation of high ion fluence
((1—8) X10"em™?) on MEVVA ion implanter,
the Nd ions with the average energy of 100keV are
well-distributed on the disordered layer, with the
thickness 30nm at the surface. Large ion beam cur-
rent (50uA/cm’) increases the target temperature
to 400—450C, thereby enhancing the diffusion of
implanted Nd atoms and silicon atoms in the im-

[12.14]
. Because rare-earth elements are

planted layer
more active to oxygen than silicon, and the oxygen
is from the CZ-Si enriches near the Nd* ion cen-—
ter, lacking of oxygen will bring a large quantity
Si0. particles. Oxygen vacancy (03 =Si—Si=03)
and Dangling bond (O—Si—0) comes into being

during the implantation, too. All these are con-

tributed to the light emission as well as the elec—
tron-hole recombination at the interfaces between
crystalline Si and amorphous SiO., which are over-
lapped with the radiation transition of intra-4f shell
in Nd*

with relatively large FWHM can be observed.

ion. Therefore, intensive light emitting

4 Conclusion

In the fluorescence spectrum of neodymium
ion implantation single crystalline silicon with the
average energy of 100keV to a total fluence of ( 1—
8) X 10"em™?, strong ultra~violet and visible fluo—
rescence spectroscopy is observed at the excitation
wavelength of 220nm. XPS results manifest that
Si—0,Nd—0, Si—Si, and O—0 bonds exist in the
implanted layers. Luminescence is related with the
radiation transition in intra<4f shell of Nd* ion,
and defects or damages in the network of Si—0
complexes. Different emission centers overlapped in
the same region of the PL spectrum can enhance
the PL intensity. Moreover, the increase of the PL

. . 3+ . .
intensity depends on Nd™ ion concentration.
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