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Visible photoluminescence in Si 1-implanted thermal oxide films
on crystalline Si
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We have investigated visible photoluminescence excited by Ar ion laser~488 nm, 2.54 eV! at room
temperature from Si1-implanted thermal oxide films grown on crystalline Si wafer, as-implante
and after subsequent annealing in vacuum. We found two types of visible luminescence b
similar to those of silica glasses; one band is observed in as-implanted specimens and disap
after heating to about 600 °C, and the other band is observed only after heating the specime
about 1100 °C. Though the shapes of these luminescence spectra are different from those h
been observed in Si1-implanted silica glass, the origins of these bands are the same as in silica gl
We discuss the similarities and the differences of luminescence bands in Si1-implanted silica glasses
and thermal oxide films grown on crystalline Si. ©1994 American Institute of Physics.
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Ion implantation has been extensively employed
modify surface layers of materials and to synthesize n
phases having novel properties. The ion implantation te
nique has the advantage that given numbers of ions can
placed in a controlled depth distribution.1 For insulating ma-
terials, many works of ion implantation have been carri
out for the purpose of modifying the optical properties,2–4

for which further treatments, such as thermal annealing
often employed.5–8 Recently, it has been found that implan
tation of metals into some insulating glasses gives rise
highly nonlinear optical properties, due to metallic collo
formation.9,10

Currently, there is also much interest in semiconduc
nanostructures, especially porous Si11,12 and Si ultrafine
particles,13–16 which exhibit strong visible photolumines
cence even at room temperature. The electroluminesce
~EL! devices of porous Si have also been achieved by
number of research groups.17,18 Although many models of
the light emission from these nanostructures have been
posed, the mechanism is still controversial.

The present authors have carried out studies on the p
erties of Si1-implanted silica glass.19–21We have shown that
silica glass implanted with Si ions exhibits luminescen
bands in the visible range; two luminescence bands of diff
ent nature have been observed. One band with a pea
around 2.0 eV is observed in as-implanted specimens
anneals out at about 600 °C and the other one with a pea
around 1.7 eV develops by heating the specimen to 1100
Moreover, the heating of the Si1-implanted specimens a
higher temperatures induces decomposition of SiOx leading
to crystalline Si precipitation. Based on these studies,
ascribed the 2.0-eV band to the electron-hole recombina
in Si-rich SiO2 and the 1.7-eV band to the electron-hole r
combination in the interface between the Si nanocrystal a
the SiO2 formed by segregation of crystalline Si from
SiOx . Thus implantation of Si ions into silica glass and su
sequent annealing is a potential candidate for the method
manufacturing Si nanocrystal of a pure condition.
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Silicon oxide films are widely used in silicon and othe
semiconductor based technologies as gate oxides in met
oxide semiconductor field effect transistors and as electric
insulation. The purpose of this letter is to report the studie
of photoluminescence from Si1-implanted thermal oxide
films grown on crystalline Si wafer, as the first step for E
device applications. We discuss the similarities and the d
ferences of the luminescence bands in silica glasses and th
mal oxide films on crystalline Si.

In the present experiments, boron-dopedp-type 0.6-mm-
thick Si wafer with a resistivity of 0.01–0.02V cm were
used. The orientation of the wafers was~100!. Thermal oxide
films on crystalline Si wafer were obtained by oxidation o
the wafers at 1050 °C for 10 h in 60% H2 and 40% O2
ambient. The oxide thickness was about 1.75mm. Si1 im-
plantation into thermal oxide films was carried out in
vacuum at an energy of 1 MeV to fluences of~1–4!31017

ions/cm2 at a constant current of about 1mA. The tempera-
ture of the substrates during ion implantation was kept
room temperature or liquid-nitrogen temperature. Heat trea
ments of the implanted specimens were carried out in
vacuum using an electric oven.

Photoluminescence spectra of Si1-implanted specimens
before and after annealing were measured at room tempe
ture using a conventional method. An Ar ion laser~488 nm,
2.54 eV! was used as an excitation source and the lumine
cence was detected by a cooled photomultiplier tube, e
ploying the photon counting technique.

We estimated the depth profiles of implanted Si atoms
thermal oxide films grown on crystalline Si, using theTRIM
~transport of ions in matter! code,22 to be distributed around
a depth of 1.35mm from the surface of oxide film for
12MeV Si ions. Photoluminescence spectra of specime
Si1-implanted at room temperature and liquid-nitrogen tem
perature to several fluences were obtained before heat tre
ments. The results are shown in Figs. 1 and 2, and the sp
trum of Si1-implanted silica glass is also shown in Fig. 2 fo
comparison. A broad luminescence band around 2.0 eV
1/94/65(14)/1814/3/$6.00 © 1994 American Institute of Physics



of

Si
-

en

he
mes
ed
ic
own
-
-
-
of
is

if-

e

of

al

al-
a

ss
i-
m
-
mal

led
are
hat
he
ro-
of
to

of
i
ses

e

observed in each of these specimens. The peak energy s
to the lower energy with increasing fluence of Si ions. It
also clear from Fig. 2 that the peak energy in the specim
implanted at liquid-nitrogen temperature is higher compar
to the specimen implanted to the same fluences at room te
perature. Moreover, the periodic pattern with a constant
terval is observed in all of these figures except for silica gla
specimen. This luminescence band starts to decrease aro
300 °C and disappears after isochronal annealing arou
600 °C for 30 min. No peak shift and no change of the in

FIG. 1. Photoluminescence spectra of 1-MeV Si1-implanted thermal oxide
films grown on crystalline Si to fluence of~a! 131017, ~b! 231017, and~c!
431017 ions/cm2 at room temperature, without annealing. The zero line
curve ~b! and ~c! are shifted vertically to the position of the horizonta
dashed line.

FIG. 2. Photoluminescence spectra of 1-MeV Si1-implanted~a! silica glass
to fluence of 231017 ions/cm2 at room temperature, and thermal oxide film
grown on crystalline Si to fluence of 231017 ions/cm2 at ~b! liquid-nitrogen
temperature and~c! room temperature, without annealing. The zero line o
curve~b! and~c! ar shifted vertically to the position of the horizontal dashe
line.
Appl. Phys. Lett., Vol. 65, No. 14, 3 October 1994
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terval of the pattern were accompanied with the reduction
the height of the luminescence band.

The origin of the luminescence is related to the excess
atoms implanted into thermal oxide films as previously re
ported in case for silica glasses.20 The luminescence is emit-
ted by the presence of either Si-excess centers or oxyg
interstitials stabilized by SiOx phase in SiO2. It appears that
electron-hole pairs are produced in the SiOx phase and emis-
sion is induced at the defect sites. The peak energy of t
luminescence band decreases as the Si segregation beco
dominant. Thus we consider that Si excess defects form
near SiOx is responsible for the luminescence. The period
patterns appears in the photoluminescence spectra as sh
in Figs. 1 and 2 originate from the interference of the re
flected light at the surface and the interface, not at the im
planted Si layer. This is justified from the result that no in
terference is observed in photoluminescence spectrum
Si1-implanted silica glass, as shown in Fig. 2. Moreover, it
important to note that the implanted Si ions form SiOx before
annealing at 1100 °C and the refractive index is not so d
ferent from that of pure SiO2 as was already reported
elsewhere.20

The interval of the interference pattern due to multipl
reflection is interpreted by using the following equation:23

2nd5~1/l221/l1!
21,

wheren is the refractive index,d is the thickness of the oxide
film, and l1 andl2 ~l1.l2! are the maximum peak wave-
lengths which appeared in the spectra. Using the value
d51.75mm ~thickness of the thermal oxide film!, we obtain
n51.58. This valuen is little larger than that of SiO2 ~n
51.46!. Since implanted Si ions form SiOx ~x,2!,24,25 the
average value of the refractive index in Si-implanted therm
oxide layer differs little from that of SiO2 as noted above.

The spectrum of the luminescence induced after anne
ing at 1100 °C for 90 min of the specimen implanted to
fluence of 231017 ions/cm2 at room temperature is shown in
Fig. 3. In Fig. 3, the spectrum of the specimen of silica gla
is also shown for comparison. It is clear in Fig. 3, the add
tive peak is observed in the low-energy side of the spectru
for the Si-implanted thermal oxide specimen. A similar lumi
nescence band is also observed in the specimens of ther
oxide films implanted with Si ions to other fluences at room
temperature and at liquid-nitrogen temperature and annea
at 1100 °C. We also found that the shapes of these curves
almost the same and independent of annealing time, and t
only the intensities depend on these conditions. Though t
luminescence intensity grows and then decreases with p
longed annealing similar to silica glass, the growth rate
the luminescence is faster for thermal oxide films compare
silica glass.

We emphasize that the Si phase is separated from SiOx at
this temperature range.20,26 Thus it is most likely that the
luminescence band around 1.7 eV is formed as a result
crystalline Si precipitation and hence of formation of S
nanoparticles. This luminescence band around 1.7 eV ari
from the electron-hole recombination at Si nanocrystal-SiO2
interfacial layers similar to silica glass.20 Though the origin
of the lower energy band observed only in thermal oxid
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films is not yet clear in the present experiments, it probab
originates from some interference effect as previously d
cussed. The difference in the growth rate of the luminescen
band arises from the difference in thermal conductivities du
ing annealing of these materials.

In conclusion, we have shown that the implantation of
ions into thermal oxide films on crystalline Si produces cha
acteristic bands from 1.5 to 2.3 eV similar to those havin
been observed in silica glass: The one that is observed
as-implanted specimen can be attributed to Si excess def
formed in SiOx environment. The one that is observed afte
annealing 1100 °C is related to the formation of Si nanocry
tals by precipitation from SiOx . Further studies on the direct
observation of Si nanocrystals and the possibilities of EL a
now in progress.

FIG. 3. Photoluminescence spectra of 1-MeV Si1-implanted~a! silica glass
and~b! thermal oxide film on crystalline Si to fluences of 231017 ions/cm2

at room temperature, after subsequent annealing at 1100 °C for 90 min.
zero line of curve~b! is shifted vertically to the position of the horizontal
dashed line.
1816 Appl. Phys. Lett., Vol. 65, No. 14, 3 October 1994
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