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SiO, glass doped with Ni** and Mn** has been prepared by the
sol—gel process. Very strong visible light (its fluorescence efficien-
cy is about 4 times of that of undoped sol-gel SiO, glass and
about 160 times of that of ZnS nanocrystallites) from the SiO,
glass doped with Ni** and Mn** has been observed. The emission
wavelength of Ni**-doped, Mn**-doped, and undoped glass sam-
ples is about 450 nm. However, the co-doping of Ni** and Mn**
shifts the emission wavelength to 420 nm. The sol-gel SiO, glass
is a porous phosphor material. Very strong photoluminescence of
the sol-gel SiO, glass mainly comes from structural defects.
Because the doped samples contain more Si dangling bonds,
nonbridging oxygen, and oxygen vacancy in its structure and
surface defects inside the nanometer-scale hole in the sol—gel
SiO, glass than undoped glass sample, the fluorescence efficiency
of doped samples has been remarkably increased. Because the
doped ions affect the band gap structure of the host materials, the
emission wavelength of the co-doped samples is different from
that of Ni**- and Mn’*-doped samples. Because the emission
wavelength of Ni** and Mn** luminescent centers in the sol-gel
silica glass is almost the same as that of undoped sample, the
fluorescence intensities of Ni**- and Mn?*-doped samples are
higher than those of the co-doped samples. © 2001 Academic Press
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INTRODUCTION

The sol-gel technique has been used to prepare silicate
glass with a wide range of unusual properties. It is widely
used for optical materials, resistance film, passivation film,
and so on (1-5). Also, it is a new class of stable, efficient, and
environmentally friendly photoluminescence (PL) materials,
a less toxic alternative, and leads to higher net conversion
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efficiency (3). In addition, the applications of sol-gel SiO,
glass materials are easier and more convenient than those of
other luminescent materials (for example II-VI and III-V
luminescent materials). A great deal of work has been done
over two decades to identify the formation and properties of
the defects responsible for the ultraviolet (UV) PL in SiO,-
based glassy materials (10-12). This was mainly motivated
by technological implications of PL defects in the physical
properties of SiO,-based devices for fiber optics.

Integrated optics is becoming increasingly important in
modern telecommunications technology. One important
field of research is the study of rare-earth-doped solid-state
planar optical amplifiers. There are many reports of syn-
thesizing visible PL rare-earth-doped sol-gel silica glass
(6-9). Here, we present a very strong visible light from the
sol-gel SiO, glass doped with Ni** and Mn?* for the first
time. We also discuss the luminescence mechanism of com-
plex defects in the sol-gel SiO, glass doped with Ni** and
Mn?".

EXPERIMENT

SiO, glass samples were prepared by sol-gel hydrolysis
and condensation of Si(OC,Hjs), in H,O-ethanol solution.
Reagent amounts were 10 ml of Si(OC,Hs),, 7ml of
ethanol, and 15 ml of H,O. HCI was a catalyst. The solution
of ethanol, H,O, and Si(OC,Hjs), were mixed and stirred
for 1 h at room temperature (T). Ni** and Mn** ions were
added in the sol samples by using a solution of manganese
chloride (MnCl,4H,0) and nickel sulfate (NiSO,6H,0) at
0.5 M. The sol was kept at room temperature until complete
gelation. Final the xerogel was obtained in 1 week at room
temperature. The xerogel samples were then heated in an
ambient atmosphere at a rate of 10°C/h up to 50°C and kept
for 10 h at 50°C. Some samples heat-treated at 50°C were
then heated in an ambient atmosphere at a rate of 10°C/h up

to 500°C and kept for 5h at 500°C.
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The purity of Si(OC,Hs), is CP (chemical pure). The
purity of other reagents is GR (guaranteed reagent). ZnS
nanocrystallines were synthesized as free-standing powder
using the chemical precipitation method. In principle, the
method adopted here is similar to that describe by R.
Vacassy et al. (13)

A Hitachi (Japan) M-850 fluorescence spectrophotometer
was used to measure the photoluminescence of the samples.
Ideal spectral data were recorded with the slits set at 10 nm.
First, the excitation wavelength was measured. The emis-
sion spectra of the samples were then recorded. For collect-
ing the emission spectrum of ZnS nanoparticles, 25 mM
colloidal solutions of ZnS nanocrystallites were obtained by
dispersing ZnS nanoparticles in isopropyl alcohol. The ab-
sorption spectra of the samples were recorded by using
a U-3500 spectrophotometer.

X-ray powder diffraction (XRD) patterns were recorded
using a Rigaku (Japan) D/max-rA X-ray diffractometer with
CuKu irradiation (4 = 1.5418 A) at 40 kV/100 mA. A sec-
ondary graphite crystal monochromator was used. The
FTIR spectra of samples were collected using a 5DX
Fourier transform infrared spectrometer. The DTA curve
of the sample was recorded by conducting a NeTZSCH
(Germany) STA 409 EP simultaneous thermal analysis in
N, atmosphere.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the sample co-doped
with Ni?* and Mn?* (Ni*" doped 0.3%, Mn?* doped
2.0% mole ratio) heat-treated at 500°C. The XRD pattern
reveals a noncrystalline structure. Figure 2 shows DTA
analysis of the undoped glass xerogel sample. DTA data
indicate an endothermic reaction at 150°C, due to dehydra-
tion and rudimental ethanol.

Figure 3 shows the FTIR spectra of the SiO, xerogel and
500°C heat-treated samples. The FTIR spectrum of 500°C
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FIG. 1. XRD pattern of co-doped sample heat-treated at 500°C.
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FIG. 2. DTA curve of the glass xerogel.

heat-treated samples is similar to the spectrum of pure
amorphous SiO, (3). Strong bands associated with Si-O
streching and bending vibrations are apparent at 1090, 800,
and 470 cm ™ '. The absorption at 3443 cm ™! indicates the
presence of hydroxy (presence of H,O). Additional weak
absorptions at the 1640 and 960 cm ™! indicate the presence
of oxyethyl.

Figure 4 shows the absorption spectra of the doped and
undoped sol-gel glass samples. The absorption spectrum of
the doped sample is remarkably different from that of the
undoped sample. Due to the effect of doped ions on the
band gap structure of the host materials, the absorption
shoulder peak and absorption edge of the doped samples
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FIG. 3. FTIR spectra of the samples.
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FIG. 4. Absorption spectra of the samples.

vary with the changes of doped ions. The absorption spectra
of the doped and undoped samples occupy only an absorp-
tion band. Because the absorption spectra of the sol-gel
glass samples do not vary with varying the impurity mole
ratio of doped ions, the exciting spectra of all heat-treated
samples are almost at the same position.

Figure 5 shows the excitation spectrum of the undoped
silica xerogel. The excitation spectra of the doped samples
are almost the same as those of the undoped sample. The
fluorescent analysis of the samples shows that the excitation
spectrum of doped and the undoped samples has an excita-
tion band. The maximum value of the excitation band is
380 nm.

Figure 6 shows the emission spectrum of pure ZnS
nanoparticles (4., = 350 nm, A, = 450 nm). Figure 7 shows
the emission spectrum of pure glass samples (4., = 380 nm,
Aem = 450 nm). The relative fluorescence intensity of pure
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FIG. 5. Excitation spectrum of the undoped silica glass sample (heat-
treated at 50°C, A, = 450 nm)
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glass xerogel is about 40 times of that of ZnS nanocrystal-
lites (the average size of ZnS nanometer crystal particles,
estimated from the Debye—Scherrer formula, is ~2.4 nm).
Thus, the sol-gel silica glass is a highly luminescent material
compared with II-VI nanometer-scale semiconductor
luminescent materials. The applications of the silica sol-gel
silica glass are more convenient than those of other lumines-
cent materials. Thus, the doped sol-gel silica glass changes
into a new class of luminescent material.

Figure 8 shows the emission spectra of Ni-doped glass
samples heat-treated at 50°C (A = 380 nm). All of the
samples show that the emission peaks are almost at the
same position (A, =450 nm). The relative fluorescence
intensity of the Ni?*-doped glass sample (when impurity
mole ratio of Ni is 0.3%) is about 4 times of that of the
undoped SiO, glass sample. The fluorescence intensity of
Ni-doped samples varies with increasing Ni-doped mole
ratio. Ni?* enhances remarkably the fluorescence intensity
of the sol-gel glass.

Figure 9 shows the emission spectra of Mn-doped glass
samples heat-treated at 50°C (A, = 380 nm). All of the sam-
ples show the emission peaks almost at the same position
(Aem = 450 nm). The relative fluorescence intensity of the
Mn-doped glass sample (When impurity mole ratio of Mn is
0.5%) is about 4 times of that of an undoped SiO, glass
sample. The effect of Mn?* on the fluorescence character-
istics of the sol-gel glass is almost the same as that of Ni**.
For luminescent materials, excessive impurities in the host
materials can lead to formation of the deep trap center of the
doped ion (21). Because the deep trap centers can trap
electrons or holes in luminescence processes and lead to
fluorescence quenching, the nonradiative combinations of
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FIG. 6. PL spectrum of ZnS nanocrystallites (4., = 350 nm).
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FIG.7. PL spectrum of pure glass sample (heat-treated at 50°C,
Aex = 380 nm).

luminescent processes are increased. Thus, the relative flu-
orescence intensity of the doped samples decreases with
increasing impurity mole ratios when the impurity mole
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FIG. 8. PL spectra of the Ni?*-doped samples (heat-treated at 50°C,
Aex = 380 nm).
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ratios of doped ions exceed certain values. When the impu-
rity mole ratios of Ni** and Mn*" exceed 0.3% and 0.5%,
respectively, the relative fluorescence intensities of Ni**-
and Mn?*-doped samples decrease with increasing impu-
rity mole ratio of Ni*?* and Mn?*.

Figure 10 shows the emission spectra of the glass samples
co-doped with Ni** and Mn?* (heat-treated at 50°C, /., =
380 nm). The excitation wavelength of the co-doped samples
is 380 nm. All of the co-doped samples show emission peaks
almost at the same position. However, the co-doping shifts
the luminescent peak to 420 nm. The relative fluorescence
intensity of co-doped samples is weaker than that of Ni- and
Mn-doped samples.

Usually, two emissions are observed from luminescent
materials—excitonic and trapped luminescence (18). The
excitonic emission is sharp and is located near the absorp-
tion edge of the materials while the trapped emission broad
and is Stokes-shifted. The results show that the doped and
undoped samples have broad emission bands. Only the
trapped luminescence arising from the surface states is ob-
served in the doped and undoped samples. Therefore, the
excitation spectrum of the doped samples is almost the same
as that of the undoped sample although the doped samples
have different absorption shoulder and absorption edge.

To understand the structure and formation mechanism of
defect in sol-gel silica glass has become a subject of con-
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FIG.9. PL spectra of the glass samples doped with Mn?*
(Aex = 380 nm, mean impurity mole ratio).
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FIG. 10. PL spectra of the glass samples co-doped with Ni** and
Mn?* (A = 380 nm, mean impurity mole ratio).

siderable interest since amorphous silicon dioxide is an
indispensable material component of fiber-optic technolo-
gies and metal-oxide-semiconductor devices (11, 12). The
sol-gel SiO, glass is a porous phosphor material. Because it
is a porous material and has many defects, it can show
a variety of luminescent behaviors (common SiO, glass do
not show PL) (4). The fluorescence efficiency of the sol-gel
glass increases with increasing defects in the silica glass
network. In the system of Si(C,H;0),-enthonol-H,O, the
reaction formed SiO, glass network is from hydrolysis—con-
densation polymerization: nSi(OR), + 2nH,0 — nSiO, +
4nROH. G. Exeline et al. first examined the general conse-
quences that follow photoexcitation of a solid to establish
the basis of the discussion for wide band gap solids (such as
ZrO, powder and xerogel) (16). The outcome is best illus-
trated by a set of quasi-chemical reactions (16):

L+hvi—>e®+(e+h [1a]
D+hy,—>e+D+ orh+D™ [1b]
Lo+ hvy e +(es + h) [1c]
S+hvy,—>e,+ST orh,+8S". [1d]

The first step (Eq. [ 1a]) represents an intrinsic, i.e., funda-
mental absorption by the bulk lattice L with photon energy
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hv, that produces free exciton and free charge carriers e and
h; the second step (Eq. [1b]) denotes light absorption by
bulk lattice defects D (for example, the absorption asso-
ciated with intrinsic lattice defects and/or impurities) with
hv, < hv, also to give free carriers and the photoionized
defect states D* or D~. Photoexcitation of the regular
lattice surface, L, (step 1c), generates surface excitions, elec-
trons, and holes. Light absorption by surface defects in
Eq. [1d] (ion vacancies, surface ions of low coordination
number at corners, edges, or terraces) or by surface impu-
rities S yields surfaces active with donor and acceptor mol-
ecules, respectively (16). Therefore, the luminescence mainly
comes from the bulk lattice L, the bulk lattice defects D,
surface defects S, and the surface state L, of wide band gap
solids.

In the hydrolysis-condensation polymerization of the
Si(C,H;0),-ethanol-H,O system, because the reaction
rate is fast and the hydrolyzed reaction is not being carried
out completely, there are a large number of defects in the
Si0O, glass network in the primary step. They may be =Si®,
=Si**, =Si-0°, =Si-OH, =Si-OC,H;, =Si-Si= and
others. Because the reaction is in acid solution, the defects
(=Si-OH, =Si-OC,H;) are reduced with the processes of
reaction: =Si-OH + H*— =Si* + H,O; =Si-OC,H; +
H*®* —» =Si* + C,HsOH. Therefore, the three-dimensional
network of the sol-gel glass is not well-distributed and
ordered. The porous sol-gel SiO, glass includes a lot of Si
dangling bonds, nonbridging oxygen, and oxygen vacancy,
well-distributed in its structure and inside surface of
nanometer-scale holes (14, 15). The defects induced a very
strong visible light luminescence in the sol-gel silica glass.
The Si dangling bond, nonbridging oxygen, and oxygen
vacancy are assumed to be the luminescent species for
strong blue-purple emission of the sol-gel porous silica
glass:

[+ ? + nhi

- Thh i (2]
?1/0/5}{51 o :51/0/5 O‘Si/o
o g b

Due to the large number of nanometer-scale holes
(15-100 A) in the sol-gel silica glass (17), the inside surface
defects also affect the luminescence properties of the sol-gel
silica glass.

The asymmetric PL bands of the transition-metal ions are
assigned to their d-d transition. In ZnS semiconductor
materials, the lowest multiplet term *F of the free Ni** ion
is split into *Ty, °T,, and *A, through anisotropic hybrid-
ization. Due to the d-d optical transitions of Ni*™, the
luminescent center of Ni** is formed in ZnS (20). Thus,
green luminescence has been observed from Ni?*-doped
samples. The first excited multiplet term *G of the free
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Mn?" (d°) is split into *“T,, *T,, *A;, and *E. The emission
wavelength of Mn?*-doped ZnS nanometer-scale semicon-
ductor materials may be from yellow to orange. The orange
emission of Mn?* in ZnS nanocrystallites is due to the d-d
(°A (°S)-*T, (*G)) transition of Mn**. The yellow emission
of Mn?* in ZnS nanocrystals is due to the d-d (*T;-°A))
transition of Mn?* (19). Therefore, the matrix materials
affect the d-d transition of the transition-metal ion. The
doped ions have different luminescence spectra in different
matrix materials. On the other hand, the doped ions (Ni**
and Mn?*) can affect the band gap structure of the matrix.
The doped ions can change the luminescence properties of
the host materials. In the samples co-doped with Ni** and
Mn?*, the doped ions can lead to formation of more Si
dangling and oxygen vacancy in the network of the silica
glass. More excited easily electrons or holes and radiative
combinations are increased. On the other hand, the band
gap structure of co-doped samples is different from those of
Ni?*- and Mn?"-doped samples and undoped sample.
Because of the complication of transitions from the conduc-
tion band to the ground-state level of the Ni** and Mn?"*
luminescent centers and the structure defects of the silica
glass, the emission wavelength of the co-doped samples is
remarkably different from those of Ni?*- and Mn?*-doped
samples. Therefore, the emission wavelength of the co-
doped samples has blue shifted.

The enhancing mechanism of the luminescence of Ni**-
and Mn?*-doped samples has two aspects. First, because
Ni?* and Mn?* ions are not network formation bodies,
Ni?* and Mn?* ions can be interstitial ions in the sol-gel
SiO, glass network. They may be associated by nonbridging
oxygen. Therefore, Ni** and Mn*" ions can increase the
concentration of the Si dangling bond. Ni** and Mn?* ions
increase the surface defects inside of the nanometer-scale
hole. Thus, more electrons and holes are excited. The radi-
ative combination is dramatically increased. The fluores-
cence efficiencies of the samples doped with Ni?* or Mn?*
are remarkably increased over those of the undoped sam-
ples. Second, according to our experimental results, the
emission band of the luminescent centers of Ni** or Mn?*
ions in the silica glass is almost the same as those of
undoped samples. Therefore, the relative fluorescence inten-
sities of Ni**- and Mn?"-doped samples increase over
those of the samples co-doped with Ni?* and Mn?".

CONCLUSION

The sol-gel SiO, glass doped with transition metal ions
shows a novel PL property. The PL characteristics of a kind
of metal-ion-doped sol-gel glass are different from those of
co-doped and undoped samples. The fluorescence efficien-
cies of the sample doped with Ni** or Mn?* are about
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4 times of those of the pure glass samples. Their emission
wavelength is almost the same as that of the undoped
glass sample (4., = 450 nm). Because the surface defects
and the concentrations of Si dangling bond, oxygen va-
cancy, nonbridging oxygen, etc. are increased in the doped
sample, the fluorescence efficiencies of doped samples are
remarkably increased. The co-doping of Ni** and Mn?**
results in a blue shift of the emission wavelength of the
co-doped samples. The fluorescence intensity of the co-
doped samples is weaker than that of Ni?*- and Mn?"-
doped samples.
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