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Fast ion induced luminescence of silica
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We studied silica implanted by 420 keV H* and 210 keV H* ions up to absorption doses
3.5-1021 particles per cm® by ionoluminescence technique. We used some probe beams of
molecular and atomic hydrogen ions for luminescence excitation from the implanted
samples: 420 keV H*, 210 keV and 420 keV H*. It was found that significant changes in
the spectrum shape of silica were observed at wavelength range of 550—650 nm during
continuous ion irradiation. Using different probe beams we performed the comparative
luminescence study of the silica samples implanted by H* and H* at the same absorption
dose. For these samples we observed the difference in the spectra at wavelength range
610-650 nm, which corresponds to luminescence from non-bridge oxygen centers of silica.
The possible explanation of the differences in the spectra shape was suggested.

MeToIOM MOHOJMIOMUHECIIEHIINY M3yUYeHLI JIOMWHECIIeHTHLIE CBOMCTBA KBapIEBOT'O CTEK-
aa, umiaagtTuposanHoro moHamm 420 ksB H* m 210 xeB H* g0 moraomenmbix mos
3,5-1021 qaCTHu/CM3. Hcnonb30Baiock HECKOJNBKO 30HIMPYIOMINX IIYYKOB MOJEKYIAPHBIX 1
ATOMHBIX HMOHOB BOZOPOZA IJS BO30Y:KAEHHS JIOMUHECIEHIINN B UMILIAaHTUPOBAHHEIX 00pas-
max: 420 xsB H*, 210 k3B u 420 ksB H*. O6rapy:eHO, UTO NIPU AJIUTEIBHOM OOJIYyYEHUU
MOHAMH IIPOUCXOLAT SHAUMUTEJbHBIE U3MEHeHUs B )OpMe CIEeKTPa KBaplla B AHAIA30HEe IJIUH
BoaH 550—650 uM. Mcmoabays pasiudyHble 30HAUPYIONIKME IIYYKU, IPOBELECH CPABHUTEIbHBIN
aHAIW3 JIOMHUHECIEHIUN O6pPAsIOB KBAPIA, MMILIAHTUPOBAHHBLIX moHamu H* m HY mpm ognm-
HAKOBBIX IIOIVIOMIEHHBIX [q03axX. Habuamoganuchk pasiuvyusa B CIEKTPaxX JIOMHUHECIEHIUU B
auanaszorne giauH BoaH 610—-650 M, KOTOPBIA COOTBETCTBYET JIIOMUHECIEHIIMH KBapla oT
neeKTOB THUIIA HEMOCTHKOBOI'O KucCaopoaa. IIpeaio:KeH0 BO3MOMKHOEe O0'bsICHEHUE Pa3Inmuuil
B (hopMe CIIEKTPOB.

Iononwominecyenyia keapyy, wo iMnNAAHMOEAHUN WEUIKUMU MONEKYAAPHUMU IiOH-
amu 6odnro. O.Karanmap’an, C.Kononenro, BJRypenro, H.Hexmonamosa.

Metomom iomosoMiHecieHIlii BMBYEHO JIOMiHECIIeHTHI BJIACTUBOCTI KBapI[OBOTO CKJIAa,
immrantoBaroro iomamm 420 keB H* Ta 210 xeB H* go mormumenux mos 3,5-102! wactu-
HOK/CM3. Bukopucrano mekisbKa 30HIYIOUNX IYUYKiB MOJEKYJIAPHUX i aTOMHHUX iOHIB BOXHIO
oua 30yIsKeHHsA JOMiHecleHIlii B immaantoBanux spaskax: 420 xeB HY, 210 xeB Ta
420 xeB H*. Busagsnemo, mio mpu TPUBAJIOMY ONPOMiHIOBAHHI ioHaMu BiAOyBarOThCA 3HAUYHL
sminm y Qopwmi cmerTpa KBapiy y miamasoni moKuH XxBuab 550—650 uMm. Buropucropyoun
pisHi BomAyloui myuyKu, ITPOBEJeHO NOPIBHAJBbHUIT aHanis JroMiHecleHIlii 3paskiB KBapIty,
iMnnanToBanux iomamu HY rta H* npm ogmakoBux noramHeHux jgosax. Crocrepiraaucs
BigminHOCTI y cmekTpax JjamoMinecueniil y gianasoni goBxue xsBuab 610-650 mm, axui
BigmoBimae aromimecuenmii kBapiy Bix mederTiB Tuny HEeMiCTKOBOIroO KHCHIO. 3aIlIPOIIOHOBAHO
MOJKJINBE MHOsACHEHHA BigminuocTeil y dopmi crexkTpis.
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1. Introduction

Using implantation to advance process-
ing for a variety of device structures is
becoming more important. Ion beams are
used to modify optical properties of dielec-
tric  materials to  fabricate optical
waveguides, other related photonic devices,
and novel crystal hosts.

Hydrogen ion implantation is widely
used technique in many scientific and tech-
nical applications. Both atomic and molecu-
lar hydrogen ions are used for the implanta-
tion. For example, thin film exfoliation of a
variety of different semiconductors — this
technique is used to provide commercial sili-
con-on-insulator [1]. An additional advan-
tage of using molecular ions is that the im-
plantation depth can be reduced, what is of
prime importance for advanced IC technolo-
gies. Molecular implantation offers semicon-
ductor device manufacturers multiple ad-
vantages over traditional high current ion
implanters. Moreover, investigation of dis-
sociation of energetic molecular ions inter-
acting with a solid is of considerable impor-
tance in a number of applications, e. g.,
cluster fusion and cluster ion deposition [2].

Silica is widely used material in many
modern applications. For example, thin sil-
ica films grown on silicon wafers via ther-
mal oxidation methods can be quite benefi-
cial in microelectronics; hydrogen-passiva-
tion of dangling bonds at Si/SiO, interfaces
is presently used as a standard processing
step in the electronic devices fabrication
(see, for example [3]). The implantation
process results in creation of a hydrogen-
saturated layer in the quartz sample.

Ionoluminescence is a phenomenon of
light emission from material being irradi-
ated by ions and its spectra are in a consid-
erable degree defined by intrinsic defects of
a solid. Ton implantation results in defect
formation in the solid. Then luminescence
radiation (LR) study can be an effective tool
to learn the defects generated by means of
the ion irradiation and defect modification
processes [4].

Luminescence is a very sensitive tech-
nique that is often applied for charac-
terization of dielectric and semiconductor
materials [5]. It provides information on the
electronic structure of a solid, particularly
defect centers inducing LR. Ionolumines-
cence is an appropriate technique to investi-
gate the microscopic processes accompany-
ing the creation of defects, its evolution
with the irradiation fluence. Ionolumines-
cence is far less used that the other ion-

Functional materials, 21, 1, 2014

beam analysis techniques because of the LR
data are more complex.

In regard to silica, fast hydrogen ion
bombardment is accompanied by LR in vis-
ible wavelength range due to the following
defects: E’-centers or oxygen deficient cen-
ters (ODCs) and non-bridging oxygen hole
centers (NBOHCs). These defects have a
practical relevance because the transmit-
tance of silica over a wide spectral range is
reduced in this case.

Presence of implanted hydrogen both cre-
ates new defects and modifies the existing
ones. As a result a luminescence spectrum
changed. Earlier we showed that the lumi-
nescence spectrum changed under long-time
ion irradiation. We established a connection
between the luminescence spectrum shape
and absorbed dose [6].

In this study, ionoluminescence was used
to investigate features of formation and
modification of the defects in silica exposed
to the hydrogen ion implantation. The lumi-
nescence was induced by probe hydrogen ion
beams (both atomic and molecular). The
purpose of our work was to found differ-
ences in silica defect formation (ODCs and
NBOHCSs) after molecular or atomic implan-
tation by means of the luminescence spec-
trum analysis.

2. Experimental

Experiments were performed on the
setup described in details earlier [7]. Proce-
dure of silica implantation was carried out
with Van der Graaf accelerators. 210 keV
per nucleon hydrogen ion beam bombarded
silica target at an incidence angle o = 30°.
The targets were prepared from 1 mm thick
plane-parallel silica plate. Beam current
density was varied up to 80 uA/cm? (with
fluency up to 2:1014 e¢m~2). The average im-

plantation dose was up to 3.5-1021 ¢m~3
(5-1010 Gy).

LR was induced by hydrogen probe
beams. The molecular or atomic probe

beams with energies 210 and 420 keV had
current density from 0.3 pA/em? to
0.6 uA/cm?2.

We used flexible light guide for inde-
pendent change of observation angle [ in
0-70° range. LR was collected from whole
irradiated surface of the sample inde-
pendently of B angle. Luminescence spectra
measurements were performed in the wave-
length range of 400-700 nm by means of
the grating monochromator (1200 mm™1,
1.3 nm per mm).
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Fig. 1. Ion range distribution of 210 keV H*
implanted in silica (SRIM/TRIM).

Optical channels were calibrated with in-
candescence spectrometric lamp. The lumi-
nescence spectra were corrected according
to the spectral sensitivity. Residual gas
pressure was less than 10-% Pa. As lumines-
cence light is generated along all of ion
track in the solid, an influence of surface
contamination on optical spectra can be ne-
glected.

3. Results and discussion

Electronic energy losses of fast ion in a
solid leads to LR generation by the defect
excitation. It is well-known that ion induced
luminescent spectra of silica consist of two
wide bands in visible range of wavelength.
ODCs (blue band) and NBOHCs (red band)
are responsible for the light emission in
these bands. These intrinsic silica defects
are intensively produced in silica during the
fast ion irradiation. The intrinsic silica de-
fect profile for an unirradiated sample is
determined by its production processes.

LR intensity is proportional to quantity
of the defects generating light and value of
the ionization losses. We performed
SRIM_TRIM calculation of 210 keV proton
passage through silica and found that
99.5 % of its energy was ionization losses
[8]. We measured LR from along ion track
length because silica is transparent in vis-
ible wavelength range. Total luminescent
light is defined by density of the ionization
losses and correspondingly by the density of
defects.

The TRIM simulation shown that im-
pinged 210 keV proton stopped in the thin
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Fig. 2. Normalized luminescence spectra of
silica implanted by 210 keV H* for different
doses: 1 — 0.88:1020 ¢m3; 2 —
16.8-1020 cm™3; 3 — 24.9.1020 ¢cm3; ¢4 —
84.510%0 cm=3.

layer (Fig. 1). Thickness of this stopping
layer was less than 8 % of the path length.
The implantation process was accompanied
by hydrogen diffusion from the stopping
layer. Impinging ions resulted in growth of
diffusion coefficient. The radiation en-
hanced diffusion took place in this case.
Diffusion hydrogen flux propagated in both
directions from the stopping layer. Hydro-
gen flux to the sample surface was signifi-
cantly more than the opposite direction [9].

It was well known that silica luminescent
spectra depended on absorption dose of im-
pinging ions [7]. We found evolution of the
silica luminescent spectrum during 210 keV
proton implantation (see Fig. 2).

Presence of the implanted hydrogen
atoms in silica could be resulted in modifi-
cation of NBOHC and ODC. Fig. 2 shows
that the luminescent spectra reveal contri-
butions from the both intrinsic silica de-
fects: blue band (A, =456 nm) — ODC
and red band (A, =645 nm) — NBOHC.
Moreover, the intensity of the blue band is
much greater than for the red one. The LR
spectra change during the implantation. Hy-
drogen diffusion processes influence on the
luminescent spectrum shape. The intensity
of the long wave wing of the blue band
grows, while intensity of the red band de-
creases with absorption dose. This tendency
takes place for all cbservation angles. Early
we showed that the red band was virtually
indistinguishable on long wave wing of the
blue band after long proton irradiation [10].
The average density of implantation ions
was up to 81021 em 3 (critical dose)
(4.4-1010 Gy). The critical dose is defined as
threshold after than the luminescent spec-
trum shape does not change.
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Fig. 3. Normalized luminescence spectra of
silica implanted by 420 keV H,* for different
doses: 1 — 0.6-1020 cm3; 2 — 6.1-1020 ¢cm3;
3 — 11.1102%° em™3; 4 — 14.910%20 cm~3,
5 — 17.7102° cm™3; 6 — 24.1-10%20 ¢m~3;
7 — 27.1.1020 cm™3; 8 — 30.3-10%0 em 3.

For molecular ion implantation the dose
dependence of spectrum shape was similar
to mentioned above one until the critical
dose (Fig. 3) [7]. The main difference for
molecular case was observed in 600-700 nm
wavelength range. The red band remained
observable on the background for the dose
more than critical one.

Fig. 4 shows the normalized lumines-
cence spectra for different implantation spe-
cies (absorption doses were more than the
critical one) and probes: molecular (curve 1)
and atomic hydrogen (curve 2). Normaliza-
tion procedure of the luminescent spectra
was described in details earlier (see, for ex-
ample [11]). Measurement of the LR in-
duced by probe beams was done after im-
plantation process. The spectra differences
are observed for area near 645 nm. Molecu-
lar ion implantation does not lead to "disap-
pearance” of the red band on the back-
ground as opposed to the proton implanta-
tion case. The spectrum of LR induced by
probe proton beam from the molecular im-
planted sample (curve 3) is practically the
same with one induced by probe molecular
beam (curve I). This effect takes place for
the all observation angles.

The major part of the energy losses of
projectiles transferred to the electron sub-
system. As a result, ODCs and NBOHCs
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Fig. 4. Normalized spectra of silica implanted
up to 3:102! ¢m™3 dose: I — implanted by
420 keV H,", probe beam — 420 keV H,*;
2 — implanted by 210 keV H*, probe beam —
210 keV H*; 3 — implanted by 420 keV H,*,
probe beam — 210 keV H*.

were produced in silica. Implanted hydrogen
modified these defects. Thus, there are two
processes: defect creation and defect modifi-
cation by the implanted hydrogen. Namely,
balance between these processes defined the
luminescent spectrum shape. As it can be
seen from Fig. 4 (curve 1) the balance
shifted towards NBOHC defect creation in
the molecular ion implantation case in com-
parison with the atomic one (curve 2).

Passage of molecular ion through a mat-
ter has some features. When MeV or sub-
MeV H,* molecular ion impinges on a target
the binding electron of H,* is stripped off
rapidly by a collision with the target atom
and the remaining two protons dissociate via
mutual Coulomb force in the solid. This is
referred to as the "Coulomb explosion™ [2].

Since the work by Brandt, Ratkowski,
and Ritchie [12], it has been known that the
energy loss of the pair is not given by twice
that of the individual proton. This non-
linearity arises from the so-called vicinage
effect, where the stopping power for a pair
of protons differs from twice the stopping
power for individual protons due to the su-
perposition of wake potentials induced by
the both fragments. Authors of [12] experi-
mentally studied energy loss of 75 and
150 keV per nucleon atomic and molecular
hydrogen ion beams passing through foils of
carbon and gold. The molecular energy
losses per nucleon exceeded the atomic one
by as much as 20 %. Similar results ob-
tained for the hydrogen ion passage with
energies of 0.3 to 1 MeV/nucleon from thin
carbon foils (200—-2000 A) [13].
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The molecular ion produces more high
energy electrons in comparison with two
atomic ones at the same velocity [14]. More-
over, high energy secondary electrons (&-
electrons, convoy electrons ete.) produce
own short tracks [15]. Thus the both fast
ions and high energy secondary electrons
transfer energy into NBOHC production and
luminescence light excitation. Cathodolumi-
nescent experiments shown that electrons
more effectively excited NBOHC’s lumines-
cent band than ODC’s ones [16].

As opposed to the red band luminescence
from the NBOHC, the blue band lumines-
cence intensity from the ODCs increased
with absorption dose. It is implied relative
contributions from the blue and red bands
to the normalized spectrum. The possible
reason is the fact that implanted hydrogen
modified the NBOHC and keeps the ODC’s
in active emission states [16].

We also used 420 keV H* probe beam.
The spectrum shape is differed from the
ones for nonirradiated and implanted up to
the critical dose samples. Because of path
length of ion depends on energy, this pro-
jectile passed through irradiated and nonir-
radiated areas of the sample. In this case we
obtained silica integral luminescence spectra
both from the hydrogen irradiated area and
nonirradiated area. Substantial differences
of this spectrum from the mentioned above
ones (420 keV H,* probe beam) enabled to
conclude that significant radiation enhanced
diffusion toward to surface of the sample.

4. Conclusion

We performed comparative experimental
study of the ionoluminescence induced from
silica implanted either molecular or atomic
hydrogen ions. We observed difference in
the luminescence spectrum shapes for these
samples. It was found that radiation en-
hanced diffusion leads to the spectrum
shape change during the implantation. The
molecular hydrogen ion implantation in
comparison with the atomic case leads to
shift of the dynamic equilibrium between
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creation and modification of NBOHC toward
the former. We obtained a satisfactory evi-
dence of the difference in implantation
process for the molecular and atomic hydro-
gen ions for the doses more than
4.41010 Gy. Possible explanation was sug-
gested for interpretation of the results ob-
tained. The contribution of the fast elec-
trons created by ions in silica can be consid-
ered as a possible reason for the difference
in the implantation process.
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